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FOREWORD

Since the formation of the Council of Higher Education in the Agricultural
Sciences in lt)56, the Southern Regional Education Board has been concerned with
planning and implementing programs designed to strergthen and expand the oppor-
tunities in high quality educatic in agriculture and its related sciences at the
college level. The Council has served effectively in formulating policy and pro-
viding general guidance for further program development.

Currently, the Council is guiding e five-year Southern Regional Education
Board project, supported by the W. K. Kellogg Foundation, designed to advan a land
grant institutions, agriculture and agricultural sciences in the region. To more
effectively guide the planning activities involved in this regional effort the
Council membership was organized into four subcommittees, with each assigned a
major objective of the project as a particular area of responsibility. The Council
subcommittee No. 3, headed by Dr. John A. Ewing, Dean of the 1gricultural Experi-
ment Station, University of Tennessee, studied the needs and opportunities for
advancing scientific knowledge in the land grant institutions in the region and
recommended programs for implementation.

Conducting the Institute on Biological Control of Plant Insects aLd
Diseases was a recommendation of this subcommittee, approved by the Coun.41 for
implementation. The concept of the institute was supported by the deans of agri-
culture and directors of the experiment stations of the region as an effective
means of further developing research and teaching competence of faculty involved
in this relevant area of agriculture. From nominations by the deans a regional
planning committee of renowned scientists was formed to develop the institute
program and nominate the institute faculty. Following the work of the regional
committee the proposed program with recommended institute faculty was given to
the host committee at Mississippi State University under the leadership of Dr. F.
G. Maxwell, Head, Department of Entomology to revise as necessary in conducting
the institute.

This publication of the proceedings of the institute entitled Biological
Control of Plant Insects and Diseases is being made available to participants and
other scientists and teachers to use in further developing their programs con-
cerning "Biological Control of Plant Insects and Diseases," in the southern region.

T. J. Horne, Project Director
Agricultural Sciences

vii
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PEST MANAGLMENT: HISTORY, CURRENT STATUS
AND FUTURE PROGRESS

L. D. Newsom
Professor and Head

Department of Entomology
Louisiana State University

Pest management is a term that has come into considerable prominence during
the last few years. The general public and even a great many entomologists use the
term as though it were descriptive of a new concept, something almost magical, a
panacea that will solve all of the problems posed by insects and related pests.
Like "the new morality" is a recently accepted term for the old immorality, pest
management is a new term for methods of regulating pest populations based on the
principles of applied ecology that have for long been practiced by applied ento-
mologists in this country and others. New features involved in the cuacept are
some tools and techniques that have only recently become available.

In treating the history, current status, and future progress of pest
management, I have chosen to concentrate my discussion on problems restricted for
the most pelt to the southern United States, principally control of cotton insects
and related Lasts. Firstly, I know of no other area in the country where the prob-
lems associated with control insects and related pests are so severe, complex,
and difficult; secandly, cotton insect control especially furnishes an appropriate
model to illustrate the mistakes, successes, failures, challenges, and opportuni-
ties involved in pest management; and thirdly, I am more familiar with it than any
other.

History of Pest Management in the Cotton Growing South: A relatively mild
climate, long growing season, intensi,,, cultivation of cotton in a virtual mono-
culture involving extensive areas, ant a large complex of pest species have all
contributed to the complexity and severity of the problems of pest control in
cotton production in the southern United States. Logically, a discussion of the
history of pest management in the area may be divided into four periods: 1) pre-
boll weevil invasion; 2) pre-calcium arsenate period; 3) calcium arsenate period;
4) synthetic organic insecticide period.

Pre-boll weevil period: Prior to 1892 when the boll weevil, Anthonomus
Irandis Boheman crossed the Rio Grande River at Brownsville, Texas (TaWRiggrri95),
Insect damage to cotton posed relatively minor problems. There were several
species that attacked cotton occasionally but none was a key pest. The bollworm,
Heliothis zea (Boddie) had been recognized as a pest of cotton as early as 1820
Quaintance and Brues, 1905) and the cotton leafworm, Alabama argillacea Hubner,

had been an annual immigrant that sporadically caused severe injury in some areas.
Of the papers published in the Journal of Economic Entomology during the period
1908-23, only 12 dealt with cotton insect pests. Eight of these were concerned
with the boll weevil and the remaining four with the cotton leafworm, Alabama
argillacea Hubner.

[1]
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Pre-calcium arsenate period: Pierce (1922) described the infects that
affected cotton at that time and gave recommendations for their control. Species
considered to be! pests are listed in Table 1.

Table 1.--Insect pests of cotton according to Pierce (1922).

Pest status
Important Occasional, of minor importance

Agrotis ipsilon
reriaroma margaritosa
Juaoama argilricea
Tetranychus telarius
Anthonomus gairdir
Heliothis zea

Melanoplus differentialis
Laphygma frugiperda
tbhyllophaga app.
Aphis gossypii
Cha coaermus aneus
r atynota spp.
Loxostege sp.
Estigmene acrea
Str n meiinus
Pr eniaB7HTITinalli
WITH3Foris rapidus
Leptoglossus spp.
Aphis maidiradicis
Monocrepidius vespertinus

Only three of these species listed by Pierce (1922) are considered to be
of major importance in cotton producing areas of the southern United States today,
viz., the boll weevil, bollworm and twospotted spider mite.

Species that have become major pests of cotton in the area since that time
that were not mentioned by Pierce are given in Table 2.

Table 2.--Species considered to be major pests of cotton that were
not listed by Pierce (1922).

Heliothis virescens Trialeurodes abutilonea
Pectinophora gossypiella *Prankliniella spp.
Lygu: lineolariS Trichoplusia ni
Pseu atomosce is seriatus

*Thrips are not important pests of cotton but they are so considered
by many entomologists.

Pierce's (1922) summary of control measures provides an excellent ins;.ght
into a philosophy of pest management that can furnish contemporary entomologists
with useful suggestions. It is worth quoting in its entirety.

In summary of the preceding paragraphs a single system (Italics
mine) may be devised for cotton-insect control.

Best measures for the Early Spring
1. Keep down weed growth around the farm.
2. Plow in the winter to break up the winter cells in the ground.
3. Where necessary set out poison baits to trap cutworms, grass-

hoppers, May beetles, etc.
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4. Plant as early as it can be done safely and yet avoid killing
frosts. Plant the variety which is found to be the best producer
in your own locality, and which has the qualities of rapid and
prolific fruiting.

5. Space the rows in accordance 4ith local experience.
6. Cultivate frequently, but not too deeply.

Best measures to follow during the summer
1. Continue cultivation until the crop is made, or as long as

possible.
2. Watch for the first appearance of worms.
3. Dust the cotton with powdered arsenate of lead as soon as

grasshoppers or "worms" begin to attack, unless "worm" attack
starts late and would hasten ripening.

4. Keep down the weeds.

What to do in the fall
1. Pick the cotton out as soon as possible.
2. Destroy the plants by plowing under or grazing as long before

frost as possible.
3. Where practicable plow the fields and plant a cover crop.
4. Where feasible follow a three-year rotation with cotton

following some crop other than corn.

Practical measures for the winter
1. Clear up all turn rows and fence rows.
2. Cut and burn all weeds.
3. Plow under all stubble fields that are not to be used otherwise.
4. Grub up old stumps.

Two points about Pierce's system deserve emphasis. Firstly, an insecticide,
arsenate of lead, was recommended for the control of "worms" and grasshoppers only.
Presumably, "worms" includes the leafworm and bollworm. Secondly, no insecticide
was recJmmended for control of the boll weevil, although it was pointed out in the
text that effective control of the pest had been obtained in the Louisiana Delta by
dusting with calcium arsenate. It was stated that this new method had not been
tested c,.Lefully over the entire cotton belt but the thought was expressed that
with perhaps "slight modifications" the method might be equally effective over the
entire belt.

Thirty years were required for the boll weevil to make its way from its
crossing the Rio Grande at Brownsville, Texas to the Atlantic Ocean in North
Carolina. During this period losses to the pest had often been catastrophic.
However, by follwoing the system outlined by Pierce (1922) growers in most areas
were able to continue the profitable production of cotton. Production practices
involving early planting and proper fertilization and cultivation of early fruiting,
prolific, rapidly maturing varieties allowed the major portion of the crop to be
produced before boll weevil populations could reach economic injury levels during
most years. Crop residue destruction after harvest but before killing frost sub-
stantially reduced the population of overwintering boll weevils. Results obtained
by adoption of these methods were surprisingly good considering the destructive
potential of the boll weevil. They provided the foundation of a pest management
system that enabled the industry to survive for more than three decade's. Indeed,
production practices involving early planting and proper fertilization of early
fruiting, rapidly maturing varieties plus stalk destruction continued to be the
most widely practiced and effective method for control of the boll weevil until
introduction of the synthetic organic insecticides after World War II.

Although it has been generally overlooked, use of early fruiting, rapidly
maturing varieties plus cultural practices that contributed to earlineus for con-
trol of the boll weevil provides one of the most outstanding successes of varietal
resistance for control of a major pest. Early production of the crop to escape

[3]
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periods of heaviest boll weevil infestation had the added advantage of helping to
avoid the hazard posed by the cotton leafworm.

The calcium-arsenate period: Th.: effectiveness of powdered lead arsenate
for control of the boll weevil was demonstrated by Newell (1908). However, hid
findings attracted little attention and it was not until after World War I that
Coad (1918) reported success in the use of calcium arsenate dusts for boll weevil
control. His experiments were done in the vicinity of Tallulah, Louisiana and the
results were not demonstrated to be generally applicable to all areas of the South
for a period of several years. The demonstration that proper use of calcium
arsenate dusts gave excellent control of the boll weevil with highly profitable
increases in yields set the stage for a trend in applied entomology, best charac-
terized as excessive reliance upon use of insecticides, that has continued until
the present. Research during the pre-calcium arsenate period was concentrated on
the biology and ecology of various pest species. These studies set standards of
excellence that have not been exceeded since (Hunter and Hinds, 1904; Hunter and
tgerce, 1912; Quaintance and Brues, 1905; and Garman and Jewett, 1914).

Grower experience with calcium arsenate was often disappointing as has
generally proved to be the case with excessive reliance upon any single component
system of pest management. Having an effective new tool, the principles of control
summarized by Pierce (1922) in his single system of pest control were neglected and
often completely ignored. When calcium arsenate was used on large acreages, popu-
lations of predators such as ladybeetles, gr..ind beetles, and lacewings were
severely affected. Decimation of predator populations were usually followed by
serious outbreaks of the cotton aphid, Aphis gossypii Glover, and often by increased
damage by Heliothis spp. In fact, losses Trom these induced pests often exceeded
the increases resulting from control of the boll weevil.

Most growers failed to acquire the necessary information required to time
applications properly. Treatme..ts were frequently made when infestations were
below economic injury levels or delayed until the crop had suffered serious damage.
Thus, control of the boll weevil by use of calcium arsenate casts was erratic.
Most growers failed to develop confidence in their ability to control the boll
weevil effectively and econom*.cally with it.

During the period 1920-45 a high percentage of research was devoted to the
evaluation of calcium arsenate for boll weevil control and various additives as a
means of controlling the infestations of cotton aphid and beliothis spp. that
occurred with increasing frequency.

0 ortunities for develoing an effective ro ram of est mana ement for
cotton insects uring the perio 4 : For more tnan tour deca es a ter
demonstration that calcium arsenate provided an effective and economical means of
controlling the boll weevil, entomologists failed to take advantage of their
opportunities to develop an effective system of pest management for cotton insects
in the southern United States. They ignored the large body of information made
.vailable by early studies of the biology and ecology of the boll weevil and boll-
worm. Furthermore, additional information developed by Isely (1924, 1934) could
have been utilized very effectively in a pest management program.

Isely (1924) pointed out a number of features about the biology and ecology
of the boll weevil that demonstrated that he was "ahead of the times" in his concept
of pest management. He recognized that hibernation was the most critical period in
the seasonal history of the pest. He also pointed out that the later in the season
the boll weevil matures, to a point, the greater its chances of surviving hiber-
nation. This feature of boll weevil biology is illustrated well in Gaines' (1959)
summary of ecological investigations of the boll weevil at Tallulah, Louisiana for
the period 1915-1958.

141
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Isely demonstrated that controlled burning and clearing of favorable hiber-
nation quarters were effective measures for reducing the populations of over-
wintered weevils. He recognized the extremely local nature of the boll weevil prob-
lem during most years, especially during early season, and stressed the great dif-
ferences in abundance, destructiveness, and in control measures required on the
same plantation and often in different parts of the same field. It was in his work
that the suppression pressures of seven.; winters and hot, dry summers on boll weevil
populations were clearly recognized.

Isely (1934) demonstrated the value of using a trap crop, comprised of an
extra early variety planted on a very small percentage of the total acreage, as a
means of concentrating populations of overwintered boll weevils. His observations
showed that weevils emerging from'yinter quarters usually concentrated in the
earliest fruiting cotton on a farm. By planting an early fruiting variety early on
less than 5% of the total acreage he was able to attract most of the overwintering
population that found its way Intola field. By treating such restr:.cted areas with
calcium arsenate dust 3 to 4 timel/at 5-day intervals damaging populations could
often be prevented from developing anywhere on the farm for an entire season.
Restricting treatment to such limited areas helped to conserve populations of
predators and parasites and hold environmental pollution to minimal levels.

Thus, there was available as early as the mid-1920's sufficient irformation
to form the core of a sound, multifaceted pest management program for cotton insects
based on the principles of applied ecology. Such a program would have included the
following elements most of which are recognizable as important components of the
pest management program for cotton insects that is presently attracting such wide-
spread attention and substantial support.

1. Using varietal resistance in the form of early fruiting, prolific, rapidly
maturing varieties with appropriate cultural practices such as early plantinc,
proper fertilization, and appropriate cultural practices required to encourage early
production of the crop.

2. Using an early planted trap crop of the earliest maturing varieties avail-
able to concentrate the overwintered boll weevil populations on a very small per-
centage of the cotal acreage where they could be destroyed by applications of
calcium arsenate before having an opportunity to reproduce.

3. Conservi:%y populations of predators and parasites by delaying as long as
possible applications of insecticides to 4ny acreage except that planted to trap
crops.

4. Inspecting all acreage at weekly intervals to determine when and where
insecticide applications were required to regulate pest populations below economic
injury thresholds. (A system of using commercial cotton insect scouts for this
purpose was initiated in Arkansas by Isely in the late 1920's).

5. Harvesting the crop and destroying crop residues as soon after harvest as
possible to eliminate food for the boll weevil and thus decrease its chances for
overwintering suc.lessfully.

6. Reducing the extent of favorable hibernation quarters by controlled
burning and land clearing.

A pest management program having these components would have been effective,
economical, ecologically sound, and environmentally safe. Its adoption and use
would have undoubtedly reduced greatly, if not have avoided completely most of the
problems that have arisen during the last two decades to bring us to the point of
crisis in our management of cotton insect pests. It seems quite probable that the
current pest management program for cotton insect pests may eventually evolve to

[51
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the extant that the methods available 45 year, ago will, with minor modifications,
fcrm the core of the pest management system.

The synthetic organic insecticide period: The synthetic organic insecti-
cides that came into general use after World War II quickly revolutionized pre-
vailing attitudes and practices of growers and entomologists toward cotton insect
control. :isccrery of the effectiveness of calcium arsenate dust for boll weevil
control had started most entomologists along the trail of "treat and count"
insecticide evaluation. Growers for the most part, however, had not been able to
obtain consistently good results from the use of calcium arsenate. Many; perhaps
a substantial majority, were not convinced or its usefulness for cotton insect
control. With the introduction of CDT followed by benzene hexachloride, toxaphene,
chlordane, aldrin, heptachlor, dieldrin and endrin, growers, for the first time in
history, had available cheap, effective insecticides whose use produced results
that were immediately apparent. Growers who had been unconvinced that it was
possible to control with calcium arsenate and nicotine sulfate or rotenone any
cotton insects except the leafworm were quickly convinced that the new insecti-
cides provided the answer to their cotton insect control problems. This set the
stage for the growers to join the entomologists in excessive reliance upon use of
insecticides for pest control. Ecological principles of animal population regu-
lation were generally forgotten or completely ignored for almost two decades.

Initial successes with the new insecticides were responsible for changes in
other areas of cotton production. Cultural practices were changed drastically.
Boll weevil control was so effective that early maturing varieties were no longer
thought to be necessary. Varieties were developed for extended fruiting periods
and later maturity. Application of heavier rates of fertilizers, especially
nitrogen, became a standard practice. Irrigation was more frequently and widely
used. The result of these changes was to extend the fruiting period of cotton long
enough to provide food for the development of one additional generation of the boll
weevil in many areas.

Ewing and Parencia (1948) revived the concept of controlling overwintered
boll weevils before they could reproduce that had been tested by the early workers
by square removal and weevil picking (Coed 1916) and "mopping" with calcium-
arsenate molasses mixtures. Unlike Isely (1926) who had proved by his "spot
dusting" method that the concept of controlling the overwintered boll weevil popu-
lation was ecologically sound and effective, Ewing and his co-workers undertook
control of thrips, plant bugs, and other so-called "early season" insects as well.
Their method consisted of treating all of the cotton acreage in a community,
regardless of insect population, with the first application being made, at the "pin-
head" squaring stage followed Ly a second 8 to 10 days later. Their initial
experiment in Wharton County, 'texas in 1948 involved treating all of the cotton
acreage on 69 farms in 4 communities, a total of 1,214 acres. Nearby farms were
untreated and served as controls. Cotton in the treated area outyielded that in
the control arec. by 44%.

This experiment probably attracted more attention than any other single
experiment ever conducted on cotton insects. It was immediately repeated by
entomologists throughout the area with different results. Two applications were
found to be inadequate to provide the season-long control obtained in the first
experiment. Unfortunately, growers had been so excited by publicity given to the
initial experiment that many put the method into practice. Even more unfor-
tunately, most of the entomologists in the area had also accepted and strongly
recommended the "early season control" method.

The program quickly evolved to one of applying insecticides to cotton on
a regularly scheduled basis without regard to pest populations or economic injury
thresholds. The idea was so attractive to growers because it required little
attention to determining economic injury thresholds and so attractive to the
insecticide industry because it provided a large and dependable market for their

[6]
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proeucts that it swept across the Cotton Belt. By the early 1950's most of the
growers throughout the South had adopted a "womb to tomb" program of insecticide
applications to cotton beginning with emergence of the seedling plants and ending
when the crop had matured beyond the point of susceptibility to insect injury.

Thus, the stage was set by an experiment conducted in Wharton County, Texas
during 1948 that is responsible for our being here today. Excessive reliance upon
use of insecticides for cotton insect control, begun 50 years ago with the finding
that calcium arsenate was effective for boll weevil control increased immeasurably
with use of the much greater insecticidal and broad spectrum activity of the
synthetic organic insecticides. Now this philosophy of pest control had added to
it the ultimate in entomological irresponsibility--complete disregard for economic
injury thresholds. The expression, "The only good bug is a dead bug," became
almost a slogan as all of the principles of applied ecology and common sense were
violated Ly this concept of pest control. It was inevitable that such a program
would leal to the crisis in entomology in which we find ourselves today. The
consequences may be summarized as follows:

1. The most effective suppression of pest populations that had ever been
experienced with substantial increases in yields.

2. Decimation of predator and parasite populations leading to:

a. Resurgence of treated pests.
b. Elevation of minor pests, or species of previously unrecognized

pest potential, to the status of major pests.

3. Decline of the pest status of some species, for example the cotton aphid
and cotton leafworm, to positions of insignificance.

4. Heavy mortality of nontarget species especially pollinating insects and
fish.

5. Development of resistance to one or more insecticides by virtually all of
the cotton insect pests.

6. Massive environmental pollution with residues of persistent insecticides.

7. Excessive costs of insect control.

8. the of confidence by the general public in the entomological
profession.

9. Stimulation of the most imaginative research that has ever been done on
cotton insects.

10. Convincing applied entomologists of the necessity for developing pest
management systems based on principles of applied ecology.

These are too well-known to require further discussion. Suffice it to say,
not all of the aspects of the current crisis in entomology are negative. As
Shakespeare expressed it, "Sweet are the uses of adversity; which like the toad,
ugly and venomous, wears yet a precious jewel in his head." The "jewel" in the
head of the applied entomologist is the opportunity now available as never before
to develop pest management systems for the control of cotton insect pests that will
be effective, economical, environmentally acceptable, and possess a degree of
rtability and permanence never before achieved.

This opportunity has come about because of the disastrous situation that
now exists with regard to the cotton insect problem in the southern United States.
The situation may be described as follows:
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1. Resistance to all classes of insecticides registered for use or cotton
occurs in populations of the tobacco budworm and banded-wing whitefly. The former
has been responsible for destruction of a more than 500,000-acre cotton industry
in northeastern Mexico and threatens profitable production of cotton in the Rio
Grande Valley of Texas with similar ruin. Problems posed by th.-. banded-wing
whitefly are rapidly increasing in size and intensity in mid-South states.

2. Effectiveness of natural control agents in regulating populations of
Heliothis spp., Tetranychus spp. and Trialeurodes abutilonea is nullified by pres-
ent insecticide use patterns.

3. Environmental pollution with DDT residues to such an extent that it has
been banned for use on cotton after 1972 by order of the Food and Drug Adminis-
tration. This will necessitate the substitution of heavy dosages of methyl para-
thion at shorter intervals between applications in areas where the boll weevil is
a key pest with a consequent increase in hazard to humans and other animals from
acute intoxication.

The gravity of these problems forces entomologists to turn to a system of
pest management that could have been developed 45 years ago. Such a system must
deal for the present with far more serious problems than existed in the mid-1920's,
with one less component to use, viz., rapidly fruiting, early maturing varieties,
and very little additional information for immediate integration into the
system. The challenge posed is to initiate a system that will not tally halt but
reverse the rapidly accelerating deterioration of cotton insect control toward the
disaster that has occurred in northeastern Mexico. Such a system must accomplish
the following:

1. Maintain satisfactory control of the boll weevil.
2. Prevent higher levels of resistance than now occur from developing in

populations of pest species by relaxing the amount of selective pressure being
applied. This is critically important in the case of the tobacco budworm and
banded-wing whitefly.

3. Make the most effective use of indigenous predators and parasites of
Heliothis spp., Tetranychus spp. and Trialeurodes L.Jutilonea.

The "reproduction-diapause" system of boll weevil control more nearly
meets these requirements than any other available at this time (Brazzel, 1961;
Lloyd et al., 1966; Bottrell and Atmand, 1968). This system is based on denying
the portion of the boll weevil population in which diapause has been induced
access to the amount of food required to accumulate enough fat to overwinter
successfully. Such a system requires destruction of a high percentage of that
portion of the population destined to become adult during the period September 15-
October 31 for most of the area. A combination of insecticide application,
defoliation and rapid harvest and stalk destruction is employed to achieve the
objective of starving or killing outright the weevils that otherwise would accumu-
late enough fat to overwinter.

Employing this system usually results in the destruction of 80 to 95% of
the potential overwintering population. Such levels of suppression often delay
the development of economically damaging populations during the following year
u.itil the third generation or later. It allows maximum utilization of the
indigenous predator-parasite population to be exerted on Heliothis spp.,
Tetranychus spp. and Trialeurodes abutilonea. This usually delays substantially,
or prevents, need for insecticide applications to control these pests.

This system will result in a substantial decrease, one-third to one-half,
in the number of insecticide applications now being made routinely by a majority
of cotton growers in most areas. It will reduce from three to one the number of
generations of Heliothis spp. being exposed to dosages high enough to select for
increased leveli-67-7iiistance. It will also result in a substantial decrease in
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numbers of generations of banded-wing whitefly exposed to the selective pressures
of heavy applications of insecticides. By making possible a delay in beginning
insecticide applications until mid-season, or later, prey populations of aphids,
thrips, spider mites, whiteflies, and lepidopterous eggs and larvae can be main-
tained in sufficient numbers to hold and increase populations of the parasite-
predator complex in cotton fields. In situations where control of early-season
pests such as the plant bugs, Lygus spp. or Pseudatomoscelis seriatus becomes
mandatory only the most highly selective insecticides, dimethoate or trichlorfon,
for example, will be used and then only at the minimum effective dosages.

This relatively simple pest management system is being adopted rapidly and
practiced widely in many areas where the boll weevil is a key pest. It should
prevent further deterioration of the cotton insect pest problem and serve as a
foundation upon which a more sophisticated pest management system quickly can be
constructed. Viewing the system pessimistically, it is a vast improvement over
what has been practiced throughout the southern United States for about two decades.
More optimistically viewed, it will reverse the trend toward higher levels of
resistance in populations of several pest species and "buy the time" required for
developing more effective and permanent systems of managing cotton insect pests.

The "reproductive-diapause" control system has two very serious flaws.
1) It is based on "automatic" applications of insecticide to all of the acreage in
an area without regard to pest population density and economic injury thresholds.
2) It exerts the heaviest pressure on the boll weevil of any system yet devised
and thus could be responsible for the development of populations resistant to the
0-P insecticides. This has not yet occurred and the fact that it has not is some-
what surprising. Resistance to the point of practical immunity to the 0 Cl
insecticides developed in boll weevil populations after exposure of no more than
15 generations. About 45 generations of boll weevils have been exposed to the 0-P
insecticides with no measurable level of resistance to these insecticides having
been detected. It is possible, though unlikely, that the boll weevil does not
possess the necessary mechanism(s) for resisting the 0-P compounds. Adopting a
system of pest management that increases the probability that a resistant line may
be selected is a calculated risk, justified only in a crisis situation. Such a
situation now exists.

There is another, quite different but very serious weakness of this system
of pest management. It is a system that the insecticide industry and commercial
applicators, for the most part, have been unwilling to accept and support. The
reasons are simple. Its acceptance by growers will result in substantial reduc-
tions in the amount of insecticides used for cotton insect control. Entomologists
should immediately initiate a vigorous educational program aimed at overcoming
such a narrow, short-sighted attitude, The program cannot be completely success-
ful without cooperation of all segments of the cotton industry. The profligate
use of insecticides for control of cotton insect pests has been largely responsible
for the decision by EPA officials to ban further use of DDT. Similar action on
other chemicals is certain to occur unless the amount of insecticide applied to
cotton is reduced substantially.

Another e.ftremely serious threat to the success of the "reproduction-
diapause" system of boll weevil control is currently posed by those who advocate
use of aldicarb in pre-plant or sidedress applications, or both, on a field scale
or to larger areas. Practice of such a technique on a large scale could have
disastrous consequences of a magnitude exceeded only by the early-season program
of Ewing and Parencia '1948). It has been amply demonstrated that the adverse
effects on predators of aldicarb used in this manner may induce outbreaks of
Heliothis spp. (Ridgw.../ and Lingren 1967, Ridgway 1969). Destruction of the
pre RTFi of Heliothis spp., Tetranychus spp. and Trialeurodes abutilonea is
casued directly by the toxic effects of aldicarb and indirectly by destroying prey
populations required to support predator populations and hold them in the cotton
fields. Regardless of how the effects are exerted, use of aldicarb on a large
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scale would negate the effectiveness of the indigenous parasite-predator zcmplex
that is an essential component of a successful pest management system for cotton
insect pests.

Future progress: Fortunately, it should not be necessary to rely for long
on a pest management system for cotton insects based on the "reproduction-diapause"
method of control of the key pest, the boll weevil. Excellent progress has been
made during the last decade in the development of some exciting new techniques for
control of insects. Some of these are in the advanced stages of field testing and
should be ready for inclusion as new components of pest management systems during.
the next few years. The manipulative methods that appear most promising for early
availability as a result of their performance in large-scale field tests include:
1) varietal resistance; 2) biological control; 3) selective insecticides and dis-
criminative use of non-selective insecticides; 4) cultural control; 5) pheromones;
and 6) microbial insecticides. Possibilities also exist among other methods of
manipulating the boll weevil and other major pests of cotton. Among these are:
1) genetic methods; 2) juvenile hormones; 3) autocidal methods; and 4) electro-
magnetic energy.

Varietal resistance: The possibility of having useful levels of varietal
resistance to the boll weevil available in agronomically acceptable varieties
within two or three years appears to be excellent. Frego bract, a mutant form
with rolled, strap-like bracts in contrast to the large flat, leaf-like bracts in
the normal condition confers useful levels of resistance to the boll weevil
(Lincoln, et al., 1971). Since the Frego bract character apparently came from DPL
Smoothleaf, a good commercial variety, it has not been difficult to develop
agronomically acceptable lines possessing the character. Unfortunately, lines to
which the Frego bract character have been transferred are more heavily damaged by
Lygus spp., Pseudatomoscelis seriatus, and Neurocolpus nubilis than those that do
not possess the character. Tgirio3Wis a serious problem areas where these
plant bugs are important pests and would preclude the effective use of varieties
possessing the Frego bract character in such areas unless much more highly
selective insecticides for control of tae plant bugs than now exist could be
discovered. Application of insecticides currently available for control of plant
bugs is far too disruptive of populations of the predator-parasite complex that
growers must cohserve.

Frego bract appears to confer measurable levels of both nonpreference and
antibiosis to the boll weevil. Clower et al. (1970) have had promising results
by making use of the nonpreference effect and Jenkins and his associates (personal
communication) have demonstrated convincing levels of antibiosis as well.

Effective use of varietal resistance currently available that could be
included in a pest management system involves nonpreference or antibiosis, or
both. The boll weevil is strongly attracted to fruiting cotton. Clower and Jones
and their associates have showed that Super okraleaf, a prolific, rapidly fruiting,
early variety when planted on a relatively small part of the total acreage planted
to cotton attracts and holds a very high percentage of the overwintered and first
generation boll weevils in the area. This response makes available a technique
that can be used to control a very high percentage of the overwintering and first
generation boll weevils with minimum use of insecticides. Combining the non-
preference in Frego bract with red leaf from AK Djura Red or North Carolina Margin
sources made it possible to delay the beginning of insecticide applications for
more than one month during experiments for two successive years under conditions
of extreme boll weevil pressure.

Plant breeders once more have undertaken the development of early
maturing, rapidly fruiting varieties capable of producing and maturing maximum
yields before boll weevil populations reach economically damaging levels.
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Substantial progress has been made. The most exciting results in this area of
activity have come from the research of plant breeders in Texas who have selected
genetic stocks of cotton that mature very early. They have found that reduction
in yields often associated with extreme earliness may be offset by growing such
varieties in high density culture (Walker and Niles, 1971).

Biological control: One of the important results of using the synthetic
organic insecticides in such a senseless manner during the last 25 years has been
the demonstration of the importance of indigenous predators and parasites. One of
the greatest advantages of the "diapause" control program is that it conserves
these useful insects. Their conservation can be further effected by making use of
the varietal resistance discussed above to further reduce insecticide applications
and to use them in a more discriminating manner.

DeBach (1971) has stated that importation of new nr'..ural enemies from
abroad should receive first priority in development of pest. management programs.
Perhaps many will disagree with this being the top priority item in pest manage-
ment programs for cotton insects. None, I believe, will deny that it is a seri-
ously neglected method that has great promise.

Recent successes with mass-rearing and properly timed releases of parasites
and predators offer considerable promise for exploitation in control of Heliothis
spp. (Ridgway and Lingren, 1972). (Now that Mr. Carpenter of Manned Space Plight
fame has undertaken production of Trichoyramma as a business venture, perhaps this
technique will receive the attention it nas long deserved). Use of mass-reared
predators and parasites in inundative releases, essentially as living insecticides,
has not been properly evaluated as a technique ofpest management. Theoretically,
it should be very useful.

Selective insecticides and discriminative use of non-selective insecticides:
The ultimate weapon for pest management is an insecticide that will affect nothing
but the target species, one that the target species cannot overcome by developing
resistance to it, and that is economical to use. A number of insecticides meet
the latter requirement. None possesses the first two. Numerous strides have been
made to evaluate relative toxicity of various insecticides to important insect
predators. Examples of substantial differences in toxicity to the various species
have been found as well as specificity of response. Unfortunately, with the
exception of Ripper et al. (1948; 1949; 1951), results of most of these studies
have been confounded by the possibility that populations of some species may have
developed substantial levels of resistance to one or more classes of insecticides
before the studies: were done. Other than the work of Ripper and his associates,
the studies reported on reaction of predators to the synthetic organic insecti-
cides appear to have been done after 1954.

With such a large complex of major pest species and predators as is the
case with cotton, it is not unexpected that no compound has been found that
possesses a useful degree of selectivity. Trichlorfon probably has come closest
to being useful in this regard. Even it has not lived up to early claims.
Lingren and Ridgway (1967) showed that it was substantially less toxic to Collo s
balteata, Chrysopa carnea, and Hi?podamia convey ens than four other insecticides
tested out that it was toxic to the mpor ant hemipterous predators
Geocoris punctipes, Nabis americoferus and Orius insidiosus.

Thus, the degree of selectivity available at present does not appear to be
of much usefUlness in pest management systems for cotton insects. Good results
can be obtained, however, by the applications of non-selective pesticides in such
'lays that they act in a discriminating manner. Seed treatment with low rates of
application of disyston or thimet for thrips control illustrates a technique of
using pesticides in a discriminating way. Only insects that attack the seedling
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plants directly are affected. Indirectly, however, seed treatments of this sort
can have severe effects on populations of predators that depend on thrips, aphids,
spider mites, and whiteflies as a source of food. Destruction of prey will result
in starvation or force the predators to leave cotton fields in search of food.

Probably the technique that offers the greatest immediate promise of
effective use of insecticides in a highly discriminatory manner is the use of
varieties that possess enough earliness to serve as a trap plot for boll weevils
when planted on a very small percentage of the total acreage; or, planting a small
percentage of the total acreage to a preferred variety and the remainder to a non-
preferred variety. In either case boll weevil control could be obtained by treat-
ing only a small percentage of the total acreage, leaving the remainder to serve
as a refuge for the beneficial species.

Cultural Control: Early harvest and destruction of stalks as advocated by
Pierce (19221 have once again assumed major importance as techniques for con-
trolling cotton insect pests. Growers have available some additional tools that
the early advocates of early harvest and stalk destruction did not have. Growers
now have available harvest aid chemicals such as defoliants and desiccants,
mechanical cotton pickers, and more effective mechanical equipment for stalk
destruction than was available 50 years ago. Thus, they are now able to accom-
plish stalk destruction far more rapidly and efficiently than formerly was the
case. Consequently, this technique may be expected to play an increasingly
important role for control of cotton insect pests.

Pheromones: Isolation, identification and synthesis of the boll weevil
sex pheromone, Grandiure" (Tumlinson, et al. 1969) has added a powerful new
component to pest management systems for cotton insect pests. It has been amply
demonstrated that traps baited with male boll weevils attract large enough numbers
of overwintered boll weevils (Hardee, et al., 1970; Lloyd, et al., 1972) to
suppress population buildup. Use of this potent pheromone fits very well into the
"diapause" control for boll weevil. Lloyd, et al. (1972) reported that the
efficiency of the method was more than 90% if populations of the overwintered
weevils were 5/Aor fewer. However, when more than 300 overwintered weevils per
acre were present efficiency was reduced to about 20%. Traps located around field
margins at a density of one per acre appeared to be as effective as a greater
density of traps.

A formulation of the pheromone has recently been developed that has about
twice the residual life of previous formulations with no loss of effectiveness.

Microbial Pathogens: Insect pathogens appear to promise more for cotton
insect control and to give less than any other of the relatively new techniques
being investigated for their potential role in pest management. It is highly
desirable that some means be found for using them effectively, especially for
control of larvae of Heliothis spp. Thus far, results have been disappointing.
Bacillus thuringiensiiE3i7rTuclear polyhedrosis virus of Heliothis have been
Eiitaixtensively. Neither has been able to provide reliable, economical con-
trol of Heliothis spp. on cotton. However, the prospects of improving the
effectivena767both pathogens appear to be good (Dulmage, 1972).

The microbial pathogens, like predators and parasites, furnish another
example where foreign exploration and introduction might be a very profitable
research venture.

Autocidal Methods: Treatment of laboratory-reared boll weevils with
busulfan (1, 4-butanediol dimethanesulfonate) has been demonstrated to induce
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permanent sterility in the insects without reducing production of the sex phero-
mone. It has been suggested (Klassen and Earle, 1970) that this chemosterilant
may be useful in producing sterile boll weevils for release in an eradication
program.

Recently, all of the proven techniques and promising new methods of boll
weevil control have been integrated into a pest management system designed to
eradicate the boll weevil from a large area of southwestern Alabama, southeastern
Louisiana and southern Mississippi. This ambitious program is supported by several
agencies of State and Federal Governments and Cotton Incorporated. The system
includes the following components:

1. Reproductive-diapause treatments with 0 -P insecticides in late summer and
early fall.

2. Defoliation, harvesting as early as possible, followed by stalk
destruction.

3. Trap plots of an early planted, extra early, cold resistant variety
planted in 4 to 6 rows around the margins of all fields in the "eradication zone"
and treated with a heavy rate of the systemic insecticide aldicarb, in-furrow
followed by sidedress, to kill overwintered weevils attracted to the trap plots.

4. Planting a part of the acreage to the boll weevil resistant variety Frego
bract.

5. Trapping overwintered weevils by use of the synthetic pheromone grandlure.
6. Treating with 0 -P insecticides when squaring begins those areas where over-

wintered boll weevil numbers are excessively high in order to suppress the popu-
lation to levels at which pheromone traps perform most effectively.

7. Overflooding the "eradication zone" with laboratory-reared weevils
sterilized by treatment with busulfan in programmed releases of numbers large
enough to prevent survivors of previous treatments from reproducing.

Although it is highly probable that the experiment will fail, it should
provide a rigid test of some of the potential components of a pest management
system for cotton insects in the southern United States. With the ban of DDT for
use on cotton this becomes more imperative than ever.

There appears to be much reason for optimism that an effective, economical,
multifaceted pest management system can be ieveloped that will reverse the trend
toward disaster and put cotton insect control on the soundest basis of its entire
history.

One of the great Welsh hymns has a line that goes "Watchman tell me of the
night, what its signs of promise are." I cannot conclude the discussion of a
subject that includes an assessment of the future progress in pest management
without "telling you of the night and what its signs of promise are" as I see
them.

For about 15 years entomologists have been stressing the necessity for
developing pest management programs that do not rlly so heavily on use of con-
ventional pesticides. Even more to the point, many have been contending that all
We need to develop effective programs of pest management is financial support for
work of this sort. Regrettably, a great many of us have oversold the proven and
potential effectiveness of the alternatives to use of conventional pesticides.
Substantial numbers of entomologists have jumped on the environmental bandwagon
in vicious attacks on the use of DDT and related insecticides, seemingly con-
vinced that once DDT is banned all the environmental ills related to pest control
will be corrected. Others have stood supinely by without making any effort to
help defend the sensible use of all pesticides, DDT included, apparently unaware
that effective pest management systems for the vast majority of our major pests
require the intelligent use of these chemicals.
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Now we find that we have "painted ourselves into a corner" so to speak.

Suddenly, we find that we have been handed very substantial sums for the immediate
initiation of action and research programs in pest management. In effect, we have

been told to "put up or shut up." Gentlemen, these programs must not fail. Should

they do so our profession will suffer enormous loss of prestige, but even more
unfortunately, the concept of pest management which has been so difficult to sell

will be set back for decades.

Signs of potential roadblocks to the successful development of the pest

management concept are apparent. Those that appear most significant to me are
the following:

1. Lack of sufficient numbers of trained personnel: Personnel properly
trained in pest management are few when measured against the magnitude of need.
Obviously, this fact is being recognized or we would not be here today. I think

it significant that Mr. Ruckelshaus stated in his announcement banning use of DDT

on cotton that methyl parathion would be the substitute. But, he also stated that
people would have to be trained to use this acutely toxic insecticide. How is
this to be done between now and the beginning of the crop season? Who is to

be trained and upon whom do we depend to do the training? What levels of training

will be required?

2. Attitudes of the insecticide industry, commercial applicators and growers:

Many members of industry and commercial applicators view pest management as
inevitably contributing to a substantial decrease in the amount of insecticides

used. They are correct. If adoption of pest management systems do not result in

such a decrease, they are failures. How do we convince these people that pest
management is the route that must be followed when their livelihood is being

affected? Their cooperation is essential to the success of this approach to pest

control. How do we convince Union Carbide, for example, to abandon their attempts
to persuade cotton growers to treat every acre of cotton with rates of aldicarb
that are unacceptably hazardous to predator complexes? This is a compound that
can be quite useful for application to trap plots of early planted cotton to con-
trol overwintered boll weevils. However, costs of developing aldicarb can never
be recovered if its use is limited to treatment of trap plots.

There are still substantial numbers of growers, county agents and unfor-

tunately entomologists, who remain unconvinced that they should allow cotton to

go untreated when thrips, fleahoppers, lygus bugs, bollworms, tobacco budworms,
and miscellaneous species are attacking their crops and causing readily observ-

able injury. This sort of injury is occurring throughout the area now. How many

of us here today have yielded to the temptation to recommend treatment for

situations of this sort? How many are convinced that having low populations of

these pest species present in cotton fields at this time is necessary for the

maintenance of effective predator-parasite populations?

4 Cooperation between members of all disciplines invol%ed in crop production:

Frego bract cotton has been demonstrated to have great potential for boll weevil

control. It has also been demonstrated to be considerably more susceptible to

injury by plant bugs. In areas where plant bugs are not a serious problem
entomologists and plant breeders have no problem in cooperating effectively. Where

plant bugs are a serious problem the question is asked, "Do we proceed with Frego

bract because of its importance in boll weevil control and use insecticides to
control plant bugs, or do we delay taking advantage of Frego bract while we
attempt to get plant bug resistance into the variety?" This is where the coopera-
tion between plant breeder and entomologist may become a bit tenuous.

Clearly, entomolgists and plant breeders must work in the closest sort of

harmonious relationship.. In the past, plant breeders have had a tendency to con-

centrate on desirable agronomic qualities, edaphic and climatic adaptability and
have tended to pay too little attention to varietal adaptability to pests.
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Entorrlogists can no longer tolerate development and release of varieties possess-
ing levels of susceptibility to pests that will disrupt the pest management system.

The overhead application of arsenical herbicides, DSMA and MSMA, has
become an increasingly common practice for weed control in some areas. These
herbicides also exert substantial insecticidal action when applied in this manner,
so much so that populations of some predator species, especially the coccinellids,
are seriously reduced. This is another example where the cooperation between
disciplines is likely to grow a bit tenuous.

Obviously, the answer to these problems is the team approach to pest
management. It cannot operate successfully without such an approach. The day of
the entomologist, agronomist, plant breeder, pathologist, nematologist, plant
physiologist, agricultural engineer, and economist each working alone in his
narrow little world has gone the way of DDT. Major administrative officers have
the obligation and responsibility to organize the various disciplines into
effectively cooperative working groups at all levels of research and extension.

Difficulties in developing and registering for use insecticides that are
especially needed in pest management: Until very recently, and probably it Teas
not yet changed appreciably, fhe insecticide industry has had the philosophy of
developing compounds effective for control of everything from the aardvark to the
zoril. Compounds with such wide spectra of activity are not compatible with pest
management programs. On the contrary, compounds that affect nothing but the target
species are desirable. Entomologists cannot tolerate the former and insecticide
chemists cannot produce the latter. So, here again is a situation where coopera-
tion and accommodation must be achieved.

Unterstenhofer (1970) has discussed, in a very illuminating way, the
question of insecticide selectivity from the aspect of industrial research. He
called attention to a statement by Mathys and Baggiolini (1965) that "the pros-
pects of integrated pest control in Switzerland are very favorable, but there are
still many problems to be solved before the method really is completely ready for
practical use." He suggested that this viewpoint is still that of the chemical
industry.

He summarized his views as follows:

1. Strictly selective monotoxic compounds cannot yet be developed
systematically. The probability of discovering such compounds is
extremely slight.

2. Provided expenditure for research development and production is
kept at a reasonable level, active ingredients of the oligotoxic
and polytoxic categories can be regarded as realistic targets.
It must be taken into consideration that the breadth and nature
of the spectrum of activity cannot be influenced in the sense of
selectivity as required by integrated pest control. Selectivity
in this sense is an anthropocentric and not a physiological
toxicological criterion. Therefore, selectivity will always
be a compromise.

Instead of the sort of selectivity that would be provided by "monotoxic"
compounds, he suggests that special attention be devoted to "ecological"
selectivity. He suggested the following as possible ways and means of achieving
selective action.

a) Choice of the lowest dose rates for the suppression of a pest
population.

b) Application of the product at the most suitable time.
c) Use of attractants for the purpose of increasing the probability
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of contact between active ingredient and pest with reduced prob-
ability of contact between active ingredient and beneficial insect.

d) Production of suitable formulations.

Although it may be argued that production of the highly selective ("mono-
toxic"), compounds is a difficult task that industry is not willing to tackle at

current levels of research funding, Unterstenhofer (1970) may be overly pessi-
mistic in his conviction that such compounds cannot be developed. Nevertheless,
we must accept the fact that they are not now available and that it will be some
time in the future, if indeed ever, that they may become available. There are
tremendous possibilities of achieving the degree of selectivity in effect of
insecticides required in pest management systems by the discriminating use of these

chemicals. It is work toward achieving ecological selectivity that is likely to

be most productive for the immediate future.

Obtaining clearance for use of new chemicals, or new uses of old chemicals,
has become a frustratingly difficult problem that must be alleviated. As we move
toward increasing usage of microbial pathogens, pheromones, chemosterilants,
attractants, repellents, and hormones, it will be necessary that mechanisms for
moving these materials through the necessary registration procedures be simplified
and accelerated.

Incom atibility of the pest management and eradication philosophies:
Development of new techniques of insect control during the last two decades has
given new life to the philosophy of eradicating pests rather than attempting to
regulate their populations at sub-economic levels. Obviously, eradicating a pest
species is the ultimate in pest management. The screwworm eradication program has
undoubtedly done more to advance the eradication philosophy than all other eradi-
cation efforts combined. It has been a remarkably successful program when
measured in terms of degree of control of a species over a large area of its range.

However, it has failed to achieve the objective announced more than 10 years ago
of eradicating the species from the southwestern U.S. Unbelievably, eradication
of the screwworm has been claimed in spite of the fact that 4,236 cases of infes-
tation were reported from the area during May 1972 compared with 6,372 during the

same month in 1962.

We are now involved in a very large and expensive effort to eradicate the

boll weevil from large areas of three states. I supported this undertaking with
the understanding that it would be conducted for a two-year period after which it
would be discontinued if eradication from the area was not achieved. I do not
believe that it will be achieved. Based on past performance, I do not believe it
will be discontinued if its objective is not achieved.

If never before, the time has come for a serious evaluation to be made of

the eradication concept. Programs like barberry eradication that was initiated in
1918 and continues to operate with the destruction of barberry bushes during 1964

and again during 1969 exceeding the annual average for the period 1918-1945, the
imported fire ant program started during 1957 and continued since with an expendi-
ture of more than $150,000,000, and others of the sort obviously should be dis-
continued. Entirely too much of the funds available for plant protection research
and action programs is being expended on eradication programs. Available infor-
mation suggests that these funds could more appropriately be expended on pest
management.
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ECOLOGICAL PRINCIPLES AS A BASIS FOR PEST MANAGEMENT
IN THE AGROECOSYSTEM
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Raleigh, North Carolina

"Pest management is the selection, integration, and implementation of pest
control actions on the basis of predicted economic, ecological, and sociological
consequences" (Rabb, 1972).

The concepts and principles of pest management have evolved over many years
and may be studied in publications by Beirne (1967); Chant (1964, 1966); Clark et
al. (1967); F. A. 0. (1966); Geier (1966); Harcourt (1970); Knipling (1966, 1970);
Lawson (1969); N. A. S. (1969); Newsom (1970) Pimeatka, et al. (1965); Rabb and
Guthrie (1970); Smith (1971); Smith, et al. (1964); Stern (1966); Stern, et al.
(1959); and many others. In preparing this lectuee, we have borrowed heavily from
these papers and a recent paper by the senior authoe fflabb, 1972). In spite of
recsgilizing the critical need for a comprehensive approach to crop production and
pest problems, our presentation will he more restricted than desirable. For pest
management to evolve most usefully as a facet of resource management, it is
essentia: for the plant pathologists, weed control specialists, vertebrate pest
expe'ts, and entomologists to integrate their activities more effectively. At
this time, however, we shall speak primarily in relat1on to agricultural insect
pests, although the same basic ecological principles apply in varying degrees to
other types of pest problems.

It is important to clearly visualize pest management in relation to the
broad spectrum of pest control strategies and tactics, and perhaps we can accom-
plish this bast by avoiding such terms as pest management, integrated control,
chemical and biological control for a few minutes and consider the evolution of
pest control programs.

Four principle types of control efforts may develop after the initial
recognition of a pest problem (Figure 1). If the preliminary assessment indicates
a real or potential problem, emergency use of a control method usually follows.
Such methods are designed for the use of individual growers and for tem orary
alleviation of pest population outbreaks. (For clarity, I shall use out reak"
to mean any pest population fluctuation above the economic threshold.)

If the pest problem persists, emergency methods may be refined as the
pest's interactions with the crop and associated organisms become better
understood. Where a temporary suppression method, such as the application of a

1/Professor and Visiting Assistant Professor, Entomology Department
2/Assistant Professor, Economics Department
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chemical biocide, is used in harmony with natural control and according to theeconomic threshold principle, we have the second major category of control activi-
ties--i.e., the management of localized populations. In some situations, however,
a single method-has not been sufficient to achi757Control in harmony with environ-
mental quality. In such cases, we attempt to achieve desired results by combining
two or more methods of control. Since each pest situation is unique, there is a
great variation in the methods which can be combined to best advantage; however,
deliberate manipulations of cultural practices and breeding crop varieties for
resistance to pest attack are among the most commonly encountered.

Considerable progress has been made in developing means for managing
localized pest populations with techniques designed for the independent use of
individual growers. However, the more complex and persistent pest problems have
not been effectively solved by limited population management. The solution of such
problems requires the uniform application of control procedures over wide areas.
This shifting of targets from localized infestations to wide area or species popu-
lations theoretically provides options: (1) eradication, or (2) more satisfactory
population management than possible through a mosaic of independent and unpre-
dictable grower actions.

Eradication and population management not only share the same orientation
to the entire pest population, but they also share the same proximate objective- -
i.e., to lower the mean level of pest abundance so that the frequency of infes-
taitons above the economic threshold is reduced or eliminated. Eradication and
management programs also may require some of the same basic ecological information
and may utilize some of the same techniques; however, when applied to a specific
pest species, these two goals are obviously incompatible. And, by the same token,
population management is incompatible with the poorly conceived idea of a pest-
free environment. The public finds it hard to accept the fact that insects as a
group, including actual and potential competitors, are absolutely essential to a
viable and productive environment.

Eradication is a grave responsibility and should be attempted only after
careful study involving diverse perspectives has pr.luced convincing evidence that
the benefits to be accrued more than balance the resulting ecological impoverish-
ment caused by removal of the pest species. Eradication of a key pest may make
management of a pest complex more practical; however, the step by step eradication
of our competitors cannot be accomplished without serious impairment to ecosystem
stability and productivity.

Since the population to be eradicated or managed is not contiguous to an
individual's property or state or national boundary, a high degree of cooperation
among people and governmental units is necessary for success. Certain of the
methods required are not practical for the independent use of individual growers
and must be the responsibility of specialized personnel. For example, the appli-
cation of the sterile male technique cuald not be achieved by individual
citizen.

As in an earlier paper (Rabb, 1972), I deliberately avoided direct
reference to chemical, biological and cultural control as well as to integrated
control and pest management. I have found that the use of these terms at times
tends to segregate us into camps. Although I have been emphasizing the need for
multifactorial approaches to our serious pest problems, an objective consideration
of the past history and present status of pest control will not fail to reveal
invaluable successes of single factor approaches, such as chemical, biological,
and cultural methods. Where a unilateral approach has resillted in population
management, however, it has been in harmony with natural control processes,
regardless of whether the harmony was fortuitous or deliberately achieved.

The terms biological control and natural control are sources of confusion,
so I should like to repeat definitions given in a previous paper (Rabb, 1972).
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"Biological control is the deliberate use by man of a biotic agent to suppress
and/or regulate a pest population. It may be achieved through the deliberate
manipulation of environmental factors to enhance the activities of indigenous

natural enemies, by the establishment of imported natural enemies, or by inun-
dative releases of biotic agents for temporary alleviation. In contrast, natural
control is not a technique, but is the total effect on a given population of all
naturally occurring factors, including indigenous natural enemies, which limit and

regulate it. These naturally occurring factors seem best considered as agents of
natural control unless deliberately used in methods of conservation, importation
and establishment, or 'inundative release'."

Biological control specialists can point to many impressive successes
(DeBach, 1964 and C.I.B.C., 1971), some of which will surely be discussed in

slbsequent papers in this Institute. Plant breeders, in cooperation with plant
pathologists and entomologists, also have found satisfactory solutions to certain

pest problems. For example: the use of varieties of wheat resistant to the
Hessian fly not only protected the commodity but also drastically' lowered the

Hessian fly populations (Painter, 1968 and Pathak, 1970).

These successes attest to the value of traditional single factor methods
of pest control; however, all unilateral attempts to solve certain of our pest

problems have failed and more comprehensive approaches are indicated. These have

commonly been referred to as integrated control or pest management, terms which

have been contrasted in "Insect-Pest Management and Control" (N.A.S., 1969) and in

a previous paper (Rabb, 1972) as follows: .

There are various views as to how the terms "integrated control" and
"pest management" should be used and there is considerable support for

synonymizing them. However, "integrated control" at times has been

restricted to the modification of insecticidal control in order to
protect beneficial insects, and also has been used for the fortuitous
combination of practices which, after the fact, were found to harmonize

for limited population management. Pest management connotes the
deliberate acquisition of ecological knowledge and the application of

ecological principles in devising and implementing a program of insect

population management. It is based on the recognition of insects as an
essential resource; and, thus, is an integral part of resource manage-

ment. Since management of a pest population sometimes may be accomplished
by single factor manipulations, such as the release of an enemy or the

use of a resistant variety, and since even eradication may be an
accfptable technique in managing a pest complex, pest management seems
more appropriate than integrated control to connote the essence of
applied entomology (N.A.S., 1969).

Since pest management is an applied science it has no unique basic
principles comparable to those characteristic of basic disciplines. However,

pest management is characterized by the particular combination of principles it

applies. The more important of these may be juxtaposed with three major steps

in developing pest management programs: (1) developing an ecological framework,
(2) manipulating the 'cosystem, and (3) pest management decision making.

Developing an Ecological Framework

The ecosystem:--To fully appreciate the problems associated with the

various concepts of pests requires a much broader perspective than we usually

have in our day to day specialized activities. These concepts have deep and
complex ecological roots, aw.i, of all natural sciences, none requires a more
comprehensive approach than ecology.
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As we consider an "unwanted" organism or complex of organisms and lay plans
for suppression, eradication, or management, we should have the mental agility to
easily shift our view in space and time--from the microscopic, we should be able
to zoom to the macroscopic, and from the past through the present to the future.
It must become second nature to adjust our mental focus from a localized pest out-
breikto an entire wide-area pest population, from immediate, ontarget effects of
control actions to time-lag effects on nontarget organisms which reverberate
throughout the ecosystem.

As a brief preconditioning exercise before discussing specific ecological
principles of pest management, let us divest ourselves of our subjective considera-
tions, and view our earth from an astronaut's vantage point. From this detached
perspective, as so realistically represented by the color photographs of our Apollo
missions, we sea the atmosphere, land masses, oceans, and seas of our planet; and,
in finer focus, recognize the mountains, plains, forests, grasslands, deserts,
lakes, rivers, and other topographic and edaphic characteristics of our earth.
Higher magnification exposes the tremendous variety and abundance of plant and
animal life involved in the myriad of dynamic ecological and evolutionary processes.

From this hypothetical satellite view, we also can appreciate the ener-
getics of this intricate and complex world ecosystem which involves a continuing
series of transformations of the incoming solar radiation-energy transformations
which drive our weather systems, biogeochemical cycles, and the various specific
ecological processes of central concern to us today.

By extending our hypothetical and detached perspective through time we can
see many temporal patterns of change. Geochemical and climatic forces modify the
topographical and physiochemical aspects of the earth's crust. Genetic and
selective factors modify species composition, with some species becoming extinct
and some new ones evolving. Thus, from pole to pole, from desert to tropical
rainforest, from the cold mountain spring to the warm, salty depths of tropical
seas, characteristic communities of plants and animals evolve and continue to
adapt to the everchanging environment.

One of the most characteristic features of this continuing community change
is that it is not uniform in rate. Change proceeds much more rapidly at certain
places and times than others. Catastrophic events such as earthquakes, severe
floods, fire and outbreaks of pests dramatically disrupt segments of our world
ecosystem, in some cases to the extent of removing the living components and
greatly altering the physiochemical substrate. In such cases, reinvasion of
affected areas occurs and a succession of species complexes is set in motion.
This succession proceeds rapidly initially but decreases in rate as community
homeostasis is approached.

Where do our concepts of pests fit into this picture of our world eco-
system? What criteria should we use for their definition? If, from our satellite
perspective we were to designate as pests those species which impair ecosystem
productivity, diversity, and stability, we might agree with Corbet (1970) that
"the world's major pest is man--the earthpest--whose numbers and activities are
threatening the stability of the biosphere."

As Corbet (1970) stated, those engaged in pest management must recognize
that the key pest involved is man himself because all other pest situations are
direct or indirect consequences of "the need to adjust man's numbers (primarily)
and activity (secondarily)--in relation to food, space, the capacity of the
environment to recover from exploitation, and time." Time to make these critical
adjustments in population and technology is running out, but can be increased to
some extent through more efficient crop production. One route to increased pro-
duction is through more satisfactory control of our competitors--certain species
of insects, disease organisms and plants. Pest management is suggested as a valid
and useful approach to this complex problem. According to Ray Smith of Berkeley,
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"consider the ecosystem" is one of the basic principles of pest management. In

applying it, we recognize that populations or organisms designated as pests, as
well as man, are dynamic subsystems of the world ecosystem which must not be

impaired by management practices. As pointed out by Newsom (1967) the effects of
practices may reverberate from the site of their application; therefore, both
local and general effects must be considered.

The agroecosystem:--Throughout the world, man has greatly altered the eco-
system of which he rs a part, and those areas devoted to agriculture have been
labeled "agroecosystems" and may be classified according to location and cropping
systems.

In each agroecosystem, man uses a variety of energy inputs (Figure 2) to
channel as much of the available energy and nutrients as possible into population
explosions of prized plants and animals for harvest. Although highly modified,
the agroecosystem still maintains its basic trophic structure of producers, herbi-
vores, carnivores, and decomposers, and the agricultural specialists attempt to
manage ecological processes somewhat differently at each level. The weed control
specialist attempts to prevent invasion and interspecific competition at the pro-

ducer level, whereas the entomologist seeks to encourage invasion and predation at
the carnivore level in an effort to reduce damage from herbivorous insects.

Thus, agriculture is an extremely complex example of applied ecology which
cannot be appreciated unless one considers the actions and interactions of the
various inputs in terms of the ecological processes affected. Some of these inter-
actions are positive and others are negative in terms of maximum production and
environmental quality. In pest management, we seek to influence the choice of

production practices so that ecological processes such as invasion, succession,
competition, symbiosis, parasitism, and predation are managed optimally at each

trophic level.

The life system:--The life system concept is to be discussed in another
chapter, so we shall have little to say about it. However, it cannot be ignored
in any general discussion of ecological principles. Although the life system
concept is considered by some to be a truism (Varlet', 1968), it is still a focal

point in the study of population dynamics. Clark, et al. (1967) consider a life
system as "composed of a subject population and its effective environment which
includes the totality of external agencies influencing the population, including

man. . . ." Thus, for those of us involved in pest management, where our emphasis

is usually directed to the behavior of a single population, the life system
approach is invaluable in the development of a conceptual framework.

In complex systems, such as tnose often observed in biology, it is
impossible to grasp the pathways and relative importance of even the major factors

without such a conceptual framework. In fact, the results of such relationships

are often counterintuitive (Forrester, 1969). Even though the development of
high speed digital computers and the adoption of systems analysis techniques as

tools for analyzing biological systems have greatly enhanced our knowledge, such
techniques are still dependent on the life system approach.

The unfortunate reluctance of many entomologists in accepting the useful-
ness of systems analysis is, to a great extent, we feel, due to misconceptions as

to what systems analysis entails. One might call this the "black box syndrome."

We feel this is unfortunate because, although techniques utilized may be highly

complex, the concept itself iS not. Simply, systems analysis has two basic com-

ponents: conceptualization and quantification.

Conceptualization of the system involves the development of a pictorial

representation of the variables and interactions believed to be involved in the
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system. Initially, this often takes the form of pictures of the variables and
arrows between them to designate interactions (Figure 3). In pest management, we
must start with the biology of the insect. The conceptualization process then
continues to a more formalized flow chart or diagram (Figure 4) in order to more
clearly depict the interactions.

There are several ways of approaching the analysis of a system. Ideally,
flow diagrams should be set up with the different stages of the population as the
major stage variables and then all other factors as modifying parameters. However,
certain stages may be difficult to monitor or the modifying parameters may vary so
greatly seasonally, that it can often be of more practical use to modify such flow
diagrams to seasonal populations flows. For example, the initial flow chart
utilized in our studies of Heliothis zea is shown in Figure 5. Of course this
represents only the state viiiibii7population size, at different times when it
can be accurately estimated. For simplicity, the various modifying factors have
not been included.

For expressing the detailed actions and interactions, components of the
overall flow diagram may be isolated, redrawn separately, and the detailed rela-
tionships outlined. As an example, our preliminary Heliothis flow chart depicting
the flow from spring adults to the summer population:TMWaled in Figure 6. Such
flow diagrams have three basic functions:

(1) as a communication aid, both within a pest management team and
between the team and individuals outside the particular project;

(2) as a basis for development of a quantitative model for the
system; and

(3) as a necessary aid in determining where information is lacking,
so that research priorities may be continually reordered for
optimum results and progress.

For practical utilization, any flow chart must have two basic charac-
teristics. First, it must reflect as clearly and accurately as possible our
present understanding of the operation of the system under study; and, second, it
must contain enough flexibility, such that it is easily modified as research-
progresses and new information alters our concept of the system's o ation.

It is here, in the process of conceptualization, that the importance of
highly accurate qualitative information cannot be overemphasized. The proper
utilization of quantitative data in the development of a system's model must have
as its foundation correct interpretations of observed phenomena; these interpre-
tations are, by definition, qualitative.

Once an adequate flow chart is developed, the 2nd phase of systems analysis
quantification, can begin.

The first step is to write down all of the known possible relationships.
For example, consider only the adult longevity depicted in Figure 6. In this case,
adult longevity is dependent on weather, natural enemies, genetic factors, and
nutrition.

The next step is to examine these relationships and separate out those for
which biological mechanisms are known. Constants in these relationships can then
be determined from data by iterative or least-squares techniques. Next are sepa-
rated out those for which information is available from r %gressions or correlations.
What remains are the relationships about which little or nothing is known. It is
these relationships which must receive the greatest resea::::h attention if we are
to optimize the progress in our understanding of a particular life system, It is
not until these unknown relationships are somewhat defined that we can understand
the life system well enough to obtain at least crude predictions of population
trends.

[26]



H
O

ST
at

oP
I/

A
M

IT
Y

N
A

T
U

R
A

L
SH

E
A

V
E

S

PH
Y

SI
C

A
L

C
O

N
D

IT
IO

N
S

/ /
PP

C
U

L
T

U
R

A
L

PR
A

C
T

K
E

S

D
IR

E
C

T
 P

E
ST

C
O

N
T

R
O

L

F
i
g
u
r
e
 
3
.
-
-
I
n
i
t
i
a
l
 
c
o
n
c
e
p
t
u
a
l
i
z
a
t
i
o
n
 
o
f
 
a
 
p
e
s
t
 
l
i
f
e
 
s
y
s
t
e
m
.



A
D

U
LT

S

ov
ip

os
it 

io
n

E
G

G
S

\/A
O

R
T

A
LI

T
IE

S
\/

I

1 
N

O
N

 D
E

N
S

IT
Y

 R
E

LA
T

E
D

3:

M
al

!th
ud

12
3- 5

N
at

ur
al

tO

1 
D

E
N

S
IT

Y
 R

E
LA

T
E

D

P
U

P
A

E
pu

pa
tio

n
LA

R
V

A
E

F
i
g
u
r
e
 
4
.
-
-
S
i
m
p
l
i
f
i
e
d
 
f
l
o
w
 
d
i
a
g
r
a
m
 
o
f
 
a
 
p
e
s
t
 
l
i
f
e
 
s
y
s
t
e
m
.

tr 0



Rabb, et al.

-

BEST COP" AVAILABLE

ernAes

133egoi

ispe3

----

a

a

Concepts of Pest Management

MM.

J8/110

S

remiks

it is

at
IC la

as a.

z
11113

[29]

111011

1.410

',Wes

111113

0

Mem

111113

===== MI

'0
a

a
0

..4

a
.4
>i

..4

oa

dl

..4

*PI

PI

0
PI
f-4

0

A

tT
01,

rl
'0 '0

41
0 41

.4

a
o

W
f-4

RI A

x.14
0.N
a>

st;

.4
ggi



W
ea

th
er

P
at

ho
ge

n
G

as
tic

P
ar

as
ite

s.
 P

re
da

to
rs

F
ac

to
rs

C
ul

tu
ra

l P
ra

ct
ic

es
N

ut
rit

io
n

W
ea

th
er

N
es

t P
la

nt
W

ea
th

er

N
as

t
A

cr
ea

p
N

at
ur

al
 E

ne
m

ie
s

P
re

hr
es

ce
S

pa
tia

l D
is

tr
ib

ut
iv

e
G

en
et

ic
 F

ac
to

rs

S
pe

ci
es

R
at

io
N

st
rit

ie
s

P
lie

m
ill

v
/

O
V

IP
O

S
IT

IO
N

A
L

R
A

T
E

O
V
;
1

S
U

M
M

E
R

P
O

P
U

LA
T

IO
N

S
P 0
I

s
I

-
8

8
=

G
a

=
 8

G
a

8

=
41

.
O

p
8

41
.

8
41

.
8

.M
I

= C
.,

8
ci

s
1

a
1

sr
-

1
I

I
a

1
I

G
O

$

JE
D

A
- 1

S
P

R
IN

G

A
D

U
LT

S

F
i
g
u
r
e
 
6
.
-
-
A
 
p
a
r
t
i
a
l
 
p
o
p
u
l
a
t
i
o
n
 
f
l
o
w
 
d
i
a
g
r
a
m

o
f
 
H
e
l
i
o
t
h
i
s
 
z
e
a
.

s
p
r
i
n
g
 
a
d
u
l
t
s
 
t
o

s
u
m
m
e
r
 
p
o
p
u
l
a
t
i
o
n
.

a
s t
r

t
r

a
s



Rabb, et al. 101 COTT PARABLE Concepts of Pest Management

In the opinion of some scientists, no model is completed until it is
totally mechanistic. Although the level of detail at which one works depends
initially on the present state of knowledge, from a practical viewpoint, the level
of detail of a completed model must be determined by the relative importance of
the various relationships to the overall population's system, the degree of accu-
racy necessary for simulation and prediction, and the funding available. From an
economic viewpoint, there is little justification for refinement beyond that
required for the accuracy of population prediction necessary in the economic
decision-making (Scientifically, of course, there is much justification for as
great a degree of understanding of the system as possible).

Although obvious, it is worthwhile to point out that no mathematical or
statistical manipulations can increase the accurac__yy of data. Since any model or
prediction will be at most only as accurate as t e data upon which it is based,
careful consideration should be given to planning research and sampling such that
information be as unbiased as possible.

In short, the concepts of the life system and the use of systems analysis
are merely extensions of the research process which allow us to more formally
define the particular research problem, to determine the objectives of optimum bene-
fit, and to obtain out objectives with a minimum of funding and effort. One could
view it as procedures for optimizing the cost/benefit ratio of research.

Population dispersal:--Feasibility of a management system is strongly
influenced by the dispersal characteristics of pest organisms and their natural
enemies. Population dispersal is so important that it will receive special treat-
ment in a subsequent chapter. I only wish to call attention to its significance
in establishing boundaries for a management area.

If management is to lower the mean level of pest abundance, the management
practices must be applied uniformly throughout a designated area. Defining the
size and shape of this area is one of the most difficult problems confronting the
pest management specialist and is directly related to dispersal.

Pests differ markedly in dispersal characteristics as well as in their
ecological and geographic distributions. Ideally, the management area might
coincide with the pest's distribution; however, this will rarely be practiced
because of political and sociological constraints.

When the total land area occupied by a pest species is viewed in broad
perspective, its distribution may be divided roughly into population "pockets."
Movement between pockets is restricted to various degrees by ecological factors,
and, in extreme cases, ecological barriers may provide a high degree of isolation
between these pockets or demes of a species population. In such cases, management
areas may be defined by ecological barriers to dispersal. The coastal valleys of
Peru comprise outstanding examples of ecologically fragmented distributions of
many organisms including some well-known pest species. Each valley is essentially
isolated by surrounding desert and can be managed with a minimum of attention to
invaders dispersing from adjacent valleys. The ecological characteristics of these
isolated valleys were ideal for some of the first practical demonstrations of pest
population management by Wille (1951) and associates.

Dispersal is of particular significance in biological control where the
lack of vagility might be a factor limiting the practical effectiveness of a par-
ticular natural enemy. In ,such situations, a natural enemy with a low rate of
dispersal might be artificially inoculated into a field infested with its prey to
enhance biological control. Huffaker and Kennett (1956) demonstrated this tech-
nique by inoculating strawberry plantings with predatory mites and thus obtaining
control of certain phytophagous mite species.
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In some parts of the world, i.e., in the eastern United States ecological
barriers do not fragment the species distributions of many of our pests into areas
of convenient size and shape for management programs. As a result, we are now
grappling with the problems of achieving the wide-scale cooperation among communi-
ties and states necessary for success. Some pilot pest management programs have
been tried or are underway where the management area has been arbitrarily set with-
out regard to ecological barriers. In such cases, it should be clearly understood
that the full effect of management practices will be felt only toward the center of
the area and the degree of effect will be in proportion to the rate of pest
dispersal.

Population levels and damage:--In simplest terms, the objective of pest
management is the maintenance of pest populations below levels causing economic
damage, discomfort or inconvenience, through the manipulation of various factors.
The relationship between physical damage or discomfort and various density levels
of pests must be determined in evaluating a pest problem and as a part of the basic
ecological information required for devising a management program. Such infor-
mation is essential for the economic considerations to be discussed presently under
"Pest Management Decision Making."

Where a pest is associated with a crop throughout the growing season, the
significance of a given pest density varies as the plant grows, flowers, and
matures; therefore, a given pest density may be innocuous at one time during the
season but damaging at some different stage of the plant phenology. The density-
damage relationship of a pest and its host crop also varies geographically and is
affected by variations in weather, host plant factors, and natural enemy activity.
Additionally, the problem of evaluating density-damage relationships becomes even
more complex when several species of pests are involved contemporaneously or
sequentially.

Thus, studies of population levels and damage must comprise a continuing
part of a pest management program. Initial rough approximations must be refined
and modified as both the ecological and economic dimensions of the problem become
more fully understood and change with time.

Manipulating the Agroecosystem

Many individuals have contributed to our knowledge of the principles
involved in manipulating various factors in the agroecosystem for pest suppression
and regulation, and many texts are available which discuss these principles and
give examples of their application. Dwight Iseley of the University of Arkansas,
however, deserves special recognition, and his text (Iseley, 1948) is still an
excellent guide to ecologically sound management practices. The National Academy
of Science has provided a more recent text (N.A.S. 1969) in which references to
specific examples of the application of ecological principles in insect-pest
management can be found.

Within a properly defined and understood ecological framework, the pest
management specialist can devise various scientifically feasible management
programs. For convenience, the chief principles of value in developing such pro-
grams may be discussed under the following eight headings: (1) identification of
real and induced pests, (2) use of indigenous natural enemies and maintenance of
subeconomic pest populations, (3) controlling d...v?rsity, (4) manipulating food,
(5) manipulating soil and water, (6) introduction of specific control agents,
(7) prevention of new pest invasions, and (8) integration of management inputs.

Identification of real and induced pests:--In many serious pest situations,
the pest complex has been highly modified by ongoing control actions which disrupt
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natural control. The well-known phenomena of resurgence and outbreaks of secondary
pests have been observed many times following applications of certain wide-spectrum
toxicants. In such situations, induced pests may appear more important than real
pests, and an early step in developing pest management is to identify accurately
the real and induced pest species in the pest complex (DeBach and Huffaker, 1971).

The real pests are those against which suppression methods were directed
initially and which cause unacceptable loss or discomfort on a continuing basis.
In contrast, the induced pests are those whose populations rise to unacceptable
levels as a result of their natural enemies being reduced by control actions
directed toward the real pests. In many cotton growing areas, for example, the
cotton boll weevil is a real pest and the cotton bollworm an indirect pest whose
populations become damaging as a result of early-season applications of insecti-
cides directed toward the weevil.

Use of indigenous natural enemies and maintenance of subeconomic pest
Populations:- -Most species of plant feeding insects are held at relatively low
levels, particularly in undisturbed ecosystems, by a complex of natural control
factors. In the disturbed agroecosystem, the pest management specialist seeks to
manipulate these factors to lower and stabilize pest populations. Certain of the
natural factors, particularly physical ones, can be manipulated to lower pest
densities but do not function well for stabilizing the populations at low levels.
On the other hand, natural enemies do provide a degree of stability to pest popu-
lations because they are geared to their hosts' densities through feed-back
mechanisms (Huffaker, 1971). The protection and enhancement of natural enemies is
therefore an important management principle.

One of the most obvious means of protecting natural enemies is by the use
of selective agents and techniques for suppressing pest outbreaks. Another method
is the "dirty-field technique," which is difficult for many farmers and agricul-
tural specialists to accept, and which can, in some situations, cause other prob-
lems. This technique, however, is based on the ecologically sound concept that
we must manage our insect competitors on a continuing basis rather than attempt to
eliminate them entirely. Since natural enemies are among the factors making it
possible for us to manage our pests and are themselves dependent upon the pests for
their existence, we must maintain subeconomic host populations as food for para-
sites and predators.

Controlling diversity:. -Perhaps the greatest contrast between agroeco-
systems and undisturbed ecosystems is in diversity, for much of our farmlands is
routinely stripped of all vegetation and planted to a single variety of a crop
species. The pros and cons of monoculture and pnlyculture and the relationship
between diversity and ecosystem stability continue to be of interest to agri-
culturists and theoretical ecologists (B.N.L. 1969). There is considerable sup-
port for the concept that a shift toward more complex polycultures would be
advantageous in developing more satisfactory pest management programs. However,
Southwood and Way (1970) remind us that the deliberate addition of diversity may
or may not increase pest populaticA stability, depending on the type of diversity
added. They make the important distinction between diversity among species at
different trophic levels. For example, adding an alternate host for a pest might
be advantageous to the pest and thus a counter-productive management practice. On
the other hand, adding an alternate host for a natural enemy might be an excellent
management practice. Thus, any manipulation of diversity should be assessed
separately for the pest and its natural enemies. This is true both when manipu-
lating diversity spatially by the deliberate choice of crop mixtures and by
controlling diversity temporally through rotations.

Manipulating food:--Some of our most t.iffective management tools are tech-
niques for altering the quality and availability of food. Two full days of this
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Institute will be devoted largely to genetic methods of altering food quality,
and speakers will discuss specific accomplishments in breeding varieties of various
crops for insect resistance. Food quality, however, also can be manipulated
through fertilization, growth regulators, and irrigation.

The availability of food for pests can be regulated to some extent by
varying planting dates, as illustrated by the classic example of using fly-free
planting datqs for winter wheat in areas infested by Hessian flies. Additionally,
the timely removal or alteration of crop residues may comprise an effective manage-
ment practice. For example, the overwintering population of the tobacco hornworm
can be substantially reduced by the immediate and uniform destruction of tobacco
stalks after harvest.

Pruning and defoliation, the destruction of alternate hosts of pests or in
some cases the use of alternate hosts as trap crops, the provision of food plants
in fence rows for alternate hosts of importan4: natural enemies, and strip-cropping
are other techniques for manipulating food quality and availability.

Manipulating soil and water:--In certain cases, direct mortality can be
inflicted on pest populations through the manipulation of soil and water, provided
such actions are implemented on the basis of intimate knowledge of the pest's
ecology. For example, fall plowing causes heavy mortality of the potentially
overwintering populations of corn earworms, and irrigating or withholding irri-
gation at specific times can be effective in controlling certain species of ,....re-
A,orms in the western United States. Additionally, soil and water manipulations
can be used in certain cases to enhanc2 natural enemy activity.

Introduction of chemicals, natural enemies, and other specialized agents
and techniques:--At least the major cause and effect pathways among the chief eco-
system elements must be understood befo -e using a chemical, introducing a natural
enemy, or utilizing some specialized technique such as light traps or sterile male
releases. Since pest management deals chiefly with the integration of control
agents and techniques, a discussion of principles involved in developing the
specialized single factor control methods is beyond the constraints of our topic.
It should be noted, however, that the application of basic information from
chemistry, physics, toxicology, physiology, behavior, genetics, microbiology,
ecology and other disciplines in developing specific control agents is essential
to effective pest management. Those principles of particular relevance in develop-
ing and utilizing parasites, predators, and pathogens will be discussed at length
by other contributors to this Institute and have been reviewed recently by
Huffaker (1971), DeBach (1971) and Cameron (1971).

Prevention of new pest invasions:--A particular pest situation may be
accentuated and-complicated by a new pest invasion. In addition to direct damage
problems, in certain cases, a new pest might negate largely a previously satis-
factory management program if its arrival triggers actions which interact nega-
tively with existing practices. Therefore, the exclusion of pests from new areas
is both practically and theoretically a sound management principle.

Many of our worst pests originated in other lands, and our quarantine
specialists face the difficult task of preventing the introduction and establish-
ment of additional, unwanted species. Their problems have intensified with the
exponential expansion of international transportation, and the effectiveness of
their efforts is difficult to assess. There is some rationale to suggest that
our pest problem:; might be even more severe than they are if quarantine measures
had not been initiated and were not continuing. Nevertheless, perhaps more of the
quarantine resources might be used to advantage in learning the ecological relaticn-
ships of potential invaders so that more satisfactory control and containment
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practices might be initiated when invasion occurs (N.A.S., 1969).

Integration of management inputs:--For certain pest problems one or more

control actions may be integrated into the total crop production system with ease

and with little evidence of negative interactions. Fortunately, there are examples

of control where this integration has been accomplished either by trial and error,

fortuitously or deliberately. Our more difficult and complex problems, however,

particularly those invoiving several different crops and large acreages stretching

througnout widely differing geographic areas may require more sophisticated

analytical techniques to optimize the various inputs into the management system.

Here, again, the techniques of systems analysis may help (Adkisson, 1970; Campbell,

1971; and Watt, 1963, 1968, 1970), both in developing scientifically feasible

management systems and in making decisions as to their implementation.

Pest Management Decision Making

For this discussion, let's focus on the economic factors which are coupled

with ecological considerations in making two major types of pest management

decisions: (1) decisions made by individual producers, and (2) group decisions.

First, consider individual producer pest management decisions: In the

simplest case, a producer can '),a expected to expend resources for pest control

until a dollar expended will return a &liar of additional crop revenue.

Figure 7 illustrates one way of viewing how the economic and ecological

factors are combined to determine economic injury thresholds, which are population

levels calling for appropriate pest control measures to be initiated. Obviously

pest density information (the left triangle) is essential in calculating both crop

revenue and control costs.. As shown in the upper left of the figure, the relation-

ship between pest density and plant damage (quality and quantity losses) is strongly

influenced by climate and biological factors such as host susceptibility, natural

enemies, etc. This relationship also was mentioned earlier.

Now let's look more closely at the three major factors influencing the
action threshold depicted by the triangle to the right.

First, the producer's attitude toward pest damage risks--shown in the flow

as Producer Risk Considerations--varies among producers and will be most evident

for producers who have limited off-farm employment opportunities, little crop

diversity, and limited credit possibilities. The producer's aversion to risk is

an important factor involved in decisions and may account for much of the observed

difference between advised treatment thresholds and actual pest control practices

(Carlson, 1970).

Secondly, we see that the crop income--pest density relationship (center

of figure)--is the route through which quality and quantity losses become inputs

to the action threshold.

Finally, at the bottom of the figure, control cost becomes another input

to the action threshold through the control cost--pest density relationship.

These lest two relationships between pest density and crop income and

pest density and control costs are depicted in Figure 8. Although this is a

hypothetical representation, the shapes of the curves follow from observation and

logic.

Net crop income, as depicted by the sold line in the graph, usually will

fall faster than proportionally with pest density above some crop tolerance level

represented by N1. This is due to increased commodity quality and synergistic

[35)



C
l
i
n
a
t
e
,

i
u
s
e
e
p
t
i
t
i
l
i
t
y
,

E
t
c
.

4 r
;
a
x
i
t
i
t
y

L
o
s
s

P
e
s
t

Q
u
a
l
i
t
y

D
e
L
3
i
t
y

L
o
s
s

C
o
n
t
r
o
l

C
o
s
t 4
K
C
o
m
p
a
r
a
t
i
v
e

C
o
s
t
s
 
f
o
r

C
o
n
t
r
o
l

A
l
t
e
r
n
a
t
i
v
e
s

Y
i
e
l
d

11
11

1=
13

11
e

C
r
o
p

I
n
c
o
m
e

P
e
s
t
 
D
e
n
s
i
t
y

R
e
l
a
t
i
o
n
s
h
i
p

P
r
o
d
u
c
e
r

R
i
s
k

C
o
n
s
i
d
e
r
a
t
i
o
n
s

C
o
s
t
 
o
f

C
o
n
s
t
a
n
t

P
e
s
t
 
N
o
.
'
s

7

C
o
n
t
r
o
l

C
o
s
t

P
e
s
t
 
D
e
n
s
i
t
y

R
e
l
a
t
i
o
n
s
h
i
p
'

A
c
t
i
o
n

T
h
r
e
s
h
o
l
d

a

A
C
T
I
O
N

F
i
g
u
r
e
 
7
.
-
-
E
c
o
n
o
m
i
c
 
a
n
d
 
b
i
o
l
o
g
i
c
a
l
 
c
o
m
p
o
n
e
n
t
s
 
o
f
 
i
n
d
i
v
i
d
u
a
l
 
p
r
o
d
u
c
e
r

p
e
s
t
 
m
a
n
a
g
e
m
e
n
t

d
e
c
i
s
i
o
n
s
.



Rabb, et al.

BEST COPY AIMILABli

\0.-- Control Costs for
Constant Pest Numbers

Concepts of Pest Management

Crop Income

NI N*

PEST PENSITY

Figure 8.--Crop income and control cost as related to
pest density.

damages as pest density increases. On the other hand, control costs, represented
by the dashed line, will fall as fixed pest management resources are spread over
more pes-!,:s in a given area. However, control costs will usually decrease less
rapidly at higher pest densities as it becomes more and more difficult to suppress
higher and higher proportions of a pest population, as shown by the leveling out
of the dashed line. Another way to view the same thing is to say that pest manage-
ment resources yield diminishing returns when more and more resources are used
while other productive inputs are held constant.

These cost and benefit relationships when tempered by the first factor
mentioned, that is the producer's particular attitude toward risk, will determine
the economic threshold, N*. This is the pest density at which the slopes of these
two lines are equal (Headley, 1972a).

Earlier, the importance of continuous study of pest density-- damage
relationships was stressed. Pest densities in later periods depend upon the amount
of suppression in earlier periods and side effects of suppression methods. Over
time, control costs to reach a given pest density may rise as secondary pests
emerge and pesticide resistance develops. For a producer to maximize the returns
from pest management assets, he must consider their future as well as their cur-
rent productivity. For example, it may be more profitable to sustain slight crop
losses in current periods in order to slow the rate of resistance development.
Thus, the long run action threshold is influenced by current control costs, time
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costs as reflected by interest rates and the costs of substitute pest management
resources (Carlson and Castle, 1912, Headley, 1972b).

Pesticide resistance may develop in a pest population even if a given
producer attempts to preserve the nonresistant genetic pool because of the actions
of other producers. This, plus other interdependencies suggests a regional
approach to managing pest populations.

Figure 9 is a schematic that illustrates the complexities of group pest
mans ement--the block in the center. The upper left part of the figure is brought
forward rom our earlier discussion of individual decisions. But individual pro-
ducer's willingness to pay for pest control may vary widely due to differences in
local pest density, control costs, crops grown and financial postures. In general,
the more similar the cropping pattern and the more uniform the threat of pest
damage in a region, the higher the chance of voluntary cooperation and group
action.

With mobile pests, individual control efforts are rendered less effective.
Climate, cropping patterns and natural geographical barriers will influence the
rate of dispersion of an infectious disease or pesticide resistant pest variety.
The productivity of the total pest control resources of an area may also be quite
sensitive to the proportion of the producers participating in the regional program.
This may be an important feedback in the decision process and is indicted by the
dashed arrow in the figure.

One of the most common arguments for regional pest management is the
economies of scale resulting from monitoring or treating many producers' crops
jointly. (This will be the major way in which regional control costs will differ
from the sum of individual expenditures). For example, it would be very expensive
for an individual producer to have a tailored weather forecast to help predict pest
population levels, but the same service to many producers may be quite profitable
(Carlson, 1970). When pest management services are difficult to exclude from
producers, these are known as public goods and there is an economic argument for
their collective provision. (Examples are weather information, quarantine pro-
tection and controlling mobile pests). Many of these economies of scale and
exclusion characteristics depend upon geographical contiguity--hence the emphasis
on regions for control (Tullock, 1969).

The Regional Control Program Group (center of Figure 9) will have to deal
with other groups of people interested in environmental quality, agribusiness
sales, tax, and regional income and employment, because when a group of producers
act collectively, they can influence product prices and many other things of
interest to the general public. Consequently, bargaining among and within these
groups may take place on the various administrative features of the program such
as:

(1) revenue generation procedures (taxes, user fees, revenue sharing),
(2) restrictive production practices (seeding and harvest dates,

production moratoria, crop residue treatment, pesticide use
permits),

(3) voluntary or compulsory participation (which commodities or
pests are excluded),

(4) enforcement procedures (penalties, liability bonds, bounty
system), and

(5) size of control region.

When pests are very mobile and there are significant economies of scale,
larger regions will be favored. However, the larger the region, the more likely
that individual producer demands will differ and the more likely mandatory com-
pliance will be necessary. Compulsory participation is also more important when
control effectiveness increases at in increasing rate with included acreage.
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As Figure 9 indicates, the administrative considerations will influence
individual producer demands. The control actions taken will affect control
effectiveness. Thus, it is evident that regional pest management raises many
questions that were absent in working with individual producers. There must be
closer and more effective collaboration among entomologists, economists, producers
and agribusiness personnel in arriving'at socially desirable decisions.

The problems of group decisions, people management and value judgments
have not been generally considered in the area of responsibility of entomologists
as biological scientists.

However, the pest management specialist must give them in.lreasing atten-
tion, because many of the costs and benefits of pest management are indirect and
shared, and those which are non-market are increasing in magnitude and
significance.

Administrative Considerations

The principles we have discussed are of little value unless they are
implemented, and their implementation will require certain adjustments in research
and extension. More attention must be given.to developing the ecological frame-
work for management systems (Southwood and Way, 1970), on practical population
monitoring techniques (Gonzales, 1970), and on producers for the uniform imple-
mentation of management practices over wide areas. The traditional commodity
approach, while quite fruitful in certain cases, will have to be abandoned for
pest complexes which require management practices involving several commodities.
Pull-scale pest management programs obviously will be expensive and can be justi-
fied only for problems of greatest significance economically and environmentally.
Such problems are so complex that their solutions require interdisciplinary team
efforts which administrators find difficult to initiate and execute. While team
projects are urgently needed, administrators must not jeopardize productive
individualized projects in forming teams, for many of our most talented researchers
are not well-suited for team efforts. Creating the proper environment for the
formation of productive teams and establishing a fair basis for rewarding team
members are difficult administrative problems of significance to pest management.
Additionally, the complexity of coordinating efficiently the varied inputs and
outputs of a comprehensive team effort also present an administrative problem,
but it can be alleviated to some extent by the systems approach.

The use of systems analysis has been previously discussed with regard to
actual research, but the same techniques and approaches can be utilized in
developing the administrative aspects of pest management programs. Systems
analysis can be extremely helpful in optimizing communication and data flow through
the administrative hierarchy and in the actual management of the overall project.

Area-wide pest management programs (action programs, as opposed to a
strictly research program) generally requireTrOger number of people including
scouts, supervisors, coordinators, peripheral research personnel and administrators.
Complex problems involving personnel and various types of data flow require the
use of systems analysis to prevent the mere "weight" of administration from slow-
ing or totally stopping the vogress of the program.

Rapid information fl.,,: through the system is critical. The farmer needs
immediate information for the protection of his crop, and the program adminis-
tration requires rapid data flow for optimization of data collection and for
determining data accuracy, so that tech:,ques can be optimized rapidly and so that
personnel may be given instructions or corrections with as little delay as possible.
Furthermore, formal lines of communication must be provided between the extension
and research personnel involved. These exchanges are of utmost importance if
such programs are to evolve in a meaningful and economically practical manner.
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The first stages of administrative systems analysis have been undertaken
in the Tobacco Pest Management Program presently in operation in North Carolina.
As an example, the data flow diagram from their annual report (Ganyard, et al.,
1972) is given in Figure 10. It has been slightly modified by the addition of the
flow from state extension specialists to research personnel, since the original
diagram was concerned only with information compilation. In any viable pest
management program, a reciprocal flow of information between research and extension
must be maintained with a minimum time lag. The total time for data flow process
throughout the system is only one week; and, as can be seen, the grower receives a
scout report of his fields on the day of the survey. The very important area of
data accuracy is included in quality control listings and error listings, which
are returned to the scout supervisor since he has direct responsibility for cor-
recting personnel and data collection problems at the local level (thus avoiding
delay in any feedback through the administrative hierarchy).

This particular program has not as yet gone deeply into an analysis of the
administrative system, but even the use of flow diagrams has greatly aided the
program personnel in determining and correcting for many of the weaknesses and
bottlenecks in their data flow system.

Each individual within the program receives the information which he
requires in its most useful form and in a minimum of time; the flow of adminis-
trative information is optimized such that the funding and effort can be spent
towards realizing the goal of the program rather than in administrative aspects.

Tax supported research, extension programs and private enterprise exist in
a dynamic xelationship which is particularly unsettled now with respect to pest
control because of changing economic and environmental priorities. The coordi-
nation of the various governmental agencies, business organizations, and private
groups with vested interests in pest control is a formidable task, but must be
achieved.

Man faces the apparent paradox that his survival depends both on his
ability to compete successfully with other species and his ability to do so
without eliminating them. We cannot eliminate pest problems in the context of a
viable environment, but we can learn to handle them satisfactorily as an integral
part of effective resource management.
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POPULATIONS DEFINED AND APPROACHES TO MEASURING POPULATION
DENSITY, DISPERSAL, AND DISPERSION

R. E. Fye
Cotton Insects Biological Control Investigations

Agricultural Research Service, USDA
Tucson, Arizona

As entomologists seek alternatives to the application of insecticides and
apply control measures with more subtle effects, methods for more accurate assess-
ments of the specific insect populations become necessary. The sledge-hammer
effect of pesticides is relatively simple to assess; but the effects of biological
and cultural controls, which may be postponed appreciably, are more difficult to
evaluate. As biological control and more elaborate pest management systems are
developed, adequate assessments of population will become increasingly essential.

To develop assessment methods, we must first define the population with
which we are going to work. In the broad definition, a population of a given
species is comprised of all living individuals of that species at a certain time
and in a particular space. This population will have several characteristics of
concern to the research worker in his assessment, three important ones being: (1)

the age stratification; (2) the tendency for dispersal; and (3) the potential for
limiting the population in time and space.

Figure 1 is an exaggerated figurative concept of an insect population. The
main segment occupies the central zone; smaller segments penetrate outward as arms
and subarms where favorable interactions of the limiting factors of the population
permit. "A" represents a segment that was severed from the main population when
the limiting interactions placed ecological limits between the main population and
the segment. Students of evolution consider these segments as potential new
species. The oversimplification in Figure 1 allows a mental superimposition of
similar figures representing several species occupying the same overall climatic
area. The mental glimpse of the overlapping populations in a single geographic
or climatic area reveals the complexity of the ecosystem and demonstrates why the
research worker or the manipulator of the ecosystem, must atrike some happy medium
in his considerations.

Too often in the past the entomologist has placed tight limits on his
considerations and has become overfascinated with a single facet, i.e., the density
in a delineated area. However, density may vary with time within the ecological
limits shown in Figure 1. Population density is a dynamic multivariate phenomenon
and the acceptance of an oversimplified numerical expression that ignores the
dynamics of the underlying factors which result in a density has led the entomolo-
gist to erroneous theoretical and practical approaches to insect population
dynamics and control.

The univariate application of population density must also be attributed,
at least in part, to the commodity approach to research. The research worker is
frequently restricted in his considerations to a given insect on a given crop. At
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worst, he may be further restricted to a specific stage of the insect on the
specific crop. Thus, the first change necessary to a consideration of population
dynamics must be the broadening of the crop base. For example, many of our insect
pests, such as the bollworm, He'iothis zea (Boddie), have cosmopolitan tastes
which result in the presence ur-riFiii on a large variety of crops, weeds, and
ornamentals in the same area. Therefore, in the development of biological control
and pest management systems for such insects, the total approach is absolutely
necessary if effective control introductions or manipulations are to be made. In
some cases considerations may be restricted to only one or two stages of an insect
though this is a diffioult limitation to accept because the numbers of a given
stage are directly dependent on the numbers of the previous stage. Time may be
another limitation if the pest or beneficial insect need be considered only
during a limited period, e.g., a cropping season. Feasibility may be the final
criterion for limiting an assessment of a population: (1) in space, (2) to one age
segment of a population, or (3) in time. Regardless of the limitations, density
must necessarily be.a first consideration but wfth an awareness that density is

dynamic and the resul.t of many underlying factors.

The entomologist approaching the assessment of au insect population should
first consult a statistician. At this point I wish to acknowledge the long-time
assistance of Dr. R. O. Kuehl, University of Arizona Agricultural Experiment
Station Statistician, in the sampling and statistical techniques presented. Only
with the assistance of statisticians such as Dr. Kuehl can the entomologist .

acquire the insight necessary for proper assessment.

Perhaps one of the greatest fallacies in controlling injects with insecti-
cides has been the utilization of percentage infestation as a :riterion of deter-
mining when a crop should be treated for a pest. The practice is particularly
abused when the damage level or number of insects has been ..ilowed to remain
constant throughout a growing season as -:. criterion for the application of
insecticides.

40.

Let us consider cotton. Cotton is an agronomically and physiologically
dynamic crop that is attacked by .everal major biologically and physiologically
dynamic insects. C,Jrtainly, the same recommended level of percentage fruit
damage is not applicable to the cotton at the initiation of squaring and also
later when the cotton has set a full load of fruit which is the maximum that the
photosynthetic capability of the plants will support. When a constant percentage
is applied to both situations a static criterion for control has been applied to
a dynamic situation. In reality, X percent infestation at the commencement of
squaring is far more pertinent than X percent at the time when the plant will be
setting a limited number of squares as a consequence of having reached its
physiological potential under the agronomic situation in a particular field. In

addition the use of numbers of damaged fruiting forms or insects on a plant are
"after the fact" criteria that may or may not be adequate indications of the need
for an application of insecticides. Certainly, in the case of biological control
which involves the relatively slow reaction of the pests to the control, the per-
centage infestation of fruit is totally unusable.

What then are the approaches to determining methods to determine the
density of an insect population? Before the proper sampling and statistical
techniques can be developed, we muse first determine the sampling distributions of
the pest and beneficial insects. Such a determination requires that a relatively
large number of random samples be taken on some basic unit of the crop. In cotton
data were taken from 100 points in 1-1.5 acres of cotton (Fye, et al., 1969a).
Initially, the fields were partitioned early in the season into numbered blocks,
and the blocks to be checked were chosen at random for each inspection %late. The
blocks were usually 64-65 rows wide and 200 ft long, therefore about square, but
the dimensions were changed slightly if the field configuration did not divide
into the standard block. Sample points within the blocks were obtained by
numbering the rows and ascertaining the required number of samples per row from
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random numbers tables. The distance into the row of each sample point was deter-
mined by arbitrarily assigning one end as the starting point and then determining
the distance into the row from the random numbers tables. In practice, a nylon
line with 5-ft lengths delineated by color-coded ribbons was stretched between 2
stakes in the center of the 1-acre block so the checkers could quickly establish
their positions; and large placards were placed at 5-row intervals to facilitate
the positioning of the checkers at the sample points. At the sample points, the
first plant was inspected, and the number of insects and damaged fruit was
recorded. Similar data were recorded after inspecting 5, 10, and 20 plants.

Generally, the variance associated with the mean populations determined by
the samples has been very large and at least equal to the mean, but in some cases,
particularly those in which some type of clustered distribution is involved, the
variance was extremely large. Many of the samples of insects that affect cotton
have been found to agree with a negative binomial sampling distribution, numerous
others have been found in a Poisson distribution, and some, probably those in-
volving a clustering of some nature, do not fit either of these basic sampling
distributions. Table 1(Kuehl and Fye, 1972) presents data from Arizona cotton.
Note the numbers of distributions which agree with either negative binomial or
Poisson configurations. Certain of the distributions fall into both categories
since, from a statistical standpoint, the Poisson sampling distribution cannot
be distinguished from the negative binomial distribution when insect infestations
are low and sample sizes relatively small.

Table l.-- Summary of sample distributions for cotton insect pests in 1967, 1968
and 1969 (Kuehl and Fye, 1972).

Species
Plants/
unit Total

Number of samples
Species

Poisson1/
Negative

present binomial!"
"

Bollworm larvae 1 152 86 77 17
5 112 77 67 26

Cabbage looper 1 169 81 66 29
larvae 5 125 82 52 33

Saltmarh cater- 1 91 24 21 1

pillar ,arvae 5 76 29 16 11

Beet armyworm 1 123 19 19 0

larvae 5 91 33 29 3

Pink bollworm 1 96 12 10 3

larvae 5 83 16 12 2

Boll weevil adult 1 37 8 7 2

5 38 16 13 3

Lygus adult 1 165 79 71 5

5 114 82 60 20

Lygus nymph 1 168 69 59 3

5 110 49 30 8

1/These columns indicate the number of samples with species present whose distri-
butions agree with the expects ions of the indicated probability distribution.
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Once the sampling distributions have been determined, certain statistical
techniques may be utilized to develop sampling systems of maximum efficiency. For
example, operating characteristic curves based on both the negative binomial and
Poisson distributions have been developed for insects and seeds (Ives and Warren,
1965; Lyons, 1964; Harcourt, 1966; Kuehl and Foster, 1967; Kozak, 1964).

The negative binomial distribution places certain restrictions on the use
of sequential sampling systems, operating characteristic curves, and the estimates
of confidence limits. This limitation is a result of the constant k which is
calculated with the variance estimate; therefore, the estimate of k is variable
and may be dependent on the density of the population (Kuehl and Fye, Unpublished).
Such a case is demonstrated by the typical variance estimates for the predaceous
ladybird beetle, Hippodamia convergens Guerin-Meneville, which are associated
in Figure 2 with the respective mean populations. Note that as the density of the
population increases, so does the variance associated with the mean population
estimate. Some success has been achieved in similar situations by pooling the
estimates of k and utilizing the resulting estimates for sequential sampling
systems though sequential sampling plans based upon the pooled estimates of k are
necessarily burdened with broad confidence limits.

Considerations of the broad variance in practical application of field
sampling systems led to the use of fields stratified in one-acre blocks (Kuehl and
Fye, 1970). One-acre blocks for sampling are selected at random, and plants at
several points within each block are inspected. The system may be extended over
several fields. The rationale is that with the broad variance, after taking a
given number of samples, many more would be necessary to achieve an improved
estimate of the variance. Table 2 shows the number of samples that would be
required to obtain a standard error of .01 insects per plant on mean populations
of several species of insects found in cotton. The .01 limit was util!.led to show
that if stringent limits are placed on confidence intervals the entomologist is
faced with an impossible task. In effect the studies of the variance associated
with mean population estimates of insects in cotton have led us to accept broader
confidence limits though we are aware that the estimates are burdened wi:h the
low confidence.

The research worker sampling insects on large plants would hope that his
sampling could be limited to some reduced portion of a plant. For example, pre-
liminary studies of the spruce budworm, Choristoneura fumiferana (Clemens) (Morris,
1955), showed that samples taken from midway in the criWFRFiEure balsam fir
gave a relatively good mean population estimate for the tree. Therefore, future
samples from the fir trees, which are extremely difficult to obtain, were generally
restricted to the midportion of the crown (Morris, ed., 1963). Similar vertical
distributions of several insects on cotton were determined on individual cotton
plants (Fye, 1972), and the populations in the upper 2 and 3 fifteen-cm increments
of the plant were correlated with the populations in the lower portions. Table 3
presents a sample of the correlation coefficients determined by this method.
Many are significant, however, the low magnitude precludes the use of subsamples
from the top of the plant as an effective means of estimating population in the
lower portions of the plant. The research worker in cotton is thus saddled with
a large variance associated with the horizontal distributions in the field and
within the vertical distributions though large segments of the populations of some
pests and predators in cotton are directly associated with the fruiting upper por-
tions (Bonham and Fye, 1971; Fye, 1972).

A research worker approaching the problem of sampling insects frequently
utilizes indirect methods such as sweep nets, light traps, and other types of
traps to obtain relative estimates of insect populations. However, the indirect
methods are limited to certain segments of the population and do not provide an
adequate age stratification.
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Table 2.--Allocations of plants, blocks, and the man hours for sampling 6
species of cotton insects for a fixed standard error,-7i., = 0.01, based on
variance estimates from 1969 samples of 1 plant units (EMU and Fye, Unpublished)

Species

Plants
per
sample

No. samples
per block

No. of
blocks

Total No.
samples

Estimated
man hours

Bollworm larvae 5 21 28 588 56.0
2 33 19 627 25.7

Cabbage looper larvae 5 14 13 182 18.4
2 22 9 198 8.9

Lygus adults 5 I= WI 401 401 130 10.8
2 401 401 401 401 130 4.3

Chrysopa larvae 5 11 37 407 43.2
2 17 26 442 21.2

Geocoris adults 5 9 100 900 100
2 14 73 1022 52.3

Ladybird beetle adults 5 16 235 3760 372.1
2 25 163 4075 176.6

Table 3.--Correlation coefficients for the relationships of fruit and insect
populations in the upper portions of a cotton plant with those in the lower
portions (Fye, 1972).

Date

Plant
height
(ft.)

Correlation coefficients
Top 2 incre-
ments vs.
remainder

Top 3 incre-
ments vs.
remainder

Squares Sept. 20, 1967 3-4
1/

0.546r,
1/

0.701r,
Aug. 23, 1968 3-4 .620c1, .626-1
Sept. 10, 1968 4-5 .550=1 .270

Green bolls Aug. 9, 1967
Aug. 23, 1968

4-5
3-4

.2171 ,

.261T-r,

.212

4/
.286 ,

Sept. 10, 1968 4-5 .526=1 .479-1

Cabbage looper
larvae

Sept. 11, 1968 4-5 .301 .479a/

Pink bollworm
exit holes in
dry bolls

Sept. 20, 1967 3-4 .9901/ .992-
1/

Chrysopa eggs Aug. 27, 1968 3-4 .3571/ .239
Sept. 11, 1968 4-5 .101 .110

1/ Significant at 0.01 level.
7/ Significant at 0.05 level.
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To date, few if any correlations of catches by indirect methods with the
actual population density have been achieved. The basic difficulty is associated
with the behavior of the insects. With nets, many difficulties are involved
including the herding of insects ahead of the net, the length of the flight of the
insect, the stratification of the insects on plants due to temperature, humidity,
or various other physical factors. Therefore, sweepnet samples taken at different
times of day, under different climatic conditions, or by different persons are
not comparable and provide only very crude estimateb of density. Traps of various
designs with various baits or attractive factors place maximum importance on the
understanding of the behavioral patterns. With traps another pressing question
arises: without the attractive components would the insect have been in the trap
area? Therefore, many gnawing reservations should pervade the mind of a research
worker utilizing sweep or trap data to obtain estimates of population density.
From the statistical standpoint such indirect methods that involve the unpre-
dictable behavioral responses of the insect increase the variance and broaden
the confidence limits.

Why should we be so concerned about the direct assessment of insect popu-
lations? First, and definitely foremost, is the lack of immediately available
alternatives. The major alternative that has received much attention is the
predictive model, but many entomologists confuse descriptive and predictive models.
Perhaps the most elaborate models available are those for the spruce budworm
(Morris, ed., 1963) which are descriptive. These models describe about 80 plot
years of spruce budworm populations in the Green River area of New Brunswick in
the late 1940's and early 1950's. Unfortunately, from the final models, which
are mathematically elaborate, little predictive capability can be derived because
a predictive model can only be completed from empirical data if all possible major
situations are included in the development of the model. The models were based
on the life-table concept in which the number of eggs laid by a given generation
is placed in the initial cell in the table, the mortality factors through the
lifespan of the insect are then elaborated and the mortality subtracted. Finally
the number of surviving females in the generation is estimated and by multiplying
by the fecundity of the females, the number of eggs available to initiate the
next generation is established. The technique is limited because of major sampling
problems (Ives, 1964) and can only be used with insects that are univoltine or
that have clear-cut generations within a given year. When generations overlap in
a multivoltine situation, the technique becomes inapplicable. Therefore, the
Canadian research workers (Morris, ed., 1963; LeRoux, et al., 1963) associated
with univoltine species have probably developed this technique to its limit. The
salient point is that the predictive capability of models derived by descriptive
processes is strictly limited.

As we move into detailed efforts to achieve pest management which involves
biological control, many entomologists will inevitably fall into the descriptive
model trap due to their empirical orientation. Pesticides have been tested
successfully by empirical methods since before the advent of the organic insecti-
cides in the mid-1940's because their effects are easily detected. In contrast,
biological control, whether it is an attempt to establish a parasite or predator
capable of permanent control of a target i1'sect or whether it is an inundative
release, 'an only be premised on effective population dynamics studies; and the
effect can only be determined after partitioning the various factors causing
mortality in the target population. Fortunately, we may take the key factor
approach (Morris, 1959; Morris, ed., 1963) which utilizes certain factors that
cause the major part of the mortality ignoring the many minor factors. Even with
this restriction to the key factors causing mortality we still have a multivariate
situation. If we assume, and it is a valid assumption, that bioclimatic factors
are a major cause of mortality and if we consider that the biological factors may
or may not be a major cause, we are immediately confronted with determining and
predicting the effect of both types of factors. Many researchers are under the
impression that the causal effects of population density can be determined by
retrospective inspection of the populations of pests and beneficials. They
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endlessly sift the factors that might cause responses and then attempt to recom-
bine the factors to recreate or predict a situation. More often than not, they

fail. In fact, unless they are fully aware of the major factors involved and
their quantitative impact, their choice of measurements may actually preclude
measurement of the factors that cause major mortality.

Consider the truly predictive model. Basically, such a model involves
the determination of the impact of individuals within populations so let us use a

predator as an example. To fully understand the predator, we must first under-
stand its basic biology which, in turn, is determined by its genetic background.
Concurrently, we must understand its basic behavior patterns which again are

determined genetically. The physiological and behavioral potential of the
predator therefore combine to give the predator its full bioecological potential.
Finally the effect of physical factors on the potential must be established before
we can determine the impact of interactions of the physical factors and the
physiology and behavioral facets on the individual. Determination of the numbers
of individuals in the population of predators will approximate the total impact

of the predators upon a target population.

In ideal situations, the impact of individual insects may be determined
without investigating the underlying causal factors, and as long as a quantifi-
cation is possible, the underlying factors may be academic. However, increased
precision can usually be obtained by investigation of basic hunger patterns, prey
handling time, satiation, feeding patterns, and the other behavioral and physio-

logical functions. In addition, alternate prey outside the target population must

be evaluated. If diversion to other species of prey occurs often, the potential
predation of the target population by the predator population may be negligible.
Conversely the competition for the potential prey with other species of predators

must be considered. Finally, the presence of a predator or parasite is of no
avail if the organism does not function at an effective level. The researcher
therefore needs to understand the underlying phenomena to obtain an adequate
approximation of the total potential of an individual. Superimposing the size of
the population will obtain an approximation of the impact of the total population.
This approach was suggested by Bolling (1963) who coined the term "component
analysis." Basically his procedure states that the whole is the sum of the parts,

as contrasted to the sifting by super-analysis which attempts to determine how
many parts the whole can be broken into and then attempts to recombine the factors
to recreate or predict a situation.

Figure 3 is a flow chart of the basic systems involved in the cceisideration

of a target population and the various physical and biological factors affecting

that population. The upper block presents the two parallel systems that are of

interest to researchers in biological control. The oviposition and developmental
systems will determine when the population will be in a certain age stratification
so introduction of a biological control organism can be made at the most strategic
time. The age stratification may be determined by some direct or indirect measure-

ment of temperature. In the case of the spruce budworm, Morris, et al. (1956)

associated the development of the larvae with the phenology of the sorest trees,
but more elaborate systems based on direct temperature input at 2-hr intervals
were presented by Fye, et al. (1969b) and Fye and McAda (1972). The latter
system is based on the summation of the proportion of development during 2-hr
periods with mean temperatures of Xi, Xl, X estimated by regression models

with the log of the mean temperatur$ during
3 the 2-hr period as the independent

variable.

Neither the phenological approach nor the temperature input provides a

totally accurate estimate. However until such time as the entomologist is able to

relate the development of insects to the interaction of the physiological and
biochemical facets of the functions of insects and the environmental heat flux by

using heat transfer equations, the phenological approach and temperature input

will provide reasonably satisfactory answers. In the future, multivariate criteria
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Figure 3.--Flow chart of basic development and mortality systems
with associated contributing factors.
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measured by simple means will probably be utilized to initiate pest management
practices, and phenological observations may provide these simple measurements.

Thus, we have fairly satisfactory answers to the questions of "when"
with the oviposition-developmental estimates. The question "how many" is much
more difficult and the answer will require intense investigation into the mor-
tality factors associated with the populations. Basically, "how many" is the
age-old question of natality minus mortality. The potential fecundity of the
females in a population is determined genetically, but the true expression of the
fecundity is a result of the interaction of many factors and may be drastically
reduced by many factors including disease, high temperatures (Fye and Poole, 1971)
and low humidity (Ellington, 1970). The mortality of the various stages may be
dependent on many physical and biological factors including high temperature,
rainfall, low humidity, the basic gerontology of the insect, the nutrition, para-
sites, predators, pathogens, and pesticides. The physical factors can be measured
in a rather straightforward fashion, and their relation to mortality can be
established through experimental procedures (Fye and Bonham, 1970; Fye and Surber,
1971; Fye, 1971). The mortality due to the biological control organisms is more
difficult since "when" and "how many" apply to both the biological control agent
and the target population. Therefore, superimposed on the development and the
natality-minus-mortality relationship is the behavior of the predator or parasite
including such facets as the basic hunger and sex drives, perception, movement,
food preferences, and the functional universe in which the predator is obligated
to operate.

The mathematicians and engineers have furnished us with powerful state-
ments of the interactions noted in the flow chart. For example, the net
fecundity of a population may be expressed as:

Net fecundity = f (no. of females, the genetic potential for
fecundity, physical factors, biotic factors)

which reads that the net fecundity is a function of the interaction of the number
of females, the genetic potential of the females, and the physical and biotic
factors affecting the fecundity. Such a simple form of the statement may be used
sequentially to express all levels from the basic biochemical physiological
reactions through the total ecosystem which may be expressed simply as:

Total ecosystem = f (physical factors, biological factors)

Thus we have at our disposal an uncomplicated statement which has broad
implications.

What then should a total model for a given species involve? First, the
spring population must be estimated. A spring population may involve either the
residue of an active overwintering population and/or a diapausing population.
When these have been estimated, we must consider the fecundity, the oviposition
pattern, the development and mortality during the entire season and finally the
fall triggers of the diapausing population which is the precursor of the popu-
lation in the subsequent spring. Figure 3 has shown the complexity of the
system and many functions will have to be determined experimentally before the
models can assume a workable form. Hopefully certain multivariate segments of
the models can be based on simply-measured phenomena, and we can obtain a large-
scale projection by measuring a limited number of key factors (Morris, 1959).
From this brief discussion of the complexity of models, it is obvious that direct
accurate assessment systems for field experimentation will be necessary until
research and experimental results provide refined models.

The problem of properly assessing populations is complicated by the
movement of the members of the populations. Figure 1 was a figurative concept
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of an insect population with the individual insects pushing outward from a central
zone when favorable interactions permitted the extension of the species. This
situation is presented more realistically in Figure 4, which shows a group of
individuals moved a large distance from the core of the population and its
immediate extensions. If these migrant individuals invade an area for which they
are ecologically adapted, they will become established as an outlying extension of
the population. Quite frequently the barriers that restrict a population to a
given central area are physical or geographic in nature, e.g., oceans; if these
barriers can be overcome and a suitable ecological niche invaded, the species may
establish itself beyond the barriers. Man with his thousands of trans- and inter-
continental flights daily in highspeed aircraft has enabled many species to over-
come major barriers and our historical records contain numerous examples of popu-
lations that have been freed from the natural factors that cause mortality and
have become pest species.

However, the insect that moves with normal flight is of more immediate
concern. These localized flights are usually relatively short compared with the
middle distar 411 achieved by insects that are moved by local thermal currents into
higher altitude jet streams or other high altitude wind currents and transported
for long distances. During such a movement, mortality is undoubtedly high, but
if the conditions are generally favorable, long-distance moves in air currents
(and sometimes water currents) may be achieved.

The movement of a mobile population into and out of an area is difficult
to assess, and appreciable speculation has necessarily characterized the study of
the migration phenomena (Dingle, 1972). Short localized dispersal flight and the
extent of such flights have been studied with ingenious flight milk measuring the
time an insect can remain in the air. Since most of these tests involve a
tethered insect flying in a circle, the distances of the flights can be crudely
estimated.

The description of movement in the thermal currents is an even less
refined art. The air velocity required to move a passive insect may be fairly
readily determined by using wind tunnels (Fye, 1968), and manuals on gliding, e.g.
Barringer, 1940, and discussions of local disturbances such as "dust devils"
(Sinclair, 1966) provide helpful information concerning the vertical air currents
which may be expected in certain situations. As the knowledge of wind currents
at various altitudes increases as a result of monitoring modern rocketry, an
entomologist can now theorize about where an insect might be transported.. In
some cases, such theories are purely speculative; in other cases, some docu-
mentation is possible (Brown, 1965). Of course, an insect when transported long
distances may be deposited in an area that is unfavorable to survival and repro-
duction; and the introduction is of no consequence. However, the transported
insect may survive, reproduce, and become established as a pest or as a bene-
ficial insect.

Undoubtedly, certain techniques for the manipulation of pests in bio-
logical control and pest management will involve the movement of insects
between crops. The rudiments of such promising systems are apparent in the strip
cropping of alfalfa and cotton to retain Lygus in the alfalfa which they prefer,
(Stern, et al., 1967). If alfalfa is maintained in a young vigorously growing
condition, the lygus bugs will remain in the alfalfa and will not move into the
adjacent cotton. To date, the potential benefits of such a system are over-
shadowed by the relatively complicated management involved in maintaining the
alfalfa stands in the proper condition to retain the lygus bugs. Elsewhere, in .

localized areas of Arizona, populations of predators that utilize biotype C of
the greenbug, Schizaphis graminum (Rodani), as a food source reached numbers in

excess of one million per acre and as the sorghum matured, they moved into
adjacent cotton fields at a time when the cotton had started to square (Fye,
1971a). Such populations of predators were measured by utilizing transect
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methods, and, by inference the movement of the beneficial insects from the

sorghum to the cotton was postulated. In the Arizona situation several predators
were found to move at least 250 ft (Fye and Carranza, 1972) while Hippodamia
convergens and Chrysopa spp. remained near the aphid food source in the sorghum.
With such data, the movement of predators can be used to determine the size of
cropping blocks that will be best used by migrating predators. If the predators
move extended distances, blocks of crops can be used rather :han the inconvenient
narrow strips which most growers abhor. The size of the block will be of particu-
lar interest to the grower if the crops involved require diverse irrigation

management.

To recapitulate; regardless of the approach, i.e., the breakdown of the
whole into the various parts or component analysis moving from the simple to the
complex, somewhere in the procedure it is necessary to assess the populations of

various insects directly, therefore, it is essential that we develop the proper
sampling and statistical techniques to assess populations adequately. The data
required to develop predictive models to substitute for direct assessment are
necessarily difficult to obtain because methods associated with component analysis
are extremely time consuming and expensive. Still, the component analysis approach
is less expensive than the continued costly "shotgun" empirical approach to
research which involves consideration of a gross overall situation time after time
with little regard for an understanding of underlying factors. Actually the basic
information obtained to produce a predictive model gives the research worker a
deeper insight into the problem than does the sifting of data in the empirical
approach, and these deeper insights should result in more rapid progress in

insect control.

The author wishes to express his sincere appreciation to Mr. Harold
Brewer, USDA, Agr. Res. Serv., Shafter, California, for his many suggestions

incorporated in this discussion. In addition the author expresses his sincere
appreciation to the many individuals who have contributed directly or indirectly
to the theoretical and experimental work reported.
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THE LIFE SYSTLM CONCEPT AS A GUIDE TO UNDERSTANDING
POPULATION DYNAMICS

F. M. Davis
Entomologist, USDA, ARS

Roll Weevil Research Laboratory
Mississippi State, Mississippi

Man has been studying insect population lynamics for many years,
especially on those insects that he nas considered as his competitors for food,
fiber and shelter and those insects that affect his health and general well-being.
Since the mid-1800's masses of ecological literature on insects has been compiled
by scientists all over th, world. Some of these scientists have put forward their
theories as to why insect populations fluctuate as we observe them to do in nature.
By no means were these workers in complete agreement as to which environmental
factors were most important in determining the abundance of insect populations.
There were those that strongly advocated that climatic conditions were the major
factors involved in population fluctuations and one did not need to seriously
consider other factors. Others were equally strong in stressing that density
dependent factors such as parasites, predators, and diseases or intraspecific
competition was sufficient to explain observed fluctuations. Also there were
those that considered the genetic constitution of the population as having a
strong influence on fluctuations. Even though there is disagreement in the
literature, these theories can and do serve as the foundation for us to develop a
well balanced approach to understanding population dynamics.

If there was ever a time for us to have a bread understanding of popu-
lation dynamics, it is now. For those of us who face the task of control of
insects by either pest management or integrated control procedures, it is
essential that we have a clear picture of the interactions that occur between an
insect pest's population and those environmental factors that affect it, since
the success of most management programs will be based upon the facts known about
the pest's ecology.

Life System

The guide to understanding the insect populations that I am about to
discusi was developed by the authors by incorporating "(i) all that is useful in
ideas of theorists, and (ii) the latest information on natural populations, much of
which was not available to them." (Clark, et al., 1967). It is called the life
system.

The
(chiefly L.
life system
The Ecology
Geier, R. D

life system concept was developed by several Australian entomologists
R. Clark (1964) and P. W. Geier (1964). A full discussion of the
and its relationship to pest management can be found in the book
of Insect Populations in Theory and Practice by L. R. Clark, P. W.

D. Hughes and R. F. Morris (1967).
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The name "life system" is closely related to Tansley's (1935) "ecosystem."
It varies from ecosystem in that the life system involves only those elements of
the ecosystem that are directly involved in the life of one kind of organism
which is called the subject species. Therefore, the life system can be considered
as a subsystem of the ecosystem (Geier; 1966).

Thus, the life system of an insect population is that part of the eco-
system that determines its existence, abundance, and evolution. It involves
interactions between the subject populiErEiraia its 0NET/75-environment which
is that part of the ecosystem that provides supplies of all kinds (e.g., food,
shelter, oviposition sites, overwintering quarters, etc.) ::squired for the
maintenance of the population and those biotic and abiotic factors that oppose
the survival and reproduction of the invidivuals within the subject population
(e.g., weather, predators, parasites, diseases, interspecific and,intraspecific
competition).

The interactions that occur between the codeterminants of abundance
result ix observable events that we can measure. The authors of this concept
termed these as ecological events and further divided them into primary and
secondary events.

The primary events are observable demographic occurrences such as birth
and death rates, dispersal and migration, annual generations, phenolo4y, voltism
etc. These events are the expression of the inherited ability of individuals
to survive and multiply.

The secondary events are those environmental factors that influence the
magnitude, extent, frequency of duration of the primary events by altering the
supply of required resources needed by the subject population or by directly
affecting the individual in some harmful or helpful manner.

Involved in the secondary events are ecological processes which affect the
population by being additive or subtractive processes. The additive processes
being those that contribute to the addition of individuals to the subject popu-
lation, whereas, subtractive processes being those that operate to lower the
numbers of individuals in the subject population. Some factors may act as an
additive process some of the time and as a subtractive process at other times.

The subtractive forces have been classed by most ecologists and by the
authors of this concept into those factors that are density-dependent and those
that are density-independent. The density-independent factors are those whose
effect are not related to the subject population's density. The density-
dependent factors are those that destroy an increasing proportion as the subject
population's density increases.

The density-related processes such as parasites, certain predators,
diseases, and intraspecific competition can serve as stabilizing mechanisms when
other conditions are favorable for indefinite increase in the subject population's
density.

In my opinion, the life system concept has great merit for those of us
involved with population dynamics of insects. Perhaps, its greatest signifi-
cance is that it keeps us ever mindful that we are dealing with a dynamic system
made up of the subject population and its effective environment. It is unbiased
as to what environmental factors (intrinsic or extrinsic) are the most important
in any insect population's life system and relies on us through proper experi-
mental procedures (e.g., life tables, key factor studies, in-depth life history
studies and rathematical modeling) to determine the elements involved in the
functioning of a life system.
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European Corn Borer

To illustrate some points about the life system of an insect, I have
chosen the European corn borer (Ostrinia nubilalis (Hubner). The ecological
research on this insect is massirre-M-It-Ii-E6E-RY intention to review all of the
ecological research findings, but to select a few for illustrative purposes.

This insect is a well-known pest of
this country and other parts of the world.
borer's geographical range extends from the
gulf states and westward across the midwest
and Dicke, 1963).

field crops (especially on corn) in
In the United States the European corn
New England States down to the southern
tee the Rocky Mountains (Arindley

Part of the research I shall be discussing is the results obtained under
the North Central Regional Projects NC-20 and NC-87. NC-20 was activated in 1953
under the direction of the North Central Regional Association of Experiment Station
Directors to study the factors influencing corn borer populations. State Experi-
ment Station and USDA personnel cooperated in this project. From time to time
the objectives of NC-20 were revised and in 1966 the project became NC-87.

This cooperative research effort has great significance because with
group planning of objectives and standardization of techniques, many areas over
the geographical range of this insect could be compared and resulting conclusions
would have greater biological meaning.

Some of the environmental factors that are involved in the life system
of the European corn borer are:

(1) Weather - Hill, et al. (1967) summarized the effect of climatic factors
on born borer populations for 10 years in the North Central States. They con-
cluded that climatic conditions have a significant influence on corn borer popu-
lations and that it may act as an additive or as a subtractive process.

Chiang and Hodson (1972) studied corn borer populations fluctuations in
one early planted field at Waseca, Minnesota from 1948 to 1970. They concluded
that climatic conditions affected corn borer populations in many ways such as
"low temperatures (below 50°F) during the season would reduce the size of fall
populations. Winds may cause an influx of moths from the south. Rains may have
positive or negative effects depending upon the period of season and perhaps even
the hour of the day."

Also, they commented that the long-term cooling trend in Minnesota from
1953 to 1969 was one of the main factors responsible for lower borer populations
during this period and that under favorable temperature conditions the borer
population could be expected to return to an economically significant level.

C. A. Barlow (1971) reported that 1st brood corn borer populations in
southern Canada are primarily controlled by 2 key factors. One being rainfall.
He stated that the greatest numbers of eggs are laid and survival is longest at
rates of rainfall between 25 and 76 mm. per day. Smaller amounts are sub-
optional. The rain serves as a source of drinking water that is essential for
survival and reproduction of this insect.

(2) Host - Traditionally ecologists have considered the host plant(s) as a
major element in the life system of insects. Abundance: uspally emphasis is
placed on the abundance of the host and not thiiniErthe host might have on
the insect. Scarcity of corn would not normally appear to be a factor in the
corn borer's life system but the morphology, physiology and chemistry of the host
could be a factor. Stage of growth: for many years researchers have known that
the stage of corn growth has an influence on oviposition and survival of the
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European corn borer. For example Beard (1943) found that when all stages of
growth were present, moths preferred the early Bilking stage to any other, and
that relatively few eggs were deposited on plants younger than the mid-whorl stage.
Also he found that few larvae survived until the plants reached the late whorl
stage (Beard and Turner, 1942). Turner and Beard (1950) brought out the point
that 2nd generation eggs were deposited more in relationship to growth than to
height of plants. Most of the eggs being laid on plants in the late tassel or
early silking stages. Recently Guthrie and co-workers (1969) have shown that
development and survival of 2nd generation corn borer larvae was associated with
pollen shed. The pollen waifs found to be beneficial to larval survival and
development. Therefore, stage of growth can be an important factor in the survival
of larvae depending upon what stages of corn growth are available during moth
flights. Resistant varieties: Host plant resistance in corn has been reported
for 1st and 2nd brood cornSErers by several researchers (varietal resistance
review by Brindley and Dicke (1963). Chiang (1968) recently brought out the
importance of the genetic makeup of the food plant in the corn borer's population
dynamics. He compared corn borer survival, development, and tunneling activity on
two groups of corn varieties, (1) those popular in 1955 and (2) those popular in
1965. His findings showed that the general levels of host-resistance was about
5 to 15% higher in 1965 than in 1955.

(3) Parasites and Predators - Brindley and Dicke (1963) in reviewing European
corn borer research stated that some 24 parasite species have been introduced
into the United States, 22 have become numerous enough to permit colonization.
Most workers agree that the fly, L della risescens Robineau-Desvoldy, is the
most important exotic parasite of t e corn borer in this country.

Sparks and co-workers (1966) evaluated the influence of predation on corn
borer populations in the North Central states. They concluded after several years
of research that predators play an important part in population fluctuations of
the oorn borer at some locations during some years. But, predators could not be
depended upon year after year, or in any given year, to play a major role in
managing a population of corn borers at a specific location.

(4) Diseases - Steinhaus (1949) pointed out that the European corn borer has
been reported to be susceptible to a number of disease organisms. One of the most
common diseases of the European corn borer in nature is Perezia raustea Paillot.
Zimmack, et al. (1954 and 1958) discussed the distributia-Erthis paras te in
corn borer populations over the North Central states and the effect of this para-
site on the corn borer. Infected corn borer moths were reported to lay fewer
eggs and live shorter lives. Also progeny from infected moths survived at a much
lower level than those from uninfested moths.

(5) Agricultural Practices - The practices used in producing corn have cer-
tainly changed from time to time, e.g., recommended planting dates, plant densities
fertilization, mechanization of harvesting, crop rotation, resistant varieties.
These practices may act as additive or subtractive processes in the life system of
the corn borer.

Chiang and Hodson (1972) in summarizing agricultural practices lists those
that favor increases of corn borer populations as use of soil insecticides and
increase of plant densities and those that cause a decrease as picker shellers, the
reduction of corn-oats sequence, and the use of resistant varieties. Scott, et al.
(1964) reported that the addition of N fertilizer apparently was responsible for
increased borer survival.

Many factors appear to be involved in the life system of the European corn
borer. However, certain ones may be exerting a dominant influence on corn borer
populations. Chiang and Hodson (1972) stated that the major factors responsible
for keeping the corn borer population at a low level in Minnesota since 1952 are
climatic and agricultural practices. In southern Canada, Barlow (1971) has shown
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that 2 key factors are responsible for population fluctuations of the first brood.
They are rainfall during the growing season, and the number of female corn borers
emerging in the spring. These 2 factors have been used to explain fluctuations
.n the numbers of first brood corn borers in one county in southern Ontario
between 1947 and 1°61. A partial regression analysis using these 2 factors has
accounted for 94% of the variance in estimating size of the first brood.

The elements of the life system of the corn borer vary from one geographi-
cal area to another. For instance, one factor may be present in one area and not
in another such as some agricultural practice or environmental factors such as
temperature, moisture and photoperiod may vary appreciably between areas. Thus,
one might visualize that the corn borer may have many life systems in which it
evolves and exists. This being true, then one might also expect that different
populations of the same species living in different life systems would be dif-
ferent in their ecological responses to certain environmental factors.

The differences between populations of the corn borer was exhibited by
Sparks, et al. (1966a, b). They concluded (after finding differences between
populations from Minnesota, Iowa and Missouri in numbers of moths emerged, num-
bers of diapausing larvae, and percentages of surviving forms that diapaused),
that naturally occurring biotypes of the corn borer do exist in the mid-west.
Chiang, et al. (1968) compared differences in the ecological responses of 3 bio-
types of the corn borer from the North Central states. They found differences
between the 3 populations for the following ecological characteristics (1) per-
cent survival, (2) percent larvae entering diapause, (3) number of tunnels made
by each borer, (4) rate of development, and (5) sensitivity in survival to host-
resistance factors. The Minnesota population was distinctly different in all
areas from the Missouri population, whereas the Iowa population was intermediate.
They also concluded that in regard to the relative sensitivity of the biotypes to
changes in ecological conditions that: "(a) the biotype which adapted to warm
conditions is more sensitive to temperature changes than is the biotype which is
adapted to cooler conditions, and (b) the biotype which is adapted to shorter days
is more sensitive to changes in photoperiodism than is the biotype which is
adapted to long days."

Concluding Remarks

The life system concept offers guidance to the researcher and to the
teacher of population dynamics, mainly by stressing that both the subject popu-
lation of insects and the environmental elements that affect the population are
interacting together in determining the evolution, abundance and existence of the
population. Once life systems of insect pests, beneficial insects and insect
pathogens are available, the chances of success in managing pest insects below
economic levels will increase.

References Cited

Barlow, C. A. 1971. Key factors in the population dynamics of the European corn
borer, Ostrinia nubilalis (Hbn.). Proc. 13th Int. Congr. Entomol.
Moscow,ITITFrT 1777173.

Beard, R. L. and N. Turner. 1942. Investigations on the control of the European
corn borer. Connecticut Agr. Exp. Sta. Bull. 462.

Beard, R. L. and N. Turner. 1943. The significance of growth stage of sweet
corn as related to infestation by the European corn borer. Connecticut
Agr. Exp. Sta. Bull. 471.

[66]



Davis, F. M.
BEST COPY AVAILABLE

Concepts of Pest Management

Brindley, T. A. and F. F. Dicke. 1963. Significant developments in European corn
borer research. Ann. Rev. Entomol. 8: 155-176.

Chiang, H. C., A. J. Keaster, and G. L. Reed. 1968. Differences in ecological
responses of three biotypesof Ostrinia nubilalis from North Central
United States. Ann. Entomol. SEE77KEiF. 61: 140-146.

Chiang, H. C., A. J. Keast,.r and G. L. Reed. 1968. Host variety as an ecological
factor in the population dynamics of the European corn borer, Ostrinia
nubilalis. Ann. Entomol. Soc. Amer. 61: 1521-1523.

Chiang, H. C., A. J. Keaster and G. L. Reed. 1972. Population fluctuations of the
European corn borer, Ostrinia nubilalis, at Waseca, Minnesota 1948-70.
Environ. Entomol. 1: 7=u7---

Clark, L. R. 1964. The population dynamics of Cardiaspina albitextura (Psyllidae).
Australian J. Zool. 12: 362-380.

Clark, L. R., P. W. Geier, R. D. Hughes and R. F. Morris. 1967. The Ecology of
Insect Populations in Theory and Practice. Metheren and Co., Ltd.,
London.

Geier, P. W. 1964. Population dynamics of codling moth, Cydia pomonella (L.)
(Tortricidae), in the Australian capital territory. Australian J. Zool.
12: 381-416.

Geier, P. W. 1966. Management of insect pests. Ann. Rev. Entomol. 11: 471-490.

Guthrie, W. D., J. C. Huggans and S. M. Chatterji. 1969. Influence of corn
pollen on survival and development of second-brood larvae of the European
corn borer. Iowa State J. of Sci. 49(2): 185-192.

Hill, R. E., A. N. Sparks, C. C. Burkhardt, H. C. Chiang, M. L. Fairchild and
W. D. Guthrie. 1967. European corn borer, Ostrinia nubilalis (Hbn.)
populations in field corn, Zea mays (L.) in thi-gEFEKWEEFir-bnited
States. Nebraksa Agr. Exp.-lta. rtes. Bull. 225 (North Central Regional
Publ. 175). 100 pp.

Scott, G. E., F. F. Dicke, and L. H. Penny. 1965. Effects of first brood
European corn borers on single crops grown at different nitrogen and
plant levels. Crop Sci. 5: 261-263.

Sparks, A. N., H. C. Chiang, C. C. Burkhardt, M. L. Fairchild and G. T. Weekman.
1966. Evaluation of the influence of predation on corn borer populations.
J. Econ. Entomol. 59: 104-107.

Sparks, A. N., T. A. Brindley and N. D. Penny. 1966. Laboratory and field studies
of Fl progenies from reciprocal matings of biotypes of the European corn
boret. J. Econ. Entomol. 59(1): 915-921.

Sparks, A. N., H. C. Chiang, A. J. Keaster, M. L. Fairchild and T. A. Brindley.
1966. Field studies of European corn borer biotypes in the mid-west.
J. Econ. Entomol. 59(1): 922-928.

Steinhaus, E. A. 1949. Principles of Insect Pathology. McGraw-Hill Book Co.,
Inc., New York. 737 pp.

Tansley, A. G. 1935. The use and abuse of vegetational concepts and terms.
Ecology 16: 284-307.

[67]



Davis, F. M. OCT COPY AVAILABLE Concepts of Pest Management

Turner, N. and R. L. Bread. 1950. Effect of stage of growth of field corn inbreds
on oviposition and survival of the European corn borer. J. Econ. Entomol.
43(1): 17-22.

Zimmack, H. L., K. D. Arbuthnot and T. A. Brindley. 1954. Distribution of the
European corn borer parasite, Perezia pyraustae, and its effect on the
host. J. Econ. Entomol. 47: 61173T57

Zimmack, H. L., and T. A. Brindley. 1957. The effect of the protozoan parasite,
Perezia pyraustae Pallot on the European corn borer. J. Sci.
49(2): 185-192.

(68)



BEST COPY AVIUUIBLE

STATUS OF BIOLOGICAL CONTROL PROCEDURES
THAT INVOLVE PARASITES AND PREDATORS

Bryan P. Beirne
Pestology Centre

Simon Fraser University
Burnaby, British Columbia

In this paper I am critical of certain defensive actions of biological con-
trol workers that can be harmful to the interests of this subject in the long run.
And I am dubious about the future of biological control as a separate subject or
discipline. But I should make it clear at the beginning that I am a proponent of
biological control as a class of valuable pest damage control procedures and I am
confident that its use and importance in that respect will increase substantially
in the future.

Biological control is the use by man of living organisms in attempts to
reduce the harm caused by pest'organisms. Parasites and predators are among the
living organisms chiefly used. They are manipulated in three main ways to reduce
the general population levels or the amplitude of population fluctuations of pest
insects:--(a) the environment is managed to benefit existing parasites or preda-
tors, which is biological control by conservation. (b) The existing populations
of parasites or predators are augmented temporarily by mass liberation, which is
biological. control by inundation. And (c) new kinds of parasites or predators are
introduced and established as permanent additions to the environment, which is
biological control by introduction, or inoculation, or establishment, or coloni-
zation.

All these procedures are useful. All will be used increasingly as inte-
grated control programmes and pest management systems are developed. At present
each has one or more important obstacles to its widespread or optimum use- -
obstacles that are in addition to the standard one of considerable gaps in our
knowledge of what specific parasites and predators might be manipulated and how
and when. It is those obstacles that I wish to discuss, using as far as possible
Canadian examples and with emphasis on some that, I believe, retard the develop-
ment of work in biological control by introduction.

The first of the three procedures, biological control by conservation, is
an aspect of cultural control. Like most other aspects of cultural controlfrit
has been relatively neglected in the past, it is rapidly becoming increasingly
important as integrated control programmes and pest management systems are
developed, and it can be relatively ineffective if applied only in a small area
because the pests may soon migrate in from and the parasites and predators out to
adjacent untreated areas. The effectiveness increases as the size of the treated
area increases. The obstacle to the optimum use of this and other cultural con-
trols is the normal lack of means of ensuring that the controls are applied uni-
formly and simultaneously throughout a region. To overcome it involves regulating
human behavior. The chief potential solution is therefore primarily legislative.

[69]



Beirne, B. P. BEST COPY AVAILABLE Parasites and Predators

The chief obstacle to the widespread application of biological control by
inundation is the difficulty in mass-producing or mass-collecting most species,
other than some trichogrammids and coccinellids, at economic cost. To overcome
this obstacle, effective techniques will have to be developed for mass-producing
parasites and predators on artificial diets. The chief potential solution is
therefore a technological one.

Biological control by introduction is, when it works, the best and most
economical method of pest control next to pest eradication. It is at present one
of the two practical methods of wide application that can convert a pest into a
lesser pest or a non-pest and then keep it permanently at the lower level without
continuing human assistance, and do so at no direct cost to the producers and
without causing undesirable side effects to the environment. The other method is
of course the development and use of pest-resistant plants.

It is safe to predict that biological control by introduction will continue
to be applied in the future at least as frequently as in the past, and quite
possibly more so. One reason is that it sometimes can be a permanent alternative

to the use of temporarily-effective, environment-polluting chemical pesticides.
Another reason is that it is inevitable that sooner or later every pest will be
distributed unwittingly by man to every part of the world where it can survive;

its parasites and predators will then have to be distributed deliberately through
this biological control procedure. A third reason is that the addition of a new
pest mortality factor in the form of an introduced parasite or predator may have
a major effect in relatively simple environments. With the green revolution such
environments are increasing in area and kind.

I do not intend to attempt to evaluate the specific successes and failures
that followed the various introductions of parasites or predators and their
establishment in regions that they did not inhabit before. This subject has been
surveyed and analyzed in detail by the Department of Biological Control of the
University of California, Riverside, for the United States Department of Agri-

culture. The results of this survey were summarized by DeBach (1971) and will be

published soon in a USDA Memoir (ih press).

Instead I will discuss what I regard as obstacles to the optimum use of

this method. I will use mostly examples of occurrences in Canada. In doing so I

do not mean to imply that those were in any way uniquely Canadian. They are un-
doubtedly merely examples of what has happened or will happen to varying degrees
in other regions where biological control by introductions is attempted.

This biological control procedure suffers from an enormous handicap. It is

that the majority of attempts to control individual pest species by it were not

successful. In Canada this procedure has not been tried or has not worked with
such major kinds of pests as grasshoppers, root maggots, wireworms, cutworms,
leafhoppers, aphids, mosquitoes, or blackflies, or worked significantly with such
notorious individual pest species as the spruce budworm, European corn borer,

Western wheat stem sawfly, balsam wooly aphid, and European pine shoot moth.

From the administrative viewpoint biological control by introduction con-

sists of a series of gambles. Most of the gambles fail and some succeed only
nominally, so there is apparently much loss of money. A few succeed. The returns

from them can far exceed the total losses from the remainder, in part because the

returns can recur annually indefinitely. In the long run, therefore, the gambles
as a whole more than pay off, provided that there are enough of them and that
they are big enough. They pay off because the results are not by chance but are

biased by us in our favor to the best.of our abilities. However, fiscal adminis-
trators like to know in advance what is going to happen to money, even if it is

going to be wasted. They don't like uncertainties, and biological control attempts

are uncertain. They tend to comment on failures and this tends to induce a some-

what defensive attitude among proponents of biological control which in part can
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lead them to any or all three things that, in my opinion, could be to the dis-
advantage to biological control in the long run.

The three things are:--I. To be over-charitable in assessing results of
biological control attempts and uncritical of claimed successes; that is, not to
point out all the gambles that failed. II. To over-react to criticisms of aspects
of biological control procedures; that is, fail to accept that the means employed
to bias the results of a gamble may not be as effective as generally supposed.
And III. To promote the wrong subject. Such actions may win individual battles
in defense of biological control but they can increase the possibility of losing
the war.

I. The result of biological control attempts in Canada by introducing
natural enemies was evaluated by Turnbull and Chant (1961), by DeBach (1964) and
by Munroe (1971). Between them these judges considered that a total of 21 pest
species of insects were subjects of attempts that were at least substantially
successful. But there were wide differences in opinion of the identities of such
species. In fact there were only three species that all three evaluators agreed
were substantially or completely controlled and only six others that any two
agreed upon. This shows the extent to which evaluations can be matters of opinion,
which in turn demonstrates that standard criteria for success are not always used.

Criteria are easy to define. Biological control attempts by introducing
natural enemies are not merely interesting exercises in establishing organisms in
new areas. They are practical attempts to reduce the harm that pests cause by
reducing pest populations and keeping them at the new lower levels. The success-
ful establishment of a deliberately introduced natural enemy of an insect (or of
any other kind of pest) can therefore be termed a successful attempt if it can be
demonstrated, actually or even with a high degree of probability, that: the insect
was a pest that needed control; its average level of abundance was substantially
reduced by the natural enemy that was deliberately introduced for that purpose
and has been subsequently maintained at the new lower level primarily by it; and
this causes substantial economic savings annually.

If the nine apparently most successful attempts in Canada--the three that
Turnbull and Chant, DeBach and Munroe all agreed were substantial or complete
successes and the six which on any two of them agreed--are evaluated in relation
to those criteria the conclusion is not that there were nine successes. It is
that there were not more than five. There were two that should not be regarded as
attempts at persistent control, because they were in greenhouses and had only
temporary effects, and two that were failures.

Two of the five were virtually predictable as successes as they resulted
from the relocation of established parasites from one part of Canada to another
in the same habitat. These were the attempts against the oystershell scale,
Lepidosaphes ulmi (L.)r and the wooly apple aphid, Erisoma lanigerum (Haus.). A
third was in part fortuitous. This was the attemptigETER the European spruce
sawfly, Di rion hercyniae (Htg.), which was ultimately controlled by a combination
of pares tes introduced deliberately from abroad--a total of some 900 million
specimens of a total 27 species were liberated in Canada--and by a virus disease
that apparently was introduced accidentally from Europe, perhaps on introduced
parasites. Not only did the virus come in by chance rather than by design, but
the initial design of the biological control people was to keep it out. Earlier
the sawfly larvae containing the virus had been shipped from Europe to the
Belleville Laboratory in Canada as a possible new biological control agent for
liberation, but by administrative decision the diseased sawfly larvae were
quickly incinerated for fear that the disease might escape to harm the mass-
production of sawfly parasites that was in progress at Belleville at that time
(Finlayson, personal communication).
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The two attempts that apparently were successful were against the larch

sawfly, Pristiphora erichsonii (Htg.), and (at least in the East) the larch

casebearer, ColeophoirriliZina (Hbn.).

The two attempts that the evaluators regarded as successes but that

actually were failures illustrate how misinterpretations can arise. I will merely

summarize the conclusions here because the examples will be reviewed in greater

detail elsewhere.

The European wheat-stem sawfly, Cephus pygmaeus (L.), has not been a pest

of any significance in Ontario since the early 1940'4 when an European parasite

was introduced, became established, increased, spread, and maintained fairly high

rates of parasitism at low sawfly population densities. On a basis of those facts

this was obviously a successful biological control attempt and was rated as such
by Turnbull and Chant and by DeBach (Munroe did not mention it at all). But con-

sider additional facts--the sawfly never was a pest in Ontario--in fact before the
biological control attempt was initiated there was only one record, and that about

50 years before; the introduced parasite apparently cannot survive on dense sawfly

populations; and it largely replaced an existing parasite that can. I cannot rate

as a successful biological control attempt the conversion of a non-pest into a

non-pest with a parasite that may not be effective if the non -pest ever becomes a

pest and that has partly replaced one that might be effective.

A major outbreak of the European lecanium scale, Lecanium tiliae L.

(earlier referred to as Eulecanium coryli L.), developedTrOahwestern British
Columbia over several yeaTilrrai 1920's. An imported parasite was liberated.
Parasitism of the scale increased rapidly over the next few years and the out-

break collapsed. A success, according to Turnbull and Chant and to DeBach

(Munroe queried it), and "an outstandingly-successful small-scale experiment in

biological control," to quote Imms (1947). But consider additional facts: the

present parasites do not include the species that was allegedly introduced; the
original outbreak apparently was controlled by a native parasite; the scale is now

at more or less constant outbreak levels and has been for years; and parasitism is

normally insufficient to control it. Therefore, no good evidence exists that the

introduced parasite became established or, if it did, that it had any effect. The

conclusion is that there is no good evidence that this biological control attempt

was anything but a failure.

These two examples between them illustrate some of the assumptions that may

be implicated in some over-optimistic conclusions that biological control gambles

were successful: assumptions that the insect was in fact a pest before the

attempt was made; that the mortality caused by the introduced agent was additional

to rather than instead of that caused by other factors; that a population reduction

that followed the establishment of an introduced agent was caused by it and not,

through a coincidence in timing, by something else; that a population reduction
apparently caused by an introduced agent was the start of a permenent maintenance

by it of the population at a lower level. If assumptions such as these are not

taken for granted then some other so-called successes must be rated as, at best,

not proven.

In summary, I rate as actual successes in Canada about four and a half of

the nine top so-called successes. The proportion of dubious cases is higher when

examples that vere rated as successes in single evaluations are considered.

However, there are conspicuous apparent exceptions: two species for which there

are factual life-table data that indicate success, the European winter moth,

Operophtera brumata (L.) (Embree, 1971), the pistol casebearer, Coleophora

malivorella Riley TParadis and LeRoux, 1971). They were not evaluated by Turnbull

and Chant or by DeBach merely because the biological control attempts against them

were not completed until after those authors had published their evaluations. How-

ever, the control of, the pistol casebearer was completely fortuitous: the parasite

responsible was introduced against the larch casebearer and attacked the pistol
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casebearer on apple without human design or assistance.

I have tried to show here that some biological control workers in Canada
may have been influenced by wishful thinking in evaluating results of some bio-
logical control attempts. I do not believe that in this respect they differed
greatly from biological control workers elsewhere. I believe that in general
biological control proponents have been insufficiently critical of biological
control results. From the shori:-term viewpoint this may have benefited biological
control as it increased the number of apparent successes. From the long-term
viewpoint it can only be harmful as it can cast unjust doubts on the validity of
all attempts.

II. My second main criticism of biological control workers is that they
sometimes tend to over-react to criticisms of aspects of biological control prac-
tices. One manifestation is emotionally-biased verbiage. A section in the recent
book on Biological Control by Huffaker, et al. (1971), pp. 42-55, illustrates this.
Though this is not a Canadian example it rehashes controversies in which Canadians
were involved. This section is entitled "Challenging concepts relative to the
theory and practice of biological control." Incidentally, if you wish to avoid
using the phrase "criticisms of" you may use "challenging concepts relative to."
In this section criticisms of biological control practices become "attacks" on
them. They are "continuing attacks" where the same individual was critical more
than once, and when different individuals made the same criticism the more recent
"renewed an old attack." A strong statement that the authors agree with is made
"forcefully;" one that they disagree with is "overly emphatic." A defender of
biological control "poignantly stated;" a critic made a "dour prognostication."
Colleagues that the authors agree with have provided "adequate refutation"
(incidentally, it is not clear to me why it was necessary to re-refute something
that was already refuted adequately) of or have "admirably dealt" with criticisms
that included statcaents or views that are "odd," "strange," "astonishing,"
"faulty," "erroneous," "damaging," and "irresponsible." Some of the verbal bias
is rather more serious as it descends to lower levels of ad hominem argument by
imputing less-than-honest behavior to one critic. It was alleged that in one
instance he "misleadingly presents a half-truth;" in another he was alleged to
"distort."

This kind of abuse is to be deprecated. Moreover, it is contrary to the
basic spirit of pest management as it.tends to cause work segregation rather than
to encourage its integration. To call a criticism an attack and then to discredit
the so-called attacker because he has attacked does not bring credit to anybody.
I suggest that it would be better for biological control in the long run to
encourage criticisms and discuss them with professional objectivity than to try
and frighten off potential critics. I suggest that arguments against criticisms
are most constructive, most convincing, and most dignified when they are based on
objective evaluations of facts. If the facts and arguments do not refute ade-
quately, then perhaps there may be something valid in the criticisms.

A reason why criticisms of biological control procedures can produce
emotional reactions is indicated in the same section of the same book. It is that
administrators and entomologists in decision-making positions may notice the
criticisms an be influenced by them to the disadvantage of biological control
activities. This might be related to the fact that some of those who work in
biological control are employed specifically as biological control specialists in
agencies that have the words "biological control" in their titles. To preserve
and promote the interests of their specialties and of their agencies they are in
effect forced into a position of having to defend biological control against so-
called attacks on it.

III. This leads to my third criticism of biological control workers:
That they promote the wrong subject. By this I do not mean to imply that it is
wrong to promote biological control; I mean that the best way to promote it is to
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promote the subject of which it is now becoming an integral parts the management
of pests through integrated programs.

In developing an optimum pest management system biological control by
conservation, by introduCtion, and by Inundation should be considered, in that
sequence, and applied where feasible before resorting to applying non-selective
pest-killing procedures such as chemical pesticides (Beirne, 1967). It would seem,
therefore, that the best way of promoting the use of biological control procedures
to the extent that their capabilities and potentialities warrant is to promote
development of the pest management systems of which they are integral parts.
They would then be considered automatically when every pest management system that
involves a spectrum of applied controls and their integration with one another and
with natural regulatory factors is being developed. Instead of promoting bio-
logical control gambles individually, promote as a standard practice the testing of
biological control possibilities. Or, instead of promoting biological control as
an alternative to chemical control, promote chemical control as a supplement to
biological control.

The work activities and the titles of most of the agencies that are con-
cerned directly or indirectly with pest control are based on kinds of pests or of
pest situations. Biological control agencies are exceptions. They are based on
the use of a group of procedures. Agencies based on procedures tend to be
inherently and administratively restricted by their titles to those procedures.
This does not matter when they exist to provide services that are required for a
procedure to be applied and that are unique to that procedure: for example, the
biological control overseas exploration agencies that find, procure, and supply
biological control agents for colonization, the quarantine laboratories that import
and distribute them, and the rearing laboratories that develop and use mass-
propagation techniques. But it does matter, insofar as the long-term viability of
the procedure-based agencies are concerned, when the main function is pest control
and related research. With the increasing development of the concepts of control
integration and of pest management the promotion of individual classes of pro-
cedures becomes decreasingly realistic and increasingly anachronistic and there-
fore progressively susceptible to being changed.

Consider what has happened in Canada. In the early 1950's - before bio-
.....)gical control was a popular subject: before Silent Spring - there were 35 to 40
entomologists in the Biological Control Investigations Unit of the Federal Depart-
ment of Agriculture. Twenty years later there apparently will be only one ento-
mologist employed specifically and exclusively by that Department for biological
control work--the man in charge of the importation service. This does not mean
that there were or will be corresponding reductions in the amount of work or the
numbers of workers in biological control. It means that biological control is
now being done in Canada as integral parts of broad studies on kinds of pests or
of pest situations instead of as a separate subject.

This evolution was in three stages and in three different ways. First, by
formal agreement the responsibility for all work on biological control of forest
insects in Canada was taken from the Biological Control Investigations Unit by the
Forest Biologists. This happened in 1954. It was the beginning of the end for
biological control as a separate entity in Canada. The Unit was eliminated soon
after. Next, in the mid-1960's, a group of eight entomologists moved themselves
voluntarily out of biological control into pestology and pest management. And,
finally, the Department of Agriculture made the decision last year to move almost
all the remaining biological control workers to pest-based studies: the largest
group to Winnipeg, Manitoba, allegedly to develop integrated control programs,
especially for cereal insects, and most of the remainder to research centers in
various parts of the country to join existing groups that are based on the study
and management of particular kinds of pest organisms.
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What has happened in Canada can happen elsewhere, and it is likely to
because the same kinds of trends and pressures towards holism exist elsewhere to
varying degrees. As biological control procedures come to be regarded fully as
areas in an integrated control or a pest management spectrum instead of as com-
prising a separate subject, biological control agencies (other than the service
ones) will evolve into or be combined with pest-based agencies or be replaced by
them. Attempts to retard this evolution by trying to include integrated pest
control under biological control are unrealistic as they are in effect attempts to
include the whole within one of its parts. The reverse is happening: biological
control is being encompassed and engulfed by pest management.

The chief cause of the expansion of biological control as a distinct sub-
ject, anywhere, was the existence of major pest problems for which it provided the
Lx..st apparent solution. The chief cause of the diminution of biological control
as a separate subject is the development of the concept of pest management through
integrated controls, because it offers an apparently better solution to pest prob-
lems than does biological control alone. How and how fast and to what extent this
evolution of biological control occurs is determined by people. If we accept that
the evolution is inevitable, as I believe it to be, then biological control people
and agencies are faced with a choice of three possible courses of action. One is
to remain as biological control specialists, which means concentrating on those
aspects that are distinctive to biological control, namely procuring, propagating,
and providing biotic agents. A second is to evolve into pest managers in both
name and deed, which is the logical choice, and one in which they can excel because
of their ecological outlook. The third is to resist change actively or positively,
which means waiting to have it imposed upon them.

The .rucial decision that most biological control specialists have to make
is this: Either to be realistic and try to manage their evolution themselves to
the advantage of themselves and their specialty; or to be reactionary and resist
evolution and thereby leave themselves and their subject open to management by
others. Biological control workers still have the choice; but if they wait too
long they will lose it. At least that is the theory, though what has happened in
Canada does not provide much support for it. There, administrators were faced on
three occasions with decisions on what to do with biological control studies: to
maintain them or to evolve them. On one of the three occasions, in 1967, bio-
logical control people advocated evolution and the administrators decided to
maintain the existing situation. On the two other occasions, in 1954 and 1971, the
administrators decided to evolve biological control studies though most of the
biological control people wanted to maintain the existing situations. Despite all
this, if evolution is inevitable biological control people should try to take posi-
tive leadership in it.
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IDENTIFICATION AND CLASSIFICATION IN PEST
MANAGEMENT CONTROL

Paul W. Oman
Department of Entomology
Oregon State University

Corvallis, Oregon

I hope what I discuss will be in tune with the spirit of this Summer
Institute. It seems; to me that our consideration of pest management programs, of
the strategies and tactics that we plan to employ, has reached the stage where we
should give relatively less attention to theory, and more to the day-to-day
activities upon which the success or failure of programs will ultimately depend.
Accordingly, my discussion will be directed toward the practical aspects of
identification and classification, and will be concerned primarily with two ques-
tions--"What are the problems connected with identification of biological orga-
nisms1" and "How can we improve the situation?"

Concise but reasonably comprehensive statements of the role of taxonomy,
which embodies identification and classification, in pest management and control
are available in two recent publications issued, respectively, by the National
Academy of Sciences and the National Research Council. These publications are:

NAS, 1969. Principles of Plant and Animal Pest Control, vol. 3,
Insect-Pest Management and Control. xxii + 508 pages.
Ch. 2, pages 9-22, deals with Identification and
Classification.

NRC,'1970. Systematics in Support of Biological Research. 25 pp.

More detailed discussions of the relation of taxonomy to applied biology
have been given by numerous authors. Because I shall not otherwise have occasion
to cite these numerous papers, a list of a few that seem to me particularly rele-
vant to the matters under consideration is appended (Appendix I). The list also
includes several publications of a more general nature that deal with systematic
biology, since these give perspective to the field, and contain information at.rui.
possible future developments of importance to pest management.

The title of my topic, considered together with the theme of this Institute,
suggests that there is again concern about the identification and classification
of pest species. There was a time, not many years ago, when the prevailina atti-
tude war "n-,1, we don't need to know what it is--we can kill it!" But we no
longer hear talk of using chemicals to create "biological deserts," and there is
a growing realization that to "manage" a pest species entails more than just the
agility to kill a small segment of its population. If it is to be effective in
its objectives, and economically feasible, pest management requires more subtle
and ingenious methods; methods that may often need to be used in combination,
either cohaurrently or sequentially, over considerable periods of time and large
areas.
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All this presupposes not only knowledge of what the pest is, but a great
deal about it and the environment in which it operates--what plants it depends upon
for population survival, what enemies it has, its physical and chemical tolerances
and requirements, and its biology and behavior. To know these things about a pest
and its biological associates places a considerable premium on the basic question
of "What is it?" when we start talking about pest population ecology.

We begin with the assumption that identification and classification of
organisms contributes constructively to pest management. How is this so? What
good are identifications?

In the simplest, most direct way, identifications tell us whether something
is important or not, whether it is potentially harmful, whether it is good or bad
from a particular point of view in time. In more concrete terms, to identify means
to distinguish (for example) between Virginia creeper and poison ivy, between a
wasp that stings and its syrphid fly mimic that only acts like it will sting,
between the moth that lives in wool clothing in the closet and the one that prefers
cereals in the kitchen cabinets.

But "identification," in the sense of contributing to pest management,
involves more that. just providing a name. To be useful the name supplied must
either evoke associated information that is common knowledge, or provide ready
access to the desired information. Unfortunately, all too frequently requests for
identifications of organisms produce nothing but names, or worse yet, nothing.

Of course there are reasons for this. And as we explore the relations of
identification and classification to pest management programs I hope we can at
least improve our understanding of the situation, if not find solutions to the
shortcomings.

Classification is a means by which we can deal with many objects under a
few headings. Its objective is to systematize knowledge or data, and in the
proce.s reveal associations that may lead to new knowledge. To classify we
commonly arrange information in terms of a heirarchy of nested, mutually exclusive
groups for convenience of reference. In biological classification these groups
are the species, genera, families, orders, and so on, that we recognize.

Theoretically, at least, classification provides a framework within which
all knowledge regarding each species may be recorded. To the extent that a
clasLification reflects genetic relationships, it permits useful generalizations
and contains a high degree of predictability regarding pest species and their
ultimate control. For example, Rosen (1969) states that "All the known species
of Acerophagus (members of the Hymenoptera family Encyrtidae) are parasitic in
mealybugs." It would be a reasonable assumption, therefore, that the as yet
undiscovered species of Acerophagus will also be parasitic in mealybugs.

Another example: In Japan and adjacent areas of the Far East, Japanese
B encephalitis is transmitted primarily by Culex tritaeniorhynchus. During
investigations in Japan during the early 19TUrithis mosquito could not be found
during the winter months, although knowledge of its behavior during that period
of its developmental cycle might obviously be important from the standpoirt of
suppressing the disease that it transmits. C. tritaeniorhynchus belongs to the
typical subgenus Culex, all members of which, 30 far as were then known, over-
winter in the aduiriEage in temperate climates. It was therefore predicted
(Oman, 1957) that C. tritaeniorhynchus would ovarwinter in Japan as adults.
Subsequent investigations established that this was so (Bullock, et al., 1959).

Predictability, on the basis of taxonomic correlations, becomes more
important as pest control tactics become more complex. It should also be apparent
that the more we know about species--their structure, behavior, biologies--the
better will be our classifications and hence the predictions Lsed upon them.
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Our ability to make precise identifications is severely handicapped by the
multiplicity of organisms with which we must deal, the fantastic variety of forms
in which they occur, and the generally inadequate state of our knowledge of the
organic world. Estimates of the number of kinds of living things on earth go as
high as 10 million. But these estimates are at best educated guesses; no one
really knows the extent of our fauna and flora. The number of kinds of insects
that are known--in the sense of having been named and "described"--stands some-
where around 800,000. How many yet remain to be discovered and characterized?

Although estimates of the total kinds of animals, or of selected groups of
animals, may vary widely, most informed scientists are in agreement on one point- -
we are still far short of having accomplished anything like a complete inventory.
Some workers (Raven, et al., 1971) express, the view that only about 10 to 15 per-
cent of the total kinds of life is now known, and make the gloomy prediction that
only another 51 will become known before the remaining 80% becomes extinct under
the impact of increasing pollution and environmental deterioration.

But as with the total kinds of organisms, these estimates as to the state of
our progress in enumerating them are only guesses; few attempts have been made to
analyze the situation critically. One interesting approach has been made by
Steyskal (1965, 1967) who has used "trend curves" to gain an understanding of how
this enormous job is progressing.

The use of "trend curves" in this manner, as Steystal points out, requires
acceptance of the premise that there exists a finite and relatively fixed number
of species on the earth, and that we have gradually been approaching a state in
which all species will be known. With these 2 assumptions, by plotting the rate
at which knowledge of species has been gained from 1758 (1760) to the present, the
shape of the curve so produced should give a rough prediction of where we stand in
our progress from scant to relatively complete knowledge, at the taxonomic level,
about living organisms.

Steyskal's trend curves for several groups of animals were prepared by
plotting accumulated numbers of species on ordinates, and years from 1960 to 1965
on abscissas. When the resulting curve was sigmoid he assumed the process of
naming and describing species to be relatively complete. From these curves he
inferred that the job of describing and naming North American birds to be virtually
complete. But the curves plotted for the fleas and mosquitoes, and most other
groups of insects considered, suggest that we are still considerably short of the
mid-point in the task of enumerating them. An analysis of the state of our knowl-
edge of flies in America North of Mexico, which stood at ca. 15,800 in 1967, pre-
dicts that the number will have been increased to at least 20,000 by the year
2100.

Perhaps this is still a rather discouraging outlook, and certainly would be
if we assumed that complete knowledge of a fauna is necessary to make valid pre-
dictions.. Personally, I am inclined to a rather optimistic view of the situation
for the simple reason that if we can do as well as we have in the prediction
game, knowing considerably less than half of our arthropod fauna in a very sketchy
way, my faith in the taxonomic method is confirmed, rather than being shaken.

Knowing what we do about the numbers of kinds of biological organisms, it
should be .easy to understand why so many "identifications" are incomplete,
incorrect, pr if correct, often furnish little biological information.

The situation is further aggravated by the fantastic intraspecific diversity
and variation that occurs in many organisms, particularly arthropods. Some of the
more obvious reasons for this great diversity are:

Life cycle differences, especially in the developmental stages
of holometabolous insects.
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Sexual differences, extremes of which occur in dimorphic species
such as bagworms, Stylopidae and many Hymenoptera.

Polymorphic differences, as found in social insects that have
many castes; e.g., ants and termites.

Host-induced differences, as found in armored scale insects,
seasonal variations, etc.

But the problems of identification and classification imposed by numbers
of species, and kinds and numbers of variants, are not the end of the story by
any means. Identifications are customarily made on the basis of individuals
(nearly always dead ones), and primarily on the basis of structural evidence.
But biological potential is concerned with populations rather than individuals,
and changes in the genetic composition of a population may not be accompanied (at
least initially) by overt structural changes in the individuals comprising the
population. Then there are the biological species, strains, or races--whatever
you wish to call them--that are important in pest management because they are
adapted to particular environmental conditions or hosts. They may or may not be
distinguishable by anatomical differences; usually they are not. Problems of this
sort occur with annoying frequency in the parasitic wasps used in biological con-
trol, as Paul DeBach (1960, 1969) has so clearly documented. Sometimes, as in
the case of Aphytis holoxanthus and A. ccheni, parasitic in scale insects, corre-
'.ated structural differences tat will isiErm identification of specimens can be
Liscovered, once the biological differences are recognized. But among the uni-
parental Aphytis, which constitute about 30% of the species for which the
sexuality status is known, structural characters that will differentiate these
biologically distinct lines are not known. In a situation such as this, conven-
tional taxonomic methods are not helpful; whatever "identifications" are required
must be made experimentally.

Considering, then, the complexity of the job, and the limited manpower
and facilities that are committed to it, we can only conclude that we are not now
equipped to handle the identification and classification problems that will be
required to support pest management programs, and I hesitate to predict when we
will be. But I consider it a part of my obligation to this Institute to attempt
an appraisal of the situation, and suggest possible courses of action that might
help improve it.

In recent years there has been frequent (and justified) criticism of the
antiquated methods used in taxonomy, much discussion of the feasibility of auto-
mated procedures in taxonomy, and of the desirability of using new kinds of evi-
dence that will improve our understanding of phylogenetic relationships of groups
of organisms. How practical are these methods?

The automated procedures would be expected to (a) determine the charac-
teristics of a specimen, (b) place those characteristics in computer memory, (c)

develop a classificadon of the specimens, including a diagnostic key to identify
additional specimens as either the same species as those previous./ processed,
or new, (d) revise the classification and key as new material is added, and (e)
supply on request the stored information about any species included. All these
processes except the first are within the capacities of modern electronic com-
puters. Optical scar-Ing devices are being developed that will accomplish at
least part of the ope.ation of determining characteristics of a specimen.

The new kinds of evidence that we hope will improve our understanding of
organic relationships include primary structure of some proteins such as insulin
(which suggests that pigs are more closely related to whales than they are to
cattle, horses, or sheep), hemoglobin, dehydrogenases and cytochrome c (which
appears to be useful as an evolutionary clock to measure phylogeny). DNA base
composition has been very useful in bacterial taxonomy, and offers considerable
hope of being helpful in other groups. The chemistry of animal pheromones and
defensive secretions promises to be helpful in species determination, as do

[801



BEM COPY AVAILABLE
Oman, P. W. Parasites and Predators

behavioral characteristics such as courtship songs. Minute details of arthropod
structure, as revealed by the scanning electron microscope, will likewise contrib-
ute to our ability to discriminate among species once a fund of knowledge suffi-
cient for comparative purposes has been accumulated.

All these lines of study, and others, are highly desirable and essential
for the future of a viable taxonomy that in turn will be more useful to pest
management. But as for making more than very limited contributions to pest
management programs within the immediate future, I think they are largely pie-in-
the-sky. In my opinion the development of pest management programs cannot wait
for the development and perfection of these more sophisticated, and ultimately
much more efficient, methods of classification and identification of organisms.
Even the very desirable goal of computer storage and automatic retrieval of
information needed in pest management is still not a reality in spite of several
years of effort by committees of our scientific biology societies (Foote, 1969,
1970). And even if Bossert's (1969) estimate that the establishment of one or
more central computer taxonomic information stores during the 1970's is economi-
cally and technically feasible proves to be an accurate one, I am doubtful that
we will get much help from that source within the next five years. We are still
operating in the Stone Age of automated taxonomic endeavor, and likely to remain
there for some time.

So we are stuck with what we have. What do we have?

We have a badly overloaded Federal Systematic Entomology Laboratory,
several equally overloaded state organ!.zations that attempt to meet the demands
placed upon them, some contributed assistance from specialists located at various
institutions, and a potential demand for taxonomic services that far exceeds the
capacities of all these together, even if efficiently organized. What can we do
about it? I shall discuss this question briefly from 2 points of view: (1)

Organizational structure, and (2) individual actions that should improve one's
chance of obtaining identifications under our present system.

The NRC publication, "Systematics in Support of Biological Research,"
outlines a proposal for an "American Institute of Applied Systematic;" that would
be expected to provide identifications and ancillary information of a taxonomic
nature as needed in the U.S. interests. Basically, this proposal calls for a
central secretariat to serve as an umbrella agency, and satellite taxonomic
centers located in different geographic regions af the country. In addition to
the administrative (and clerical) personnel, the taxonomic personnel would consist
of technicians, taxonomic specialists (identifiers), and research scientists. A
fee system, through which users would in part support the service, is proposed.

In justification of the system of satellite centers that would result in
dispeLsion of identification activities, 3 advantages are cited. These are:
Utilization of specialists and collections that already exist--a presumed economic
benefit; stimulating taxonomic work through interaction between local systematist
and those of the Institute; and facilitating training of new workers in fields
where they are most urgently needed.

I accept the validity of the arguments with respect to the last of these
cited advantages, but have serious doubts about the alleged economic benefits to
be derived from using geographically dispersed facilities and scientific talent
for this job. My own conviction is that we should first develop a strong central
organization with which satellite centers can later be associated as required.
I believe my recommendation for such an organization is not materially at variance
with the core plan for an Institute as outlined in the NRC publication.

I believe our immediate needs for taxonomic support of pest management
programs can most effIETWEITbe met by a strong, mission-oriented federal organi-
zation concerned with taxonomic biology.
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The kinds of personnel needed for a service organization of this sort are:
(a) A corps of expert identifiers, also responsible for research on specific,

limited problems of identification.
(b) Research taxonomists engaged primarily in improvement of classifications

in groups of concern to pest management.
(c) Information and bibliographic specialists, needed to assemble aid collate

information about taxa under study, including information for transmission
along with identifications. At the time identifications are made and
reported seems the logical time to "plug in" a summary of information about
the organisms, as may be necessary to meet the needs of field biologists.

(d) Support staff of technicians and clerical personnel.
(e) Administrative staff.

So much for meeting immediate needs. To serve the long-range needs of
developing pest management programs we will need both better quality in our
classifications of biological organisms, and greater precision and efficiency in
our identifications. To accomplish these aims I suggest:

(a) Commitment of specialized personnel--geneticists, biochemists, physi-
ologists, molecular b:ologists, anatomists and others--to production
of knowledge of a comparative nature about organisms belonging to taxa
of concern in pest management. This sort of knowledge is needed to
improve our understanding of biological relationships, and hence our
ability to make useful deductions and predictions. It is really
immaterial whether or not such personnel are an integral part of a
taxonomic organization so long as the desired information, and
cooperation with taxonomists, is forthcoming. To date development
of knowledge of this sort has been on too much of a hit or miss basis;
concentrated, sustained effort is needed.

(b; riecision in identifications, of the sort needed in pest management,
may well require discrimination among intraspecific elements as well
as among biological species that can usually be recognized only by
non-structural evidence. Hopefully most of the cryptic species may
eventually be identifiable on the basis of morphological evidence.
Recent critical work on some species of the parasitic wasp genus
Trichogramma by Nagarkatti and Nagaraja (1971) suggests that this
Ts indeed a reasonable expectation.

(c) Greater efficiency in the identification process is badly L_:ded
to cope with what surely be a considerable increase in demand
for this sort of service. Interestingly enough, during the last
decade there have been relatively large investments of effort and
money in attempts to make classifications more objective, but
relatively little attention to the practical problem of getting an
answer to the eternal question, "What is it?" Here is an area where
pest management programs might profit enormously from adapting
modern, highly sophisticated equipment and technologies to their
problems. In the medical sciences computer interfaced fast analyzers
(Anderson, 1969) have already been adapted to similar procedures.
Once the pressure for taxonomic support for pest management is
sufficient to finance operation, and the bugs have been worked
out (no pun intended), some devices of this sort may be entirely
practical. Concentrated effort on improving the speed and
efficiency of the identification process is strongly indicated.

There are some things that individuals can do to improve chances of
obtaining identifications when needed or requested. A few of these are:

(a) Do-it-yourself identifications. The advice that initial taxonomic
identifications of pest species (or other species) should be made
by a specialist in taxonomy is generally sound, particularly if there
is reason to believe more than one closely related species may be
involved. But any alert individual working intensively with a pest
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species, or engaged in sequential sampling of a faunal complex,
should become sufficiently familiar with most species routinely
encountered to make accurate identifications in nearly all cases.
Taxonomic specialists should, of course, be consulted in doubtful
cases:

(b) Kinds and amounts of material. If possible, get advice on the
kinds and amounts of material needed for identification before
samples are taken. Many factors--amount of infraspecific varia-
tion, occurrence of polymorphic forms, difference in developmental
stages, etc.--will influence the decision. If in doubt, take a
big sample. It is easier to throw away samples than to augment them.

(c) Association of developmental stages. Field biologists are the ones
best able to associate correctly the different developmental stages
of polymorphic organisms. Because correct association of stages may
be necessary to identify those that have been little studied,
attention to this matter may result in acquisition of information not
otherwise available. Further, development of means for identification
of immature stages depends upon availability of adequate samples known
to represent single species.

(d) Preservation and handling of material. Admittedly a difficult subject
on which to provide advance information, but if material is important
enough to require naming it deserves special care and handling.
Consultation with a taxonomist during the planning stage is indicated,
if possible. In lieu of that, there are some general guides (Anon.,
1965; Oman and Cushman, 1948; Sabrosky, 1971) to the preservation and
handling of specimens for identification, and these should be con-
sulted if more information is not readily available.

(e) Preparation of Material. Like preservation of specimens, the exact
method of preparation for definitive study by a taxonomic specialist
is not easy to predict, for specialists tend to have their own
idiosyncracies and preferences. Yet one of the greatest deterrents to
prompt and complete identifications in many groups of arthropods is
the matter of making dissections or similar preparations, or the slide
mounting of minute forms. A taxonomic specialist who is contributing
personal time will understandably be reluctant to do technician tasks
that someone else can do as well with a little practice.

(f) What needs to be identified, and how completely. Often a partial
identification is as useful as a complete one, and the questions
"What, and how complete?" can usually be determined by the taxonomic
specialist if the reason for requesting the identification is
indicated.

(g) Information associated with samples. Anticipating that information
that accompanies specimens submitted for identification will
eventually be included in information storage centers, it is of
interest to the field biologist to provide as much relevent infor-
mation as possible. Further, such information usually facilitates
or expedites identifications.

Of course, there is another way by which taxonomic support of pest
management and other phases of applied biology may be considerably improved.
That is through better cooperation and coordination of effort. My views in this
connection have been stated previously (Oman, 1960) but I venture to reiterate
some generalities.

What seems most neede ,..me adjustments in attitudes and objectives.
Traditionally, taxonomists ha*e not ')een'directly involved, and too often not
at all concerned about the prcblo N. of pest management or control, and conse-
quently disinterested in coope.a.lon. As Sailer (1961) has aptly remarked, "many
taxonomists regard utility with suspicion if not outright hostility." Couple that
attitude with the too widespread belief among applied biologists that taxonomy has
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nothing useful to offer, and you don't have a good environment in which to develop
cooperation.

It would no doubt be helpful if taxonomists could be induced to reorder
their work priorities so as (for example) to direct relatively more attention to
the development of sound classifications, and less to the search for and descrip-
tion cf taxonomic rarities; to be at least as much concerned about the taxonomy of
groups like the corn rootworms and billbugs as they are with the whirligig-beetles;
in general terms, to look with greater frequency for their intriguing taxonomic
problems among the economically important taxa. I have often argued, usually with
little success, that such problems are fully as interesting and challenging as can
be found anywhere, and they have the added advantage that more well documented
biological and behavioral evidence is readily available.

Perhaps one way of generating meaningful cooperation would be to include
taxonomists as partners in pest management programs, particularly in the planning
and investigative phases so that an understanding of objectives and methods exists
when requests for service identifications arrive. Surely taxonomists cannot be
indifferent to the evolutionary significance and taxonomic importance of knowledge
of pheromones and other means of infraspecific communication by arthropods that
offer so much promise in pest management. By broadening their investigations in
these fields, to include studies of siblings of pest species, those concerned with
pest management research could produce information of great significance to
taxonomy as well as contributing to their own objectives, which include under-
standing the complex interactions among organisms that occupy a common ecosystem.
The evidence from Roelofs and Comeau (1969) on specificity of pheromones in moths
of the families Tortricidae and Gelechiidae, that from Moreno, et al. (1972)
dealing with pheromones of closely related species of scale insects, and infor-
mation about the composition of the sting venom constituents of related species
of fire ants cited by Buren (1972), are contributions of this nature. Equally
intriguing is the mass of information about pheromones of bark beetles and other
economically important groups being assembled by many investigators (e.g., Pitman,
et al., 1969; Renwick and Vite, 1970; Sanders, 1971). Studies by Rudinsky and
Michael (1972) reporting the chemostimulus of sonic signals in a bark beetle
should be of special interest to taxonomists interested in evolutionary theory.
When our knowledge of the roles of kairomones, allomones and other natural and
synthetic chemical messengers becomes more comprehensive, it may provide evidence
of comparable importance to taxonomy.

Finally, a brief reference to education of personnel for future pest
management programs. Without implying in any way that concern with evolutionary
theory is not essential to the education of taxonomists, I believe emphasis on
that topic, to the virtual exclusion of training in methods and techniques of
identification and classification, is not likely to produce scientists helpful in
pest management programs. The process of adjusting the attitudes of future
taxonomists to one of more concern with pest management problems must begin during
their academic training. And perhaps that is also the time to convince pest
management specialists that taxonomy does have utilitarian aspects.
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CRITERIA FOR DETERMINATION OF CANDIDATE HOSTS
AND FOR SELECTION OF BIOTIC AGENTS

F. D. Bennett
Entomologist in Charge, W.I. Station

Commonwealth Institute of Biological Control
Gordon Street, Curepe, Trinidad

I. Criteria for Determination of Candidate Hosts

The motives for setting classical biological programmes in motion a-e
varied; ar analysis of the insect pests on which classical biological cont:-.)1 has
been attempted would show that few criteria would apply to them all. There may be
instances where the insect in question is not a serious pest and hence while it
holds true for most investigations even this factor, which would appear to be a
logical criterion, breaks down.

In general biological control programmes are initiated as a result of one
or more of the following: (1) a recently introduced pest is discovered; (2) other
methods of control have been tried and failed; (3) other methods of control are
too costly or produce detrimental side effects; (4) a pest is under partial bio-
logical control or natural control but an improved level of control is necessary;
(5) one species (sometimes more than one) amongst a group of pests is considered
a key species which if "taken out" by biological control would permit the
relaxation of pesticide treatments and allow established natural enemies to bring
the other species of the complex under control.

Likewise the impetus for initiating a biocontrol program may come from
various sources; for example: (a) a government agency responsible for biological
control activities; (b) a large organization representing farmers, horticulturists
etc., with a vested interest in the crop being attacked by the pest under ques-
tion; (c) an international advisory board or a professional group working on bio-
logical control; (d) an individual pest control specialist running into diffi-
culties in a pest management program; or (e) a politician or other important
dignitary who has a problem in his own garden, orchard or farm.

Regardless of how the request originated, projects, particularly when actual
introductions are contemplated, are brought to the attention of the pertinent
government agency for permission to import the biotic agents. Usually their assis-
tance is sought much earlier for advice, finance, professional contacts, etc.
There is little doubt that the efforts of an enthusiastic well-informed individual
through his persistent prodding and in some instances "salesmanship" can go a long
way in getting a project off the ground.

An administrative unit faced with several pest problems requiring biological
control and with limited funds and staff may have to produce a list of priorities
as to the order in which projects should be undertaken. There is available to
assist in this a growing list of references giving the opinions of various

[87]



BEST COPY AVAILABLE

Bennett F. D. Parasites and Predators

authorities in the field of biological control. DeBach (1964) .and Huffaker (1971)
provide excellent background information. Reviews of classical biological control
projects for several particular regions are also available: Wilson (1960, 1963)
for Australia and New Guinea; McLeod, McGugan and Coppel (1962); and Corbet, et
al. (1971) for Canada; Greathead (1971) for Africa; Rao (1971) for Fiji; Rao, et
al. (1972) for Southeast Asia and the Pacific; Clausen (1956) for the USA;
Bennett and Hughes (1959) for Bermuda, etc. Among the most outspoken current day
proponents for "pressing on" with attempted biological control of insect pests
(and weeds) by the classical method are DeBach (1971) and Simmonds (1972). The
following statement from Huffaker, Messenger and DeBach (1970: "Native as well
as exotic pests are suitable subjects for biological control" sums up the view
shared by the author that classical biological control should be among the first
means of control to be considered whenever an insect problem arises. This does
not mean that other approaches, including eradication when practical, breeding
for plant resistance, chemical control when necessary, or the manipulation of
natural enemies already present should be ignored, nor does it mean that all
programs set in motion will be successful, but as classical biological control
still affords the beet chance of achieving a permanent solution and also a
method which once operative, calls for little or no additional expenditure, it
should be given high priority.

Introduced Versus Native Pests

While the statement that pests et both categories are candidates for bio-
logical control programs holds true, the statement that introduced pests are
better candidates for biological control, with some notable exceptions, particu-
larly where weed problems are considered, is usually valid. Recently introduced
pests frequently "explode" because their customary population controls--parasites,
predators and pathogens--have usually been left behind. The classical example of
biological control of cottony cushion scale, Icer a urchasi Mask, i.e., the
accidental importation of the pest followed by t e intro uction of its natural
enemies Rodolia cardinalis Muls., initially and at a later date Crypotochaetum
icer ae WiTraton), into California and often repeated in other countries (see
DeBac , 1964) demonstrates this only too well. Pimental (1963), after pointing
out that relatively few attempts had been made to control native pests with
introduced parasites and predators, argued that as many introduced species had
been brought under control by the introduction of natural enemies obtained from
other hosts, the same approach, i.e., the introduction of natural enemies of

allied species should also work against native pests. While some of the
inferences drawn by Pimental in this article have been criticized (Huffaker, et
al., 1972), there is general agreement that answers to native pests may be found
by searching elsewhere within the natural distribution of the pest or amongst the

natural enemies of allied species. Thus, whereas satisfactory control of the
native sugarcane pest Diatraea saccharalis (F.) in St. Kitts, W.I., was achieved
by the introduction ofEErTiainid Lixophaga diatraeae Tns. from t) same host
in the Greater Antilles (Box, 1960), the brolo41771ZUNtrol of several other
species of Diatraea native to Venezuela was achieved by the introduction of
MetagonistyTUFETEZIse Tns., another parasite of D. saccharalis originating in
Brazil (Box, 19W-Riinett; 1971); and in Barbados Apanteles flavipes Cam., an
Asian parasite of Sesamia spp., and other unrelatedSUM7has provided excellent
control of D. saccEiFini (Alam, Bennett and Carl, 1971). The frequently quoted
examples wherein the Asian fungus Endothia parasitica decimated the native chest-

nuts in North America and the diasliNgiFiles, Carulaspis minima (Targ.) and
Lepidosaphes newsteadi Sulc. played similar havoc to the endemic cedar Juniperus
bermudiana L., following their introduction into Bermuda, are ample proof that
arliEripproach may be applicable to native weed problems (Wilson, 1970).
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Direct Versus Indirect Pests

The statement "Indirect pests are suitable subjects for biological control;
direct pests are not" by Turnbull and Chant (1961) has brought forth vigorous
rebutter by Huffaker, et al. (1971). The latter quote the olive scale as an
example of a direct pest (it preferentially attacks the fruit although it also is
an indirect pest in that it attacks the leaves and twigs), brought under satis-
factory control by the introduction of parasites. It is accepted that increas-
ingly higher standards of perfection have meant that additional control measures
have been required at times to aid what ugs previously considered adequate bio-
logical control. It does not negate the fact that an appreciable level of con-
trol was being exerted, nor does it mean that further attempts to improve the
level of control by additional introductions or manipulations of natural enemies
would be useless. There is little doubt that the development of the chlorinated
hydrocarbons and other more recent "efficient" insecticides was responsible for
raising the standard of perfection of fruit and vegetables to the level the house-
wife now expects. It did, of course, often mean sole reliance for control on the
use of indibcriminate pesticides. After initial successes these have all too
often "turned sour" when other previously minor pests released from their natural
enemies which were killed off by the insecticides, necessitated even further pesti-
cide applications. Thus in South Africa, on citrus where partial permanent bio-
logical control was replaced by temporary chemical control following the intro-
duction of initially DDT and later parathion treatments, the frequency and cost
of pesticide applications spiralled to the point where in certain areas citrus
production became uneconomic. The persistent, painstaking efforts of Eric
Bedford and his colleagues in rectifying this situation, wherein classical bio-
logical control plus the encouragement of endemic natural enemies and the use of
selective pesticides have led to one of the most successful, yet delicately
balanced, pest management programs devised to date (Bedford, 1968a, b; 1969; 1971;
Broodryk, 1964). This system, apart from being considerably cheaper than the
regime of repetitive sprays previously practiced, also meets the demand for high
quality blemish-free fruit, indicating that direct pests can be successfully
controlled by natural enemies.

In many developing tropical countries where the grading standards for
edible produce are low or nonexistent any significant reduction in the level of
damage by a direct pest is worthwhile. For example, in Mauritius the
lepidopterous pod-borers, Etiell.. zinckenella Tretischke and Maruca testulalis
Geyer inflicted damage to Eriant where Cajanus cajan (L.) grir-sf7WiiTittle
cultivated. Following investigations of the parasrtes of Ancylostomia stercorea
(Zell.) the most common pod-borer of C. cajan in Trinidad, Bennett (1960) shipped

. six species of hymenopterous parasites to Mauritius. Two of them, Ei hosowa
annulatum Cress. and Brecon cajani (hues.) became established. Losses,
were 1E The order of ni-Wior to parasite establishment, dropped to 20 to 3C%,
an acceptable level to enomrage an increase in production of this crop.

Key Pests

All too frequently a complex of pests attacks a single crop. Whereas,
many or most of these are under good natural or biological control, this is
often upset by applications of pesticides against the remaining pest species.
These then become the key factors in pest management programs. They are key pests
because they lack adequate natural enemies. For example, following the successful
outcome of his investigations on citrus pests in the Rustenberg area, South
Africa, Bedford (1968b) considers that the citrus thrips Scirtothrips aurantii
Faure and the citrus bud-mite Aceria sheldoni Ewing, are the two most TEFFEiEt
annual pests in orchards where-BIBIEgialaarol is practiced. These two
species currently requiring pesticide treatment are the key pests for which bio-
control is most urgently required. In the meantime only the carefully worked
out pest management scheme which permits the restricted use of recommended
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pesticides at the appropriate times allows the biotic agents to check other pest
species.

Similarly, in Peru, where studies have indicated (fruit flies excepted)
that parasites and predators if undisturbed provide satisfactory control of most
citrus pests except the rufous or W.I. red scale, Selenaspidus articulatus
(Morgan), and the citrus wooly whitefly Aleurothrixus flocossus (Maskeil)
(Beingolea, et al., 1969) emphasis should now be placeraaiprocurement of
suitable natural enemies against these two pests.*

Monoculture Versus Mixed Crops

The valu,. of maintaining some degree of vegetational diversity to
encourage or to retain effective populations of natural enemies is well recog-
nized (Southwood, 1971). The general trend toward larger fields and thereby
to monocultures has been brought about for reasons of economy and efficiency in
agricultural practices other than for insect control. Van den Bosch and Stern
(1967) have demonstrated that even in monocultures the value of natural enemies
(predators and parasites, introduced as well as native), can be enhanced by
altering certain agricultural practices, e.g., strip cutting of alfalfa rather
than harvesting the entire field at the same time. In many areas in the Neo-
tropics the biological control of stalk borers, Diatraea spp., in monoculture.
of sugarcane has remained effective despite an increase in the size of the
individual fields. In this region the annual reaping season frequently lasts for
five to seven months and hence all fields are not reaped simultaneously. The
last fields to be cut are often in close proximity to those cut at the beginning
of crop and there has been ample time for the migration of natural enemies from
field to field in the interim.

Pests of Perennial Versus Annual Crops

The significance of the type of host-plant crop in successful programs of
biological control of insect pests analyzed by Lloyd (1960) indicated that most
completely successful and partially successful examples were against pests of
perennial crops. DeBach (1964) also referred to this, but while he did not
pursue it explicitly, there are sufficient at least "partial" successes against
pests of annuals that this area should certainly not be overlooked. Also, of the
numerous scarce non-economic pests on annuals it is highly probable that many are
kept in check by biotic factors. With increasing possibilities to replace chemi-
cal pesticides with highly host-specific microbial agents to control some of the
major pests the chances of achieving satisfactory control of others by classical
biological control are enhanced.

Biological 1:21

DeBach (1964, 1971) has given consideration . the successes achieved
among pests of the various categories of insects. Successes have been achieved
in nine orders, but principally in the Diptera, Coleoptera, Lepidoptera and
Homoptera. More than half of the successes are against homopterous pests, but
he had stressed that the high number of successes among this order is more

*It appears likely that the answer to S. articulatus may be at hand; A h tis sp.
shipped co Peru from Kenya by Dr. D. J. GiiirRITlist African Station, ommon-
wealth Institute of Biological Control, has been successfully recovered follow-
ing field releases during the past few months; levels of parasitism are most
encouraging (personal communication, 0. Beingolea G., May 1972).
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probably due to the disproportionate amount of effort directed against scales
and mealybugs than that they are necessarily more amenable to biological control.

Experimental Biocontrol Programs

Occasionally the opportunity presents itself wherein a phytophagous insect
lay be common on a plant or crop of low economic importance or where there is na
immediate pressure to attempt control of any type. The occurrence of promising
parasites elsewhere may provide the opportunity of testing the two contrasting
strategies of biological contro!, i.e., the release of only one parasite species

versus the release of a complex. Dr. H. Pschorn-Walcher of the European Station,
CIBC (unpublished 1970 Annual Project statement to the Canadian Department of
Agriculture) proposed such an experiment when recommending the trial of European
parasites of the birch casebearer Coleophora fuscedinella (Zell.) into the
Canadian Maritime Provinces where it usualITMET1171Wportant economic pest.
Unfortunately, personnel and adequate funds to carry out such projects properly
are usually lacking.

General Conclusions

There are few if any absolute criteria that apply to all problems for
selecting candidate hosts for biocontrol other than the contention that every
pest is a potential candidate to which some consideration of this method should be

given. DeBach (1971) has repeatedly emphasized that the number of successful bio-
control projects in an area bears a direct relationship to the emphasis and
resources put into biological control research and importation. This coupled with
his statement that "no geographic area or crop or pest should be prejudged as being
unsatisfactory for biological control attempts" leaves the field wide open.

II. Criteria for Selection of Bioti A ents

While much has been written abcut the attributes of a biotic agent there

are basically only two major considerations when selecting control agents: (a)

that the natural enemy should appear to have the potential to at least partially
control the target host species; and (b) that the introduced organism will not
cause detrimental effects to the ecosystem.

While with certain projects and With certain groups of predators and para-
sites detailed investigations may be required to satisfy these criteria--for
example where one sex may develop as a hyperparasite, or where species are
facultatively hyperparasitic, and in some instances where a large complex of
natural enemies already occurs--there are many instances where natural enemies have
been shipped and released almost as soon as they were located. The "policy" of
the country or organization conducting the investigations may decide the degree of
research necessary before a choice is made. Whereas some countries, e.g., Canada
attempt to take into account many factors and attempt to find a "fit" among the
biotic agents available and those already present, the policy in other countries

is often at the other extreme, i.e., "if a natural enemy is available, let's try

it."

The procedures adopted during the past decade by the Canadian authorities
for the selection of species for introduction against forest pests are described

by Reeks and Cameron (1971). As their remarks also sum up several of the factors

taken into account when selecting candidate biotic agents and as my views are in
agreement with theirs on the previously controversial topic of multiple species
releases as opposed to the release of only one or two species, I will quote
extensively from their paper--"Appreciation of a pest problem is usually accom-
plished through a study of the population dynaOlc of the pest in Canada. As
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soon as a pest is recognized as one of foreign origin the possibility of bio-
logical control is investigated through cooperation with the Commonwealth Institute
of Biological Control. The latter organization, chiefly by its staff at the
Delemont Station, Switzerland, surveys and appraises the natural enemies in the
countries where the pest is indigenous. Two additional features have been added
to the C.I.B.C. studies during the present reporting period. More emphasis has
been placed on studying competition between species of parasites to determine
which ones are intrinsically or extrinsically superior, and in the case of N.
sertifer studies, the relationship between parasitism and prey density has Seen
examined more critically within limits opposed by availability of staff.

"In the preliminary search for candidates for introduction, the first step
was to find host species identical or allied to the pest in Canada. When con-
sidering allied host species as a source of suitable material, care was taken to
assure that the forest communities in both countries were similar in composition
and ecology. Both monophagous and polyphagous biotic agents were considered in
the preliminary self tion of candidates and invariably there had to be strong
evidence that the organism would attack the prey species in its new environment.
This consideration is consistent with theories of Turnbull and Chant (1961) but
they chose a poor example to demonstrate their point. They suggested that
Dahlbominus fuscipennis (Zett.) was an unsuitable parasite for use in the bio-
IBilarZENtrol of the European spruce sawfly program because it was "never found
parasitizing D. here niae or its close relative, D. polytomum, in their native
environments. . . . ACtually, it has been known for over 30 years that the
parasite does attack D. Eolytomum in its native environment and the failure of D.
fuscipennis in Canada-Must be explained by a combination of other factors, as
reviewed -Sy Reeks."

"The selection process continued throughout the European and nadian
programs, and decisions took into account the controversial question to the
number of species or organisms that should be introduced against a sin, e pest.
Several candidates were generally selected for importation and rearing .nth the
view to releasing more than one species if circumstances warranted. Multiple
species releases are contrary to the views of Turnbull and Chant (1961) -'10
favor release of only one or two promising species against each target species.
One must agree with these authors that the selection of 27 species for release
against the European spruce sawfly could have been narrowed. However, on bio-
logical grounds there has been notning to indicate that single-species releases
have any advantage over multiple-species introduction. The multiple releases
against the European spruce sawfly evidently did not have a detrimental effect
because, as shown by Neilsol, Martineau, and Rose (1971), either parasites, the
virus, or combination of both are capable of regulating host densities. Further-
more, there is now excellent evidence from recent experience and inductive popu-
lation models of Hassell and Varley (1969) that the practice of multiple or suc-
cessive introduction is sound, the advantages of multiple introductions being:
(a) greater chance that at least one species will be established; (b) possi-
bility of better control offered by two species than by one; and (c) dominance
of different species by competitive displacement in different climatic zones."
Simmonds (1972) has defended the so-called "hit or miss" system of introductions
wherein entomophagous species should be tried as they become available rather than
attempting to analyze the very complex biological systems to select what appears
to be the "best" parasite or predator. As he states "The introduction of a
natural enemy into a new area is in fact the final and crucial experiment and the
outcome to date never absolutely predictable except insofar as harmful reper-
cussions can be guarded against. For all the careful selection of promising
species for introduction and for all the knowledge of the ecological requirements
--it may on introduction into a new area with a somewhat different climate, flora,
and "ecology" react in a different way. Promising biological control agents have
failed to live up to expectations whereas apparently unlikely species have been
very successful."
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Obviously the phrase of Reeks and Cameron (1971) already quoted "within
limits imposed by availability of staff" is frequently the factor determining the
intensity of the investigations, prior to, during and following release of
organisms. All too frequently the number of problems on which investigations are
required preclude studies in depth and under these conditions the "hit and miss"
approach of Simmonds (1972) is often the easiest to adopt.

An exploratory entomologist undertakes much of the foreign investigations
for Hawaii and sends back material of any potential agent that he encounters.
Each species is screened under quarantine and those species found to be primary
parasites or predators capable of developing on the pest under study are mass-
bred for release.

The attributes of an effective natural enemy are frequently itemized and
discussed. Doutt and DeBach (1964) preparatory to listing as attributes (1) a
high searching capacity or ability to find its host when scarce; (2) a fairly high
level of host specificity; (3) a potential rate of increase; and (4) an ability
to occupy all host niches and to survive well; have pointed out that it is not
possible to make an entirely reliable prediction on how effective a given exotic
entomophagous species will be. Reference has already been made to Simmonds (1972)
who expresses the same views and hence it is difficult to suggest absolute criteria
for selecting control agents. Whereas some consider that a species should be
host-specific, there are times when the best available biotic agent is polyphagous.
Thus Hichiki (1971) stated that one of the reasons why Coltoclypeus florus
(Walker) was selected for trial against the red-banded lea=- rosier Argyrotaenia
velutinana (Walker) because it is polyphagous on tortricids; it is also

ne increases rapidly. He added that resistance to commonly used insecti-
cides would also be a useful attribute. In instances where an endemic or long-
established species occasionally flares up, a "high density" biotic agent may be
released to attempt initial control and to lower the density of the pest to the
point where another "low density" agent can cope. Recently in St. Kitts, West
Indies, populations of the coconut mealybug Nipaecoccus nipae (Maskell) increased
to the point where control measures were indicated. It was recommended that the
high density predator Cryptolaemus montrouzieri Muls. be introduced immediately
and if permanent establishment did not occur, released periodically until
releases of certain parasites credited with suppressing this mealybug in Trinidad
(but more difficult to procure in adequate quantities for immediate release)
could be arranged. In Canada two introduced parasites of the winter-moth,
Oferophteria brumata (L.) apparently act in this manner. The Tachinid Cyzenis

taloicans ali-WE-a- a more effective control agent at high host densities than
is to Ichneumonid A r on flaveolatum (Gravely) which is most effective at low
densities (Embree,

Concluding Remarks

As stated initially, it is difficult to define criteria for selecting
biocontrol agents which are applicable in all instances. It is often equally
difficult to explain why certain "promising" species have failed and why
"unpromising" ones have succeeded. For some of the former DeBach (1971) has
suggested that attempts to obtain possibly slightly different genetic material
from areas where the microclimate more closely matches the area where control is
desired may be rewarding.

Embree (1971) postulates that if investigations such as those undertaken
on the winter-moth are pursued, "ultimately the selection of biological control
agents and the manner in which they are manipulated will be based on the results
of simulation studies using standard mathematical models encompassing the pros-
pective controlling agent and the ecosystem in which it is to act." It is
probable that this method of selecting biotic agents still far in the future
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and that the "specific" aspects by which no two problems are exactly the same

will continue to require that final experiment, the field release, to determine
whether a biotic agent will be effective or not.
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Introduction

For more than 80 years entomologists have been aware that insect pests can,
in varying degrees, be controlled through movement of parasites, predators and
diseases from one part of the world to another. More recently similar movement of
plant feeding insects has been repeatedly shown to be an effective method of
suppressing weed,-. Where importation of beneficial species has eliminated or
greatly alleviatud pest problems the economic value of the method is obvious.
Usually the total cost of such introductions, including exploration, research on
biology, behavior, propagation, colonization, distribution and evaluation, has
represented but a small part of the annual loss caused by the pest. The reason
for this is clear. Energy stored in the form of the pest's own biomass fuels a
self-perpetuating control system.

The fact that such syst:ms pervade all biotic communities has only
recently become apparent to applied entomologists. Despite the many successful
examples of pest suppression following introduction of what I would like to call
counterpests, the full value of parasites, predators and diseases did not become
apparent until after their all too frequent annihilation following widespread use
of highly effective broad spectrum insecticides. The numerous examples of obscure
plant feeding insects and mites that suddenly gained prominence as major pests and
the violent "flare backs" of pests following large-scale use of insecticides has
now convinced most entomologists that natural enemies are in fact a potent force
in the regulation of insect populations. As a result, economic entomology is
moving toward the concept of control through management practices that maximize
the effect of natural enemies. Resettlement and encouragement of natural enemy
populations are basic elements of the pest management concept.

While my topic specifically concerns activities related to finding and
importing parasites and predators from foreign countries, the underlying concepts
and principles do not differ appreciably from those relating to movement of a
useful scale insect parasite from one orchard to another. The differences are
simply those of methodology, logistics, and degree of scientific and operational
complexity.
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Why Import Exotic Parasites and Predators?

Not infrequently I encounter people who express surprise and even
incredulity when they learn that entomologists are paid to find and import
foreign insects into the United States. This attitude does not surprise me
greatly. After all, to the average person, an insect is something that bites,
stings, chews up vegetable gardens, spoils prize roses, or is an unwelcome picnic
guest. What has surprised me over the years is the large number of entomologists
who question the value of parasite introduction programs. Even now, in a time
when public interest in biological control has revived and entomologists are
eagerly searching for non-chemical methods of pest control, there is no concerted
effort to increase research on introduction of beneficial insects. Such interest
has translated into a very considerable increase in research on resident parasites,

and particularly on pathogens. Important as this research is, it will not add
new biological agents to our armory of weapons needed to combat pests. That such
agents exist and have completely or partially solved many pest problems in the
United States and elsewhere in the world is evident to anyone who wishes to
acquaint himself with the facts.

Without enumerating all the examples of pests that have been effectively
controlled or partially controlled by introduced natural enemies, it should be
sufficient to cite figures given by DeBach (1972). According to his estimates
each dollar spent on parasite introduction has returned $30 in benefits to
agriculturalists. By comparison, each dollar spent on insecticides returns only
$5 in benefits (Pimentel, et al., 1965). However, to place these figures in
proper perspective it should be noted that all money spent during the past 80
years in parasite introduction would be but a small part of the $420,000,000 spent
annually on insecticides (Agricultural Research Service, 1965).

Many entomologists who do not question the benefits of past introduction
programs nonetheless feel that most of the useful species have probably already
been found and introduced. After all, they have read in semi-popular and even
scientific literature accounts of the parasite explorers who have "combed" the
world for useful parasites and predators. It is true that during the past 80
years USDA, University of California and Hawaiian entomologists have logged a lot
of miles, and at least 420 beneficial species have been imported and colonized in

some numbers. Another 200 have been imported and studied to some extent but not
released. Of those colonized, a recent tabulation shows that 128 are now estab-

lished in continental United States.

Some 60 insect pests and 10 weeds have been targets of this work which has
resulted in complete or substantial control of at least 15 insect pests and 2

weeds. However, in the United States there are about 10,000 kinds of insects and
mites with some degree of importance as pests. Of approximately 700 that fall in
the important pest category 212 are of foreign origin../ The latter include many
of our most serious pests and it is against these that parasite introduction work
offers the greatest promise.

Experience has shown that few insects, injurious or beneficial, are not
at some place and time the host or prey of at least 3, more or less specific

entomophagous insects. The number of associated cligophagous and polyphagous
parasites and predators is normally many times greater. As another way of looking
at the problem, all species of the hymenopterous family Icheneumonidae are para-
sitic on other insects. Townes (1969) the foremost authority on this family,
estimated that it contains 60,000 species, of which less than 15,000 are described.

1/Unpublished data, USDA. Import Inspection Task Force.
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The Braconidae, another family of Hymenoptera in which all members are parasitic
on other insects, is believed to contain an even larger number of species. Add to
these, the entomophagous species belonging to other families of Hymenoptera, and
of Diptera, Coleoptera, Hemiptera, Neuroptera, together with elements of most
other orders, and the total number of beneficial species should easily top 200,000.
Now scatter these species over the earth's continents and major islands. Then
recall that for most we lack even a name, Ind some picture of both the potential
as well as the magnitude of the problem begins to emerge. Clearly the parasite
explorer's "comb" had few teeth.

Now, I would like to return to the point alluded to earlier, namely that
alien pests offer the most promising targets for a parasite introduction program.
Reasons for this lie deeply rooted in ecology and the evolution of host-parasite
relationships within ecosystems. First, the hosts, insofar as we are concerned
with plant-feeding insects, are primary consumers. The parasites and predators
are secondary consumers and are themselves a food resource for tertiary consumers.
The latter fall into the category of secondary parasites or hyperparasites that
are also of immediate concern to parasite introduction programs.

Now why is all this important to the question of importing beneficial
insects into the United States? For an answer we need only look at the post-
Pleistocene history of the North American flora and fauna. Following the with-
drawal of the last continental ice sheet about 10,000 years ago the North
American biota reoccupied the glaciated areas and species assorted themselves into
life zones and biomes acJording to climate and internal ecological or geographic
barriers. Except as he made use of fire, the American Indian had little influence
over the history of the ecosystems that evolved in North America prior to the
arrival of Europeans. Within a few years after Columbus made landfall at the
island of San Salvador in 1492 events were set in motion that were to affect the
North American biota more profoundly than did the glaciers of the earlier epoch.

With the arrival of the Spaniards, Frenchmen, and Englishmen, came the
livestock, agricultural. crops, horticultural crops, and ornamental plants of
Europe accompanied by camp following insects, weeds, and diseases. As agri-
culture and industry spread across North America, commerce reached out to all
parts of the world and additional alien specief,gained entry and became part of
the North American biota. A recent tabulationA1 of immigrant insect species now
in the 48 contiguous states includes 1,115 species. Of these only 128 have been
Purposely introduced. Of the remainder, 616 are of son.e importance as pests with
212 falling in the important category. It is of more than passing interest that
152 of the accidental immigrants are either known to be or can be regarded as
likely to be beneficial. This figure reflects little credit on the efforts of
entomologists who after 80 years have succeeded in importing and establishing
only 128 beneficial species.

Remembering that each plant-feeding insect in its homeland has at least
3, more or less host-specific natural enemies, why the great disparity between
immigrant pest and immigrant. counterpest? The answer is obvious. Given equal
opportunity to gain entry, the secondary consumer cannot colonize a new erea
until its primary consumer host is present and has attained a population density
level sufficient to sustain the parasite. Add to this the more restrictive
environmental requirements of parasites, i.e., alternate hosts, different adult
food requirements, and narrower tolerance to varying climatic factors, and it
is clear that probabilities of establishment are much more favorable for the
primary consumer.

1/Unpublished data, USDA. Import Inspection Task Force.
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Thus, in breaking down the geographic barrier that so long isolated North
America from the Old World, a selective filter was established that admitted plant-
feeding insects much more readily than their natural enemies. In the absence of
the natural enemies with ihich they had co-evolved an interacting relationship
that contributed to the tability of their ecosystems, the alien plant-feeding
species thrived. Having found an otherwise favorable habitat, they were able to
increase their numbers rapidly and become a disruptive influence in the invaded
ecosystems. We are all too aware of consequences following the establishment of
such species as the European corn borer, gypsy moth, smaller European elm bark
beetle, Japanese beetle, and many others.

The obvious disparity between the immigrant pests and immigrant counter-
pests serves as another measure of the magnitude of effort needed to fully
exploit the potential of exotic arthropod parasites and predators. Assuming that
there are 212 economically important pests among the 1115 alien species now resi-
dent in the United States, a little simple arithmetic suggests that somewhere
there are more than 600 beneficial insects that should be useful in this country.
Since 128 have been imported and established during 80 years, and assuming no
acceleration of the program, it would require another 376 years to finish the job!

Clearly, alien insects have repeatedly posed major threats to American
agriculture and today they constitute a majority of our most costly pests. More-
over, despite our foreign quarantine regulations, new alien pests of major
importance seem to turn up at the rate of one every 3 years. Short of expecting
to rely indefinitely on chem'al control or on the hope of developing resistant
crop varieties, the only prospect for effective control is through a parasite
introduction program. By introducing their primary parasites and excluding asso-
ciated secondary parasites we can expect a more favorable degree of control than
the parasites provided their home country. Here we have an advantage. not enjoyed
in the home country of the alien pests.

In find analysis, parasite introduction is or at least should be
approached as a problem in ecosystem engineering. The entomologist must endeavor
to create a system of interacting primary an" secondary consumers that will allow
the farmer the largest possible share of the products of the agro-ecosystems on
which we all &Tend. However, we have far to go before enough is known about th3
comparative arformance of the vast multitude of parasites and predators available
in the world fauna to enable entomologists to confidently select the best parasite
or combination of natural enemies required to manage an agro-ecosystem with
predictable results.

Methodology of Parasite Introduction Programs

Selection of the Target. Many factors should enter into a determination
of when and against what pests exploration for natural enemies should be under-
taken. However, projects have generally been initiated in response to urgent pest
problems. Funds for parasite introduction have been forthcoming usually as part
of a very much larger amount appropriated specifically for research to control a
new and alarming pest.

This pattern began with the decision in 1905 to search for parasites of
the gypsy moth. Similar work on the alfalfa weevil followed in 1911, the European
corn borer in 1919, Japanese beetle in 1920, and Oriental fruit moth in 1929.
During the early 1930's substantial additional funds were made available for work
on the corn borer. Between 1949 and 1952 following World War II and a period when
support for biological control had all but disappeared, funds were allocated for
work on the spotted alfalfa aphid, fruit flies, citrus blackfly, and pink boll-
worm. These injected new life into foreign exploration. Funds for work on the
cereal leaf beetle were forthcoming in 1963 and by 1971 the wheel had turned once
more to the gypsy moth.
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For the most part, this work has been productive and has yielded results
useful for control of the pest against which work was undertaken. However, in at
least one case, a project that was eventually written off as a failure, yielded,
as a by-product, four beneficial species of outstanding value. The project in
question was that involving work on pink bollworm in India. Although many thou-
sands of pink bollworm parasites belonging to several species were shipped and
released in Texas and Mexico, none became established. However, George W. Angalet
(USDA, ARS), who was stationed in India to work on the pink bollworm was alert
for opportunities to do useful work on other pest problems. As a result of this
secondary activity, we now have in the United States the pea aphid parasite
Aphidius smithi Sharma and Subba Rao and the parasite of ft,odesgrass scale,
Aeodusmet wani (Rao), as well as the two puncturevine weevils Microlarinus
rar(:iFTjacq. au al) and M. lypriformis (Wollaston). At this poiFETrag7
Befits resulting from intraduction of these 4 species have many times repaid
the cost of keeping Angalet in India for 6 years.

This example points to the need for flexibility in parasite introduction
programs, as well as to the obvious advantage of having people in foreign coun-
tries who are alert to opportunities aside from their primary objective. This is
particularly important in view of the often fortuitous nature of such opportuni-
ties. However, such flexibility in the foreign phase of an introduction program
will serve little purpose if there is not similar flexibility in the domestic
phase. Unquestionably, the uncertainty of a flexible program is unsettling to
program planners and even to the working scientists at domestic locations; but,
without such flexibility, opportunities will be missed and unnecessary pest losses
will continue perhaps indefinitely.

While I am not thoroughly familiar with procedures of the University of
California's introduction program, it is my impression that their selection of
pest specius is also influenced by the factor of economic urgency. However,
because of their practice of sending staff scientists on temporary assignments
of short duration, the choice of pest species is often influenced by the special
interests of the entomologist available for assignment.

Early work by the Hawaiian Sugar Planters' Rssociation was also directed
toward pests of immediate economic urgency. In later years, much of the intro-
duction work conducted by the Hawaiian Department of Agriculture has been done by
a "roving explorer" who usually had one major pest as his primary objective but
who collected and shipped any and all promising parasites and predators as well
as weed-feeding insects encountered in his travels. Such material is received
at Hawaii's quarantine laboratory and held there until it has been studied and
evaluated sufficiently to warrant release and colonization.

Canada has followed a somewhat different approach. As a member of the
Commonwealth, most of Canada's parasite introduction work cwerseas has been
handled by the Commonwealth Institute of Biological Control (CIBC). Each year,
the Canadian agriculture and forestry agencies responsible for research on con-
trol of pests review their situation and determine what information or parasite
material they need from Europe during the following year. This information is
then sent to the CIBC Delemont, Switzerland 17.boratory where, after consideration
of costs, a plan of work is developed and mutually agreed to. Thus the Canadian
introduction program would appear to be better planned, and the foreign and
domestic phases of the work better coordinated than is the case with the three
U.S. agencies that engage in similar work.

Australia, another country with a major beneficial insect introduction
program, again selects pests on which to work largely on the basis of economic
urgency. From an organizational standpoint, they use a mixture of arrangements
for carrying out foreign work. As another Commonwealth country they sometimes
use the services of the Commonwealth Institute of Biological Control. For other
problems, they maintain permanent stations where work is conducted over a period
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of years. In still other instances, they send an entomologist out on temporary

assignment.

U.S. Organizational Support for Foreign Work. The problem of getting an

entomologist into the part of the world where he might expect to find useful

parasites has been with us since the beginning of parasite introduction activities.

C. V. Riley, appointed Chief of the Division of Entomology in the Department of

Agriculture in 1878, was convinced that great benefits would result from impor-

tation of parasites from Europe, where he already had many contacts as a result of

French efforts to import natural enemies of the grape phylloxera from the United

States. Riley made several official trips to Europe and in 1883 imported A anteles

glomeratus (L.), a parasite of the imported cabbageworm. This was the secon

beneficial insect to be purposely introduced into the United States, the honey bee

having preempted first place.

Aware of the great potential of introduced parasites, Riley planned to

visit Europe regularly to search for useful species. However, in 1887 no funds

were provided to be used to defray foreign trips by employees of the Department.

The obvious intent was to put a stop to Dr. Riley's transatlantic "junkets," but

the effect was that of disrupting plans then being made to send Albert Koebele to

Australia to search for enemies of the cottonycushion scale (Doutt, 1958). How-

ever, Dr. Riley was not a man to be easily dissuaded. Through some political

connections, an arrangement was made whereby the U.S. Commissioner to the Inter-
national Exposition in Melbourne set aside $2,000 to pay the expenses of an

entomologist who would ostensibly represent the State Department but actually

collect enemies of cottonycushion scale. Koebele accomplished his mission. The

vedalia beetle was introduced to California where it rescued the citrus industry

and Koebele returned $500 of unexpended funds (Doutt, 1958).

Times have changed, but only in degree. Today we have ceilings on the

number of employees we can station overseas, and foreign travel ceilings that

restrict and effectively prevent federal personnel from undertaking temporary
foreign assignments to conduct exploration work. Thus, we now have no greater

capability to search for beneficial insects than we had 10 years ago.

The suumessful control of the cottonycushion scale stimulated much
interest and activity in parasite introduction work. This was, for the most part,

centered in California and Hawaii. It was soon recognized that in shipping bene-

ficial insects into the United States there was also the danger of secondary

parasites and additional insect pests. With passage of the 1912 Plant Quarantine

Act it was no longer possible for parasite explorers to travel about the world

and ship insects into the United States with little or no quarantine precautions.

Growing recognition of the need to handle such material under strict quarantine,

together with growth of entomology as an organizational element of the U.S. Depart-

ment of Agriculture, had the effect of consolidating most parasite introduction

work in this federal agency.

Until 1934 all phases of the biological control work of the old Bureau of

Entomology were conducted independently by the several Divisions concerned with

research on the different insect pests. In that year, the Division of Foreign

Parasite Introduction was organized, with responsibility for foreign investi-

gations and for quarantine handling of the imported material. After passing

through quarantine, clean stocks of parasites and predators were released to field

stations of the respective Divisions or to state cooperators. These agencies were

then responsible for rearing, colonization and evaluation programs. This arrange-

ment persisted up to World War II when the Division had entomologists stationed

in France and Japan.

Following the war and the advent of the new highly efficient insecticides,

interest in biological control declined. The Division of Foreign Parasite Intro-

duction was dismantled in the years between 1952 and in 1954 the remnants were
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attached to the Division of Insect Identification. This then became the Insect
Identification and Parasite Introduction Research Branch (IIPI) of Entomology
Research Division, ARS, USDA, and gradually the biological control part of the
Branch rebuilt from a low point about 1951 when the staff consisted of 4.5 ento-
mologists located at E locations - Beltsville, Maryland; Moorestown, New Jersey;
Albany, California; Paris, France; and Mexico City, Mexico. By contrast, within
the present organizational framework of IIPI, 26 entomologists are now employed in
biological control. There are distributed among 6 domestic and 3 foreign locations.
This, of course, includes research on biological control of both insect pests and
weeds. Only 16 of these entomologists are directly engaged in introduction work.

The European Parasite Laboratory at Sevres, France, near Paris, is head-
quarters for research in Europe on parasites and predators of insect pests. The
laboratory at Rome, Italy, concentrates on insect enemies of range- and cropland
weeds and that at Buenos Aires on insect enemies of aquatic weeds. Quarantine
receiving stations are located at Moorestown, New Jersey, where most insect
enemies are handled and Albany, California, where weed-feeding insects are studied.
Under an agreement with the Animal and Plant Health Inspection Service of the
U.S. Department of Agriculture the University of California maintains quarantine
stations at Riverside and Albany. Here personnel of the University's Division of
Biological Control receive and study material collected by staff members who are
on foreign assignments as well as material that may come in from other sources.
Hawaii also maintains a quarantine laboratory in Honolulu and the state of Florida
is now preparing to build a similar facility at Gainesville.

The current reorganization of Agricultural Research Service promises to
greatly alter the organizational structure of the Federal biological control
programs. This will be in the direction of regionalization of functions that
require a high degree of coordination and rapid exchange of information as well
as smooth flow of material across international boundaries and into all parts of
the United States.

During the past 12 years ARS has had a second important source of bio-
logical control information and material from foreign countries. This has been
the Public Law 480 (PL 480), or Special Foreign Currency Program. Currently there
are research projects involving many important insect pests and weeds underway in
Poland, Yugoslavia, Egypt, Israel, Pakistan, Morocco, and India. These projects
have been the source of many parasites, predators, and weed-feeding insects that
have been shipped to the United States in recent years. Most noteworthy are
those of the cereal leaf beetle from Yugoslavia. In the next year we expect to
receive many gypsy moth parasites from projects in Yugoslavia and Morocco.

Planning and Conduct of Foreign Work. Perhaps the best way to present a
picture of how federal parasite introduction operations are planned and carried
out is to cite a case history. In 1962, the cereal leaf beetle, Oulema melano us
(L.), was discovered in southwestern Michigan. Py the time it came to t e
attention of state and federal entomologists, this insect had already demonstrated
an alarming ability to destroy oats and other small grains. Men and resources
were quickly mobilized to combat the new pest. During the winter of 1962-63, as
Director of the European Parasite Laboratory at Nanterre, France, I was informed
that funds had been made available to undertake research in Europe on the cereal
leaf beetle.

At that time neither I nor any members of my staff had knowingly seen a
cereal leaf beetle (CLB). We quickly consulted the "Review of Applied Ento-
mology" and soon acquired as much published information as was available in
Europe. This was not a lot but there was one good paper on bionomics of the
insect by an Italian entomologist. I assigned Mr. George Angalet responsibility
for the initial surveys needed to find populations of the beetle. Wherever
possible, he ws to collect eggs, larvae, and adults in an attempt to recover
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parasites. On April 1, 1963, he left for Italy where he established temporary

headquarters at our Biological Control of Weeds Laboratory in Rome. He was able

to work in southern Italy during early May and then move north as the season pro-

gressed. By late May when he returned to Nanterre, he brought with him several

hundred cereal leaf beetle pupal cells and extensive notes on the insect's
distribution, abundance, and economic importance in Europe.

Soon after the pupal cells arrived at Nanterre, a eulophid parasite began

to emerge. We sent specimens posthaste to Dr. W. H. Anderson, Chief, IIPS, who

forwarded them to Dr. B. D. Burks, chalcidoid specialist on the staff of the

Branch's Systematic Entomology Laboratory. Within two weeks we had a letter from

Dr. Anderson advising that the specimens belonged to the species Tetrastichus

julis (Walker).

After all the adult beetles had emerged from the pupal cells we began

examining those that were still intact and discovered that most of the intact

cells contained either diapausing larvae of Tetrastichus julis or cocoons of an

ichneumonid. The latter contained diapausing larvae. Thereupon, the shallow box

containing the soil in which the cereal leaf beetle pupal cells were imbedded was

placed in an unheated "emergence room." Occasionally during the winter we

moistened tht soil. In early May, 1964, the first adult ichneumonids emerged.

These were promptly dispatched to Beltsville and identified by the ichneumonid

specialist of the Systematic Entomology Laboratory as the species we now call

Diaparsis carinifer (Thomson).

Mr. Angalet, accompanied by Dr. J. D. Paschke of Purdue University,

returned to Italy in April 1964, and obtained more detailed information on the

parasites. Additional parasite material was collected in Italy and southern

France. This was to provide the stock used in the first releases in Indiana and

Michigan in 1964-65. Work in Europe during 1965 resulted in the discovery of the

egg parasite Ana hes flavi es (Foerster), found almost simultaneously in Italy by

Dr. J. J. Drea at t e anterre station) and in our Nanterre garden where we had

planted oats and wheat. Once fol,ad, we quickly recorded presence of Anaphes

flavi es throughout western Europe. Why we missed the species in 1963-64 is a

goo question. Primarily it was a matter of experience with the problem. Dr. R.

C. Anderson, then a graduate student from Purdue University, sent to assist the

program and gain experience, was assigned to work on the egg parasite and stock

was sent to him as soon as he returned to Purdue. This stock, reinforced by later

shipments, provided the source of material mass-reared at the USDA parasite
rearing laboratory at Niles, Michigan, for general release in infested areas.

Between 1966 and 1969, populations of the cereal leaf beetle were studied

from Spain to Sweden and we had information and a small amount of material from

the USSR. Everywhere in Europe there was essentially the same complex of para-

sites, one of the egg, and 3 of the larvae; however, we have since discovered

that one of the larval parasites identified earlier as Diaparsis carinifer is

actually a complex of two and possibly three species. Also in 1911,WBigan to
receive large numbers of parasites from the PL 480 project in Yugoslavia. Mate-

rial from this source was hand-carried by Dr. P. Bjegovic (Institute of Plant

Protection, Belgrade) from Belgrade to Paris where the non-diapausing parasites

were collected and sent to Moorestown for shipment to Michigan and Indiana.

Pupal cells containing non-diapausing parasites were sent later to be over-

wintered at Moorestown, New Jersey. The discovery in 1966 of a Mesochorus sp.,

a secondary parasite, in material collected in France made it essential that all

parasites leaving quarantine at Moorestown be subjected to specimen by specimen

examination and the sheer quantity of material that had-to be handled required a

heavy expenditure of time and effort at that station.

By now, nine years after the work on cereal leaf beetle started in

Europe, I am highly gratified with reports just received from Michigan. Without

describing the work done at Michigan State University and Niles, suffice it to
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say that the egg parasite Anaphes flavi es is now established over a huge area of
southern Michigan and northern Ind ana. Both Tetrastichus julit and Diaparsis sp.
are established at several places in Michigan FarTETEDTE one locality in Indiana.
Moreover the third larval parasite, Lemophagus curtus Townes, now appears estab-
lis4ed near Niles, Michigan. The parasitization rate in May 1972, at the Gulf
Lake Experimental Farm of Michigan State University was found to average 85% and
field days have been held both this year and last to collect and distribute para-
sites throughout Michigan..

No doubt, to the entomologist accustomed to insecticidal control of
insects, the progress that I find gratifying would seem of little or no conse-
quence. For less than $3 per acre he could apply an insecticide and destroy 99%
of the larvae--with a certainty that the job would have to be repeated next year
and the next, ad infinitum. However, with the state and federal entomologists
cooperating to aid natural dispersal of the established parasites, I have every
confidence that we have reached the turning point in the battle against CLB. With-
in a few more years the CLB problem will join the list of insect pest problems that
have "disappeared" following introduction programs.

This is but one example of the foreign work carried out by USDA labora-
tories. During the years 1960-66 while I was at the European Parasite Laboratory,
we worked on balsam woolly aphid, European pine shoot moth, face fly, vetch
bruchid, grasshoppers, smaller European elm bark beetle, European corn borer,
lygus bugs, alfalfa weevil, and as already mentioned, the cereal leaf beetle. One
or more species of parasites and/or predators found in association with each of
the above pests were shipped to Moorestown. In addition to incidental observations
on many other insects, the European Parasite Laboratory also cooperated with the
Biological Control of Weeds Laboratory in Rome in work on Scotch broom and tansy
ragwort and shipped enemies of both these weeds to the United States.

Obviously, with work underway on such a variety of pests the research on
individual species was by no means exhaustive. Here the policy of the USDA intro-
duction program has been more or less intermediate between that of. Canada and that
of the University of California. Canada, through its arrangements with the CIBC
Laboratory at Delemont, Switzerland, has supported much more detailed studies
involving host-parasite interactions and population dynamics with the objectives
of predetermining which beneficial species should be shipped to Canada.

California, on the other hand, has tended to carefully select the geo-
graphic areas which they think would be favorable for finding useful parasites
or predators adapted to climatic conditions of that state. Their explorers then
ship any primary parasites and predators they find to the California quarantine
laboratories to be propagated and studied sufficiently to learn general charac-
teristics of their biology and behavior before they are released.

Operational Aspects of Foreign Work

Personnel and Overseas Assignment. There are many people who like to
travel and there is a considerable number of entomologists well-qualified to
conduct research on parasites and predators. The problem is to find these charac-
teristics in the same person. For purposes of staffing the American positions at
the biological control laboratories overseas, we would look for the following
characteristics and qualifications:

1. Excellent training in entomology
2. Sound background in ecology
3. Broad knowledge of American agricultural practices and pest problems.
4. Proficiency in 1 and hopefully 2 major European languages (fluency in

English assumed)
5. No family responsibilities
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6. Physical stamina
7. Ability to deal effectively with foreign farmers, scientists and

bureaucrats of both the homegrown and foreign varieties
8. High frustration tolerance

Any entomologist possessing these qualities should encounter little competition if
he applies for one of the USDA biological control positions overseas.

Seriously, it is not easy to find qualified American personnel to staff
foreign positions. Many people think such assignments would be interesting, but
after reflecting on problems relating to their professional careers and family
life they conclude that they are well off to stay home. Employment of foreign
nationals also presents problems. First, they work in their own country for a
foreign government. Secondly, they work with Americans who may be no more compe-
tent but nonetheless have much higher salaries, plus quarters allowances, and
other benefits. Finally, conditions of employment are unlikely to offer oppor-
tunities for professional advancement equal to that of their own institutions.
As a result our best prospects are more often nationals of a third country.

Insofar as possible we attempt to transfer American personnel between our
foreign and domestic stations. This affords our scientists the benefit of foreign
experience and tends to compensate for loss of career momentum due to "culture
shock," disruptions resulting from home leave, and the 6-year limitation on
foreign service.

These problems do not affect the overseas programs of Canada, California,
and Hawaii to the same degree as they affect ARS Operations. By relying on the
Commonwealth Institute of Biological Control Laboratory in Switzerland, with its
staff of Swiss, German and Austrian entomologists, Canada is little involved in
such problems. The temporary or roving assignments characteristic of California
and Hawaiian operations also minimize staffing difficulties.

There is one thing the American entomologist who hopes to work effectively
in a foreign country must understand. He must speak the language of the country
or employ an assistant who can serve as an interpreter. While he may get along
well with hotel keepers and scientists of the laboratories he visits, farmers who
find him poking around in their fields will want explanations they can understand.

In the early days of parasite introduction work entomologists were given
a passport and a few thousand dollars travel advance and wished Godspeed. They
often received invaluable help from American Consuls located in foreign cities.
There was little red tape involved in undertaking such assignments. This situation
continued for many years after the USDA established permanent laboratories in
Europe for work on the European corn borer, Oriental fruit moth and gypsy moth.
However, the education of dependent children and official association with an
American Embassy has gradually drawn the USDA foreign stations into the Embassy
orbit. Along with commissary, PX and APO privileges, as well as payroll and
personnel services, came Embassy concurrence for staffing plans, security clear-
ance for personnel and status of an attached agency responsible to the Ambassador.
One effect of this association has been that of greatly increasing the amount of
lead time required to establish a new station in a foreign country and to obtain
required clearances needed to send an employee to a foreign duty post.

Facilities and Equipment. The USDA laboratories overseas bear little
resemblance to recent vintage USDA and State Exper!ment Station laboratories at
home. For the most part they are rented residences. From 1956 to 1966 the
European Parasite Laboratory occupied a renovated stable. Even though there has
been a great improvement in recent years, equipment tends toward the do-it-
yourself variety. Microscope, camera, and vehicle needs are generally adequate
but otherwise sophisticated equipment ge..lrally regarded as necessary for
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experimental work is lacking. In view of the laboratories' present missians, this
is not a serious handicap.

For the most part, the essential equipment needs are those required for
collecting and transporting insect host material to the laboratory where it is
then held in cages for parasite emergence or for use in other studies. Each
insect species has its peculiar requirements. This plades a high premium on
ingenuity and flexibility in design of rearing and holding cages. The shipment
of parasites and predators to the Moorestown Quarantine Receiving Station is a
critical function. Many styles of shipping boxes and packaging have been used
over the years. With the advent of air travel the elaborate provisions to insure
survival of a long sea voyage was no longer necessary. With present pressurized
and heated compartments in which air freight moves, the problem has been further
simplified. The problem now is one of insuring security of containment and pro-
tection against thermal shock while packages wait on loading or off-loading docks.

The insects should always be contained in a box adapted to easy intro-
duction and removal of the shipped material. Care should always be exercised to
insure that the material of which the box is made contains no toxic substances.
This can be a problem with some plastics. It has been my experience that most
insects survive best in a wooden box. Besides providing a resting surface on
which the insect seems to feel more comfortable, the wood is moisture absorbent.
While there is always danger of excessive desiccation, the danger of excessive
humidity and condensation of free water is a more frequent problem. The box
should also contain some material that will provide additional resting surface.
Very loosely packed excelsior is often used. Wedged pipe cleaners have also
proved serviceable. The important thing is that such material be fixed. Any
movement within the box during transit will have serious consequences. Finally,
the box containing the insects should be placed in a larger carton surrounded
by packing material that will cushion shock and provide insulation.

Although well known to the veteran parasite explorer the requirements of
agricultural quarantine regulations must be observed. Each package containing
insects to be shipped into the United States should bear an official importation
permit label. Otherwise such packages will probably be held up by port inspectors
until proper clearance is forthcoming.

Strategy and Organization of an Optimized Beneficial
Insect Introduction Program

With evidence of the substantial benefits of past beneficial insect
introduction programs, it is reasonable to ask whether current programs are ade-
quate. If not, what should be done to accelerate the work in order to obtain
maximum benefits to American agriculture in the shortest length of time? In my
opinion, the current programs are not adequate. Assuming that this is true, what
can be done to improve the situation?

Obviously, increased resources in the form of men and money are needed,
but even more we need an improved delivery system. Without improved planning and
coordination, increased resources would only result in a lower level of overall
efficiency and, more important, there would be increased probability of indi-
vidual project failure. Planning and coordination are of paramount importance in
biological control work generally, but become critically important to success of
parasite introduction programs. Because of the highly perishable nature of
living insects and the sequential nature of the different phases of the work which
begins in a foreign country and enes with colonization and evaluation, failure at
any intermediate point can be disastrous. This, together with the sheer number of
kinds of organisms involved, as well as the number of national and foreign
agencies directly or indirectly concerned, suggests need for strong centralized
program planning and coordination.
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Foreign Phase. The preponderance of European species among the alien
pests in the United States gives Europe number 1 priority for location of foreign
work. At present the USDA has two stations in Europe. One is located near Paris,
France, for work on insect pests, the other at Rome, Italy, for work on weeds.
The present laboratories are actually converted dwellings located in congested
urban areas. To carry out the work that needs to be done in Europe during the
next 20 years, these laboratories should be consolidated into a single, centrally-
located, modern, well-equipped laboratory building. A location in Switzerland
near the International Airports of either Zurich or Geneva would be ideal. The
laboratory should be staffed by an American Director and co-Director, one a
specialist in biocontrol of insects and the other in biocontrol of weeds. The
non-American professional staff should be expanded to provide specialized coverage
of pests associated with different commodities and to include competence in insect
and weed pathogens. The importance of wild bees as specialized pollinators sug-
gests that attention should be given to the search for more efficient pollinators
of the numerous agricultural and horticultural crops that originated in Europe and
the Near East. Each member of the staff should be bilingual with English as one
language. It would also greatly facilitate field operations if, in addition to
English, language competency within the staff also covered French, Italian, German
and Russian.

An important feature of the laboratory would be provision to accommodate
visiting scientists who would spend periods of a few days to several weeks at the
laboratory or use it as a base of operations. The primary purpose of the pro-
vision to accommodate visiting scientists would be that of improving cooperation
between the scientists conducting.the foreign and domestic phases of introduction
research. At the time a new project was to be undertaken the American scientists
(either federal or state) most concerned with research on the problem in the
United States would be sent to the laboratory. There they would work with the
laboratory scientist assigned to handle the research in Europe.

The American would bring with him knowledge of the pest as well as the
climate and cultural practices of the region where the pest is a problem. The
laboratory scientist assigned to the problem would have knowledge of European
agriculture and institutions. With the laboratory scientist available to
accompany him the American could be in the field within hours after his arrival.
Together they could bring a maximum amount of competence to bear on the problem
in the shortest length of time. After acquainting his colleague with any special
techniques needed to study the pest and familiarizing himself with the pest's
behavior in Europe, the American would return home better able to assess prospects
for effective biological control of the pest and better able to cooperate on a
co-author basis with his European laboratory counterpart.

A well-equipped and staffed laboratory in Switzerland would have in
addition to central location, the advantages of a multilingual country accustomed
to serving as host to international agencies. Of all the countries of Europe,
Switzerland offers perhaps the most congenial, social, and political climate for
an institution that employs people of different national origins. This is of
special importance since the laboratory would be staffed in part by personnel
transferred from the existing USDA laboratories in France and Italy.

Quarantine Phase. With the increased interest in biological control and
an increase in foreign introduction programs, the facilities and staff devoted to
quarantine functions would have to be expanded. Otherwise incoming shipments
could not be processed effectively and there would be an intolerable hazard that
secondary parasites or other unwanted insects would gain entry to the United
States. The quarantine laboratory should have staff sufficient to handle propa-
gation of species received in too small numbers to warrant their being forwarded
directly to other field stations. There should also be facilities to conduct
host specificity and other experimental research where there is need to conduct
such studies in quarantine.
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Domestic Field Stations. Although there are numerous federal and state
laboratories where biological control research is now in progress, there is need
for Regional Beneficial Insects Introduction Centers. These centers should be
specially staffed and equipped to conduct research on biological control of insect
pests and weeds. The scientists located at these centers would cooperate with
those of other federal and state laboratories located in their region and serve as
liaison between these laboratories and the USDA foreign beneficial insect intro-
duction program. There should be at least 4 such regional laboratories of which
one might be located with the Central Quarantine Receiving Laboratory.

One of the functions of the regional biological control laboratories
would be to provide staff for roving parasite introduction assignments or for
temporary assignments to foreign locations where the USDA does not maintain a
permanent station within operating range.

In order for a program such as the one described above to function
successfully, and produce maximum results, close coordination of activities would
be essential. Such coordination would involve all levels of activity, from long-
range planning and budgets to field and laboratory operations. Because of the
wide range of commodity and regional problems involved, it would be essential to
have these interests represented in developing program plans and fixing priorities
for work to be undertaken. Once immediate program objectives were established, .

coordination of the research and other activities essential to attainment of the
objectives should be the responsibility of a single office or National Center.
This Center should also maintain records needed to evaluate the results of intro-
ducing beneficial insects. It should also serve as a center for dissemination of
information useful to biological control workers and provide liaison with the ARS
Systematic Entomology Laboratory and other federal and state agencies who have
expertises essential to a successful beneficial insect introduction program.

At the present time we are not equipped to effectively exploit the bene-
fits to be gained from introduction of beneficial insects from foreign countries.
A program is needed to make these benefits available to American agriculture
quickly at a time when restrictions on use of pesticides greatly increases the
importance of other methods for controlling pests. While a parasite introduction
program cannot promise immediate control of a pest on this year's crop, it does
offer one of the few means of eventually reducing a pest to non-economic status.
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PRODUCTION AND SUPPLEMENTAL RELEASES OF
PARASITES AND PREDATORS FOR CONTROL OF
INSECT AND SPIDER MITE PESTS OF CROPS

R. L. Ridgway, R. E. Kinzer and R. K. Morrison
Agricultura' "esearch Service
U.S. Depart...at of Agriculture

College Station, Texas

The value of parasites and predators in regulating pest populations is
well known. However, adequate numbers are not always available to provide the
desired levels of control. This is particularly true where intensified agri-
cultural practices have so altered the environment that it provides particularly
suitable conditions for survival and reproduction of certain pests. One method
of providing the desired balance between the pest and its natural enemies is the
production and release of parasites and predators. Such releases may be referred
to as periodic colonizations, programmed releases, strategic releases, or supple-
mental releases. Information concerning the role of supplemental releases as
compared with other methods of biological control can be obtained from several
sources (DeBach, 1964; Huffaker, 1971; Ridgway, 1972).

Effective and efficient supplemental releases usually will require (1) an
understanding of the major ecological parameters governing the principal inter-
actions between the parasite or predator to be released and the pest to be con-
trolled; (2) an ability to rear predictable quantities of insects of known
quality; and (3) an ability to store, transport, and release the parasites. and.
predators in such a manner that they will become a competitive part of the life
system in which they are expected to operate. Only production and supplemental
releases will be considered here, since considerable insight into the various
factors influencing the interactions between parasites or predators and their
hosts or prey may be obtained from other sources (Holling, 1961; Clark, et al.,
1967; Huffaker, et al., 1971).

Many studies of supplemental releases parasites and predators have been
conducted with only limited knowledge of the many factors that influence the
effect on pest populations. Also, in many cases, the releases were not critically
evaluated. However, a number of more recent studies provide some definitive
results that are useful in examining the potential of this approach to pest con-
trol. An attempt will be made here to provide a general review of the production
and supplemental releases of parasites and predators.

In cooperation with the Texas Agricultural' Experiment Station.
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Production

Parasites and Predators

The production of parasites and predators has been of considerable interest
to biological control enthusiasts for over half a century. Most of such activi-
ties up until 1960 were reviewed previously (DeBach and Hagen, 1964). Some repre-
sentative examples of instances when significant numbers of parasites and predators
were reared or field collected for release in the United States are listed in
Table 1. Rearing of large numbers of parasites and predators also occurs in a
number of foreign countries. Possibly the largest activity is in the USSR
(Dysert, 1973).

In the past, the selection of insects for mass production has been heavily
oriented toward those insects that are easiest to rear. More consideration should
be given to such factors as searching ability, preference or host specificity, and
adaptation to the environment. In this regard, studies of the comparative effi-
ciency of candidate species such as reported by Lingren, et al. (1968) can pro-
vide some of the kinds of information needed to make intelligent selection of
insects for mass production. In addition, the potential for the development of
satisfactory storage, transportation, and release systems should be considered.

Production techniques for a wide range of insects was reviewed by Smith
(1965). Many techniques have been developed for rearing insects, including para-
sites and predators; however, the application of comprehensive production tech-
nology, including time and motion studies, has been applied to only a limited
extent. Also, detailed analysis of the cost of rearing parasites and predators
are almost nonexistent though Scopes (1968) did make an effort to determine the
cost of using predators and parasites for control of greenhouse pests. The
development of specific production technology will be required to provide large
numbers of parasites and predators at minimum cost. Also, the utilization of
artificial diets may allow for a considerable cost reduction (Vanderzant, 1969;
USDA, 1971). Although producing large numbers of parasites and predators at a
low cost is important, an insect of acceptable quality is essential. Genetic
deterioration in mass culture can be expected (Mackauer, 1972). Such deteriora-
tion can lead to the loss of behavioral traits that are basic to the effectiveness
of released parasites and predators (Boller, 1972). Thus, in our studies with
Chr so a carnea Stephens and Trichogramna sp., the fecundity of the insects is
rout ne yFREFed. In addition, specific tests are conducted to evaluate searching
efficiency. Reductions in searching efficiency of C. carnea have been detected
after 1 year in mass culture. Also, the searching efficiency of Trichogramma sp.
has been reduced by length of time in mass culture and kind of rearing host. As a
result, cultures are now reestablished from field-collected material annually to
compensate for this deterioration.

Successful continuous mass rearing of parasites and predators for use in
supplemental releases will therefore undoubtedly require routine testing for those
behavioral traits required if the insects are to be effective when they are re-
leased. Also, some genetic manipulation will probably be required to maintain the
desired traits.

Supplemental Releases

Since many of the earlier studies of supplemental releases of parasites
and predators were reviewed previously (DeBach and Hagen, 1964), only some of the
earlier more significant studies and some of the more recent studies will be con-
sidered here.

Doutt and Hagen (1949) placed eggs of Chrysopa sp. in pear trees and con-
trolled mealybugs, Pseudococcus sp. Huffaker and Kennett (1956) demonstrated
significant controlRWWIEFitis mites on strawberries when they released both
phytophagous and predaceous mites. Chant (1961) controlled phytophagous mites on
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greenhouse crops by releasing predaceous mites, and Hussey, et al. (1965) and Parr
and Hussey (1967), in related studies, also obtained effective control of spider
mites in greenhouses. Other successful releases in greenhouses for control ..f
whiteflies and aphids were reviewed by Hussey and Bravenboer (1971). In our
studies, we have successfully controlled the bollworm, Heliothis zea (Boddie), and
tobacco budworm, Heliothis virescens (F.), on cotton iniiirrEiges and in small
plots by releases7r11717aeT)rthr4reen lacewing, C. carnea (Ridgway and Jones,
1968, 1969). Also, Lingren (1970) successfully controilia-B011worms and tobacco
budv.)rms on cotton by releases of Trichogramma sp., and we were subsequently able,
at our laboratory, to obtain high rates of parasitism with similar releases. For
example, in 1971 field-releases of Trichsgramma sp. reared on eggs of the
Angoumois grain moth, Sitotroga cerealelia (Olivier) increased parasitism of
Heliothis eggs in both corn and cotton; rates of parasitism of Heliothis eggs as
high as 951 were obtained. Parker, et al. (1971) successfully EUNEFEriiii the
imported cabbageworm, Pieris rapae (L.), on cabbage in Missouri by releasing
fertile cabbageworms, an egg parasite, Trichogramma sp., and a larval parasite,
Apanteles sp.

Although a number of examples of successful supplemental releases can be
cited, controlled studies designed to determine the numbers of released parasites
and predators required to obtain various levels of pest control and to develop
techniques for large-scale releases are more limited. Parr and Hussey (1967)
introduced different numbers of predaceous mites on cucumbers in greenhouses (1
to 10 mites per 10 plants) and concluded that 5 mites per 10 plants were needed
to prevent economic damage. Likewise, at our laboratory, an effort has been made
to'determine the number of larvae of Chrysspa carnea that might be needed to
control Heliothis spp. on cotton; the resuits of these field studies indicated
that Moot-itWM larvae per acre might be required (figure 1). Similar studies
with Trichogramma sp. for control of the same pests indicated that releases of
100,000 per acre at 2-3-day intervals may be required to insure substantial para-
sitism of eggs (Figure 1). Thus, considerably larger numbers are required than
were expected from earlier estimates (Boyd, 1970; Knipling and McGuire, 1968).
However, there probably is a great deal lacking in our ability to rear and release
either C. carnea or Trichogramma sp. in such a manner as to provide insects that
are comgetIFTWwithg11707MBccurring insects.

Although C. carnea and Trichogramma sp. are currently being used com-
mercially, our studiii-aaicate that improved methods of rearing and distribution
will be required before they can provide practical control of Heliothis spp. on
cotton. Also, studies of supplemental releases of C. carnea aiiirEFEEM5 ramma sp.
in the presence of a full complement of naturally occuFFMparasi es ana preda-
tors must be conducted before the optimum numbers for such use can be determined.

Considerations for Practical Application

The advantages (such as selectivity) and the possible limitations (such
as the need for large area management and problems with insecticide drift.) of
utilizing biological agents (including supplemental releases) for practical con-
trol of pests were discussed previously (Ridgway, 1972). However, reiteration of
some of the characteristics of supplemental releases of parasites and predators
as a means of biological pest control seems appropriate as follows:

(1) The establishment of a predictable number of parasites and predators
in a given area is possible when proper procedures are used.

(2) Intensive management and improved methods of mass production and
distribution will be required.

(3) When supplemental releases are integrated with natural control over
a large area, only 10-201 of a crop may need releases.

(4) Supplemental releases may provide a useful tool for making a
transition from a pesticidal system to an ecological system of control.



BEST COPY A7.!LABLE

Ridgway, et al. Parasites and Predators

The extent to which the supplemental release of predators and parasites
may be used in the future for practical pest control is difficult to predict.
However, the increasing number of cases in which this method is being demonstrated
as effective would indicate that the probability of reliable practical use is
increasing. Certainly, the extent to which supplemental releases are used in the
future will depend on whether effective and acceptable insecticides are available,
since insecticides are easier for producers to manage. However, regardless of
future events, the research and development of the production and supplemental
release of predators and parasites are providing a better understanding of the
behavior and population dynamics of predators and parasites. This improved under-
standing will be extremely valuable in designing improved pest control programs.

Table 1.--Some examples of parasites and predators )roduced or collected in
sizable numbers in the United States.S/

Estimated annual
Parasite or production in
predator millions Location Year

Metaphycus sp. >5 Filmore Citrus Protective District 1958-59
Insectary, California

Aphytia sp. >50 Filmore Citrus Protective District 1971
Insectary, California

Trichogramma sp. 1,500 Agr. Res. Serv., USDA 1971
College Station, Texas

>2,000 Rincon-Vitova Insectaries 1970-71
Rialto, California

Leptomastix sp. 56 Associated Insectaries 1958-59
California

Cryptolaemus sp. 40 14 insectaries, California 1926-57

31 Associated Insectaries 1958 -59
California

Chrysopa sp. >50 (eggs) Rincon-Vitova Insectaries 1965-71
Rialto, California

40 (eggs) Agr. Res. Serv., USDA 1971
College Station, Texas

Hippodamia sp. >700b/ 3-5 dealers, California 1965-71

a/
Source: DeBach and Hagen (1964) and personal communications received by the

authors. The list is not intended to be complete. The mention of
a commercial firm does not imply endorsement by the USDA.

b "FieldField collected
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REARING AND QUARANTINE OF IMPORTED PARASITES AND PREDATORS

J. S. Kelleher
Importation Officer

Research Program Services Section
Canada Department of Agriculture

Ottawa, Ontario

The word "quarantine" is derived from the Italian "quarantine" meaning
forty days. By a system of trial and error and without knowing the cause of
disease, port authorities of the 14th century found that if ships were isolated
after arrival, disease among passengers and crew would become manifest within
forty days. We use this term to denote the restrictions imposed to prevent the
introduction of undesirable species of phytophagous insects, hyperparasites or
other harmful organisms. Theoretically, if only the desired entomophagous insects
are shipped then there would be no need for quarantine but in practice there are
several reasons why potentially dangerous insects are imported as well: (1) para-
sites survive the rigors of shipping if they are sent as immatures within their
hosts, rather than as adults, and field-collected material will consist of
unparasitized hosts as well as primary and secondary parasites, (2) parasites can
be synchronized with susceptible host stages in the new environment when-received
as immatures, by delaying or accelerating development with appropriate tempera-
tures, (3) predators may be held in quarantine while dissections and rearings are
made which will preclude the possibility of introducing its parasites, (4) para-
sites and predators may have to be imported before proper identifications are
made--this applies in particular where time for foreign collecting is limited. As
a matter of principle, the University of California propagates each newly-intro-
duced species for at least one generation in quarantine before it is released in
the field (Fisher, 1964). This enables biological characteristics to be checked
and provides a permanent taxonomic record of the total introduction. On the other
hand, the USDA operatp.s a laboratory near Paris and we in Canada sponsor labora-
tories of the Commonwealth institute of Biological Control where the same infor-
mation is obtained with a lesser need for quarantine rearing.

One of the objectives of this series of lectures is to explain the various
techniques which may be employed in Biological Control and Pest Management. It
is within this context that I will try to show the type of facilities, equipment
and techniques used in operating a quarantine laboratory. In doing so I will draw
heavily from a chapter by T. W. Fisher in the book Biological Control of Insect
Pests and Weeds edited by P. DeBach.

Importations of insect collections must be sanctioned by Plant Quarantine
officials and before a permit is issued, certain safeguards must be met. For
approved quarantine facilities Plant Quarantine (USDA, 1971) will require such
items as:

(1) an anteroom entryway with doors of insect proof design

[11.7]
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(2) provision for a shower room and change of clothes
(3) insect and rodent proof floors, walls, ceilings and windows
(4) sealed electrical system inclucE4 floor plugs, switches and lights
(5) heating and exhaust system, preferably a closed-air system, fitteC

with adequate filters
(6) plumbing system with screens in floor drains, and other drainlines
(7) pressurized air system - positive pressure in non-containment areas,

negative pressure in containment areas.
(8) autoclave or incineration system within the containment area
(9) access to quarantine area limited to workers assigned to program
(10) traps effective for pest species placed in anteroom
(11) insects confined to cages within the quarantine facility and

overcrowding of cages avoided.

A year ago we at Belleville were presented with these criteria plus the
usual budgetary restrictions, and told to move our Importation Service to Ottawa.
Ottawa had been chosen over Belleville for three main reasons: (1) an inter-
national airport is nearby for receiving and dispatching shipments, (2) taxonomic
experts are local d there and can be reached more readily, (3) agriculture and
forestry headquarters staff are also in closer proximity for consultation.

A separate building could not be provided, only space within an existing
structure where every square foot had to be justified. Three rooms, each 16 x 22
feet were available, exclusive of office space. These rooms had several desirable
features: they were on the top floor so incinerator 4nd fumigator exhausts were
easier to install, air-conditioning compressors could be located in a roof pent-
house rather than in the quarantine area, the outside windows faced north pro-
viding more constant natural lighting, and the rooms were at the end of a
corridor where traffic is relatively light.

The main quarantine area can be entered through only one door although
one-way fire doors are provided. Shipments are opened in the first room and the
insects removed for processing. Entry is gained to other rearing and emergence
rooms through an anteroom and door switches are provided to darken this anteroom
whenever these rooms are entered. Cold storage rooms (45F and 35°F) lead from
the main rearing room and the temperature in the rearing rooms can be indi-
vidually adjusted from 55° to 80°F. Humidity is maintained at 50%; higher
humidities can he obtained in enclosed cabinets. One room is used for both
disposal and packaging. Two disposal systems are used: fumigation and incineration.
Fumigation with methyl bromide is a.hazardous operation and incinerators are often

forbidden by anti-pollution laws. Large autoclaves are therefore employed by most
establishments.

Rather than seal the existing windows and heating radiators our architect
found it more feasible to build a new glazed wall with sealed panels and plastic
windows which could be removed for cleaning or emergency repairs. I should also
add that a false ceiling 7 feet high is to be constructed in the rearing room so
that any escaped insects can be readily captured and to house permanent ductwork.
Vents are covered by 50-mesh wire screening which must be frequently cleaned and
insect escapes are further prevented by filters in the exhaust duct. The only
significant departure from USDA Plant Quarantine requirements is the substitution
of a "water closet" for a shower room.

The preoccupation with facilities suggests that these are the main feature
of quarantine whereas in fact, the personnel who operate the facility are far more

important. ;:girst, they must have conscientious attitudes and an awareness of the

dangers involved. Secondly, they should possess an appreciation for the value of
each imported entomophagous species being handled. For this reason some feedback

on the results of attempts at biological control are always solicited. It is

valuable to have a general taxonomic knowledge of the major entomophagous groups
and an ability to distinguish closely related species with the guidance of expert
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systematists. At Belleville, our taxonomy is primarily on a host basis, that is
identifications are based on reference specimens reared from the same host col-
lected in the same locality. But very frequently some entomophagous species are
obtained which cannot be categorized in this manner and the worker must recognize
the need for further taxonomic guidance. Lastly, the quarantine worker should
possess those difficult-to-define characteristics, akin to the "green thumb"
gardener, which enable him to sense differences and changes in the culture he is
holding and which alert him to the presence of disease or other catastrophic con-
ditions so that remedial action can be taken.

The importation of biological control material involves four groups of
workers: (1) those who request the entomophagous species, (2) those who make the
collections, (3) quarantine workers who receive, process and distribute the
imported material, and (4) those who make the liberations and subsequent surveys
and who are usually the same group who made the initial request. The importance
of adequate communication among these groups should be apparent and because of his
position in the stream of events, the quarantine worker often provides the neces-
sary liaison. In any event quarantine personnel are concerned first with the
foreign collector and then with the receiving field laboratory.

In preparation for importing insect collections survey reports from the
foreign collector will be carefully studied for information on the presence of
hyperparasites, and the identity of primaries and pertinent details of their
biologies which will aid in rearing the insects in the laboratory. Sufficient
advaLce notice must be obtained to enable the provision of any plant and host
insect cultures that may be required.

Shipments of living insects imported into this country must bear a Plant
Quarantine import permit label supplied to the foreign collector in advance.
Shipping containers must be of approved construction. Basically they must remain
insect-tight despite any rough handling that may be endured in transit; sometimes
an outer container of metal or an outer box enclosed by heavy cloth with sewn
seams is required. At one time a ventilated wooden box was commonly used but the
fre4uency and speed of modern transport and the possibility of insectic le sprays
being used to decontaminate cargo has led to the adoption of insulated and
refrigerated containers with an outer wrapping that can be removed and incinerated.

Both air mail and air cargo are used. Mail is so much cheaper that it is
tempting to use this service and in many cases the difference in transit time is
negligible. Air cargo for valuable or difficult-to-replace insect collections is
justified, as transit is usually quicker and shipments can be readily traced if
delayed. However, we find mail service from our nearest airport faster than rail
service. The same principles apply to domestic air shipments, but in this case we
always use cooled, insulated containers. The container is insulated with 2 inches
of commercial styrofoam within a sturdy cardboard carton. Space is provided for
refreezable ice packets and the insects are carried in appropriate cages in an
inner cardboard or wooden carton. Such containers will hold living insects at
45°F for 24 to 48 hours depending on outside conditions*. But if it is necessary
to send colonies to dozens of places, as is done by the USDA Parasite Laboratory
at Moorestown, New Jersey, then mail service must be used.

Prior contact with officials of customs and carriers invariably fosters
cooperation from them. We find it helpful to renew these contacts at the
beginning of each major shipping season to acquaint new personnel with our

*Such low temperatures can seriously affect the reproductive potential of some
parasites--some Aphytis species are even affected after 24 hours at sub-optimal
temperatures of iSFITU°F (DeBach and Argyriou, 1966).
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operations and to obtain any new information on routings. We provide telephone
numbers where we can be reached at all times and insure that these are placed on
package labels and express waybills, to insure quick contact on arrival. When
shipments are dispatched the sender alerts the consignee by cable, indicating the
number, species and routing and if applicable, the air waybill number. Abbreviated
names and cable addresses reduce the cost. Similar alerting telegrams are sent
when dispatching domestic shipments although long distance telephone can also be

used. Such communication keeps members of the team fully informed and enables
last-minute details to be checked.

Each package contains a shipment form giving details of the collection
and particularly the species and stages shipped, secondary species possibly present,

and date and place of the collection. The consignee adds the date the package was
received and its condition on arrival. One copy is returned to the sender. When

a series of shipments is expected, the sender will want to know by cable, if
adjustments in packaging or routing can be made.

Packages containing active insects must be opened in a special examination

room or in a large sleeve cage where any insects that escape can be readily re-

covered. Personnel engaged in this and other recovery operations are required to

wear white laboratory coats which are left in the quarantine area and which are
decontaminated in an autoclave or fumigation chamber before laundering. Because

of the possibility of different strains or races of parasites and predators, col-
lections from different areas are separated and reared independently. This also
indicates the best collection areas for future consideration. Depending on the

amount of information the collector has provided, it may be advantageous to
dissect a sample to ascertain the incidence of parasitism or predators and their

stage of development. If the number is too small to sacrifice some in dissection,

it may still be possible to detect parasites by microscopic examination of hosts

over light transmitted through flashed opal glass or by X-ray photographs (Bolling

1958). In some cases, e.g., that of Olesicampe benefactor attacking larch sawfly,

the size of the host is markedly reducea in compilliaTrnon-parasitized ones
(Muldrew, 1967).

The daily record of emergence is placed on a form which is kept with the

collection. At Belleville we assign an accession number to each collection; this
is used on the rearing form, and is again referred to when shipment is made or

insects placed into culture. The rearing form is used to record the number and
sex of each host and parasite adult removed daily. If a species cannot be readily
identified it is assigned a number and notes on its taxonomic features made on the

reverse side of the form. Also on the reverse side we note the various tempera-
tures at which a collection may be held.

Individuals must be reared separately if disease is apt to spread to the

other insects or if parasites are present which will emerge early and parasitize

and kill other parasites in the hosts. This can happen, for example, with a pupal

parasite of European pine sawfly, Dahlbominus fuscipennis, which in nature must

search the soil diligently for a siEireF6666n but when presented with a concen-
trated mass of cocoons will readily parasitize and kill other parasites in them.

To prevent this, the cocoons are placed individually in 1 1/2 inch vials stoppered

with absorbent cotton. The vials can be spread one layer deep on shallow trays

where emergence can be readily checked. There are other advantages to this method
of rearing, but it is laborious and is difficult to maintain a steady level of

contact moisture.

In the absence of more precise data, collections are usually reared at
constant conditions of 72°F and 50% RH in the Belleville Institute, whereas at

California 76°F is more common. This probably reflects the acclimitization of
the workers usually handling them. Sometimes optimal conditions for rearing the
hosts are known in which case these conditions are used. Particular attention

must be given to humidity. If it is too high, mold problems inevitably will occur;
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if too low then of course insects will fail to survive or be unable to emerge or
spread their wings properly. We have found it preferable to add moisture periodi-
cally and sparingly spraying a fine mist or sprinkling.the substrate. Mold
inhibitors such as sodium proprionate can also be used. It is difficult to
generalize with regard to humidity requirements but we have found that tachinids
often require contact moisture for survival. On one occasion almost an entire
collection of Myxexoristops blondeli larvae failed to pupate for this reason. The
cocoons in which they were contained had been individually vialed so that another
parasite, Mesoleius tenthredinis could be obtained as virgin females for genetic
studies. 5WIEFEEher hand ichneumonids often survive under much drier conditions;
on another occasion most of the larvae of a eulophid, Tetrastichus incertus died
when normal moistening procedures were carried out.

When emergence does occur the various species must be segregated. In mass
rearings of field-collected material the hosts can often be readily distinguished
with the naked eye and large numbers removed with power-suction apparatus. The
same apparatus can be used to transfer large numbers of a desired entomophagous
species but great care must be taken to prevent damaging the insects by using too
much suction. When there are a mixture of species, each specimen must be identi-
fied under the microscope. Carbon dioxide is fre:uently used to immobilize the
insects for such an examination but care must be taken to administer a safe level,
i.e., a mixture of 20-40 percent carbon dioxide with air (Patton, et al., 1968)
and to keep the time under anesthesia at a minimum. Low temperatures can also be
used for immobilizing insects (Harris and Frazar, 1968). And other anesthetics
such as Freon have been successful. But if the insects are confined in the 1 1/2
inch glass vials mentioned previously, the particular diagnostic features can
usually be seen during a momentary pause in movement and if necessary carbon
dioxide can be introduced through the cotton plug. Some features are easier to
see on living specimens than on pinned ones, colors are sharper and activity can
be characteristic.

If the entomophagous species is a primary and is sufficiently numerous
for release, it can be shipped to the field directly. In practice emergence will
occur over a certain period and males will often emerge before females so the
insects must be held for several days at a time. This is usually done in cages
of various sizes depending on the size of the insects and their number. We offer
them a 50 percent mixture of honey and water by dipping a short length of dental
cotton in the mixture and shaking off the excess liquid. The detal cotton is
placed on a piece of waxed paper on the floor of the cage and is changed daily.
The insects are often shipped in a smaller container, e.g., a one-pint waxed paper
carton, with strands of wooden excelsior to which they can cling and which have
been dipped in honey solution to provide food. A hole is cut in the top of the
carton for introducing the insects and it and the top are then sealed with masking
tape. We have also used a copper screen container of similar size as insects can
be loaded with power-suction apparatus and a moistened cloth can be wrapped around
the outside to provide a high humidity. A form is enclosed with each shipment
showing the species, and number of each sex. A photocopy of the original shipment
form received with the overseas collection is also attached. The recipient is
expected to record the date and condition when the shipment is received as well as
the number liberated, the locality and the date, and to return one copy of the
form. This forms a permanent record which can be referred to when required.

There are occasions when the quarantine laboratory would be expected to
culture the parasites. This may be because further screening is necessary to
establish the parasitic nature of the species, because further tests of host
specificity are warranted or because the numbers obtained are too small for field
release. For these purposes it is desirable to have ready access to common
laboratory insect colonies such as aphids or greater waxmoth, which might serve
as factitious hosts (Simmonds, 1944). Often it is a more cumbersome procedure
to rear the natural host especially if plants must be provided for it. However,
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great advances have been made in the use of artificial diets although many workers
prefer to make releases with parasites reared from the natural host.

Mating is normally essential to laboratory propagation and some species
require specific physical conditions to mate successfully. Various techniques
have been employed when difficulties are encountered. Some females will mate only
shortly after emergence with males one or two days old. When this is not possible,
females can be stunned with carbon dioxide or chilled with cold temperatures to
make them more receptive. Another common technique is to confine males and females
in a small vial.

In screening for host preferences, the procedures are analagous to those
used in screening insects feeding on noxious weeds, that is, hosts closely-related
taxonomically to the target host are exposed to the parasites. For example in the
proposed introduction of parasites of the Mexican bean beetle it was necessary to
determine if they would attack native beneficial coccinellids. Usually the para-
sites are confined with a single host species to force them to attack and to
determine if they can develop successfully on these hosts. But in other tests they
are allowed a multiple choice of host species; this more closely approximates
natural conditions. Fortunately most of our importations are against pests whose
close relatives are also considered undesirable.

A much commoner danger is the possibility of introducing hyperparasites
which will attack the primary being colonized and others already present. Hyper-
parasites can be broadly divided as obligatory or facultative. Obviously those
which can be either primary or secondary are the most difficult to detect.
Obligatory hyperparasites are regarded as highly undesirable but facultative
hyperparasites can be studied for their possible impact on primaries. For example
Californian workers (Flanders, 1959) found that the females of some Aphelinidae-
will act as normal primaries but that males of the same species must develop as
obligatory secondaries. It is only through careful studies that such relation-
ships can be shown. The quarantine worker should be alert to parasites that spend
an unusual amount of time searching among parasitized hosts or species whose num-
bers increase with time as further collections are received from the field.

Certain taxonomic groups contain many members which are known to be
obligatory hyperparasites so others in that group will be immediately suspect.
The habit is common in such chalcidoid families as Elasmidae, Pteromalidae,
Eupelmidae and Thysanidae and in the Mesochorini and Cryptini of the Ichneumonoidea
but it is rare among the braconids and absent in the tachinids.

If individuals in a collection are reared separately it is possible to
check host remnants for two different types of meconia or exuviae. Should these
be found then hyperparasitism is obviously indicated.

Dissections also provide a positive indication of hyperparasitism if lar-
vae are found feeding in or on other parasites.

Because of its unique and costly facilities quarantine centres usually
service a large area and are involved in many projects. During the current year
at Belleville we will be importing entomophagous species for use against seven
insect pests at different regional establishments from four different countries.
The variety and challenges of these exercises and the contact with many research
workers are, in my estimation, a very satisfying occupation.
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RELEASE, ESTABLISHMENT AND EVALUATION OF
PARASITES AND PREDATORS

Frederick W. Etihr
Department of Entomology
Michigan Etats University
East Lansing, Michigan

Introduction

In the history of biological control, many natural enemies have been
released, maybe 20 to 25% have been established (DeBach, 1964; Clausen, 1956;
Turnbull, 1967), and a number have been extremely effective (DeBach in DeBach,
1964). Experimental documentation has been accomplished for some biTogical con-
trol successes (DeBach, in Huffaker, 1971), but a complete understanding of the
mechanisms involved in pest regulation by natural enemies has yet to be achieved
(Varley and Gradwell, in Huffaker, 1971). Numerous papers and several chapters
in two recent books onbiological control (DeBach, 1964 and Huffaker, 1971)2!
have been devoted to release, establishment, and evaluation of insect natural
enemies. It id immediately obvious that releases are relatively easy and estab-
lishment is more difficult. Experimental evaluation of the effect of intro-
ductions is possible in some cases but difficult in others, and achieving an under-
standing of the mechanisms of population regulation is a difficult task. Two
types of methods are used in evaluation. One can be termed a "quantitative
approach" using key factor, life table and modeling techniques, and the other is
termed the "experimental check method," wherein various techniques are used to
demonstrate the response of the pest in the presence and absence of natural
enemies. Some workers (DeBach and Huffaker, in Huffaker, 1971) contend that the
quantitative methods do not provide the rigorous proof of control or regulation
by enemies that is needed and provided by the experimental check methods.

Biological control by parasites and predators is not as spectacular as the
massive and immediate results obtained with insecticides (although the action of
microbial diseases can be striking at times, but is not considered here). There-
fore, if we expect to maintain and increase the necessary financial support for
biological control, we must make a major effort to adequately demonstrate its
effectiveness by experimental and/or quantitative techniques.

1/Citations to chapters in both of these books have been used frequently instead
of y.4ving complete citations of many original papers which can be found there.

[124]



BEST COPY AVAILABLE

Stehr, F. W. Parasites and Predators

Releases and Establishment (they are inseparable)

The simplest way to release natural enemies is to remove the lid and throw
the carton out the window as you drive by an area where you think there are hosts.
This has been done, and I know of at least one case where establishment was
successful, but that is not surprising since it is analagous to what must happen
when many of our exotic pests are established by the accidental importation of a
few individuals.

Obviously, there are better methods, but before I discuss them I would like
to cover a related point concerning the collection of enemies for release. The
chances for establishment and the degree of pest control achieved are often
directly related to the quality of the natural enemies obtained. In other words,
if an efficient natural enemy (or an efficient strain or subpopulation of the
species), is not established, control may not be obtained. The topic of foreign
exploration and importation of exotic parasites and predators has been covered
by Dr. Sailer in this book but, as Flanders (1959) pointed out, the scarcity of
the host in the area to be searched is often a primary requirement for the col-
lection of an efficient natural enemy (assuming the area is otherwise suitable for
the host). Too much emphasis has been put on collecting large numbers of natural
enemies at times, and we would be ahead to concentrate on the quality of the speci-
mens collected, rather than simply trying to collect as many as possible.

Releases of natural enemies are easy enough to make, but what should we
consider if we are to have the best chance of establishment? There are two dif-
ferent kinds of releases (1) original establishment releases and (2) subcoloni-
zation releases. I will concentrate on original establishment releases
i=tioroCiTdriresthat can be used for subcolonization which are inappropriate for
original establishment releases because of the necessity to screen out hyper-
parasites that may be present, and the relatively small number of natural enemies
usually available for original establishment releases.

Factors to Consider in Establishment Releases

1) Is the climate suitable? All species (pest and non-pest) are adapted
to some climates better than others, and subpopulations have evolved to be more
effective in one climate than in others. This means releases should be made in
climatically similar areas to those from which the natural enemy was collected
if at all possible. Many factors must be considered, including latitude (-photo,-
period), altitude, temperature and rainfall. Extreme climatic conditions should
be examined (not the average), since survival may be affected by the extremes
when there appear to be only superficial differences in the averages. Messenger
(in Rabb and Guthrie, 1970) thoroughly reviews the bioclimatic input to bio-
logical control, and cites examples of climatically selected parasites from
California where climatic conditions are very diverse.

Messenger and Van den Bosch (in Huffaker, 1971) cite several samples
where climate has affected the success of introductions. A most interesting case
is the release of Triox s allidus (Halliday) to control the walnut aphid,
Chronaphis jugland cola Ka ten ach). In 1959 this parasite was introduced from
Prance throughout southern California and in the next two years it was colonized
throughout central and northern California. It rapidly became an important con-
trol agent in the coastal and intermediate zones of southern California, but
failed to become effective in the northern two-thirds of the state after 5 or 6

years of intensive colonization. It was concluded that; the more severe summer and
winter climates in the north were limiting the effectiveness, so the "same" para-
site was imported from the central plateau of Iran which is climatically similar to
the Central Valley of California, but with somewhat more severe winters.

In less than 2 years it was apparent that the Iranian stock was well
adapted to the climate of northern California, and excellent biological control
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was obtained at some release sites. The possibility exists that two species of
parasites may be involved, but the benefits obtained by using populations which
are climatically adapted are obvious.

2) What is the detailed life history of the natural enemy? Synchroni-
zation of the parasite with the Frost is obviously essential, and this is most often
affected by the climate, but regardless of the climate, it is absolutely essential
that the proper stage of the host be available at the proper time. This may be
the primary host, an alternate host necessary to get through the season, or even
female larvae of the same species of natural enemy in cases where the male larvae
are obligate hyperparasites of their own species (Flander, 1936).

A knowledge of the overwintering site of the natural enemy may be impor-
tant in non-tropical areas, and a knowledge of aestivation sites may be essential
in wet-dry climates, but establishment is possible in some cases even if .such gaps
exist. The example I am most familiar with is that of Ana hes flavipes (Foerster),
a mymarid egg parasite of the cereal leaf beetle, Oulema me ano us (L.), which has
been established (Maltby, et al., 1971) without knowledge o ts overwintering
site, although this knowledge might be useful in trying to manage it.

Knowledge of the overwintering or aestivating site is particularly impor-
tant when the site is going to be disturbed by some management practice which will
destroy a large number of the inactive parasites. In the Midwest, we believe the
successful establishment and buildup of the larval parasites of the cereal leaf
beetle, Tetrastichus julis (Walker), Diaparsis carinifer (Thomson), and Lemopha us
curtus Townes to be due in large part to (1) thiE5FFNEe protection from p ow ng
37-7Triking of the overwintering sites in the soil until after the parasites have
emerged in late spring, and (2) to the planting of several ages of grain which
provides cereal leaf beetle larvae for a longer period of time than is normally
the case, and tends to negate any synchronization problems which might exist.
(Stehr, 1970; Stehr and Haynes, 1972).

The diapause requirements of the host and natural enemy can also be impor-
tant. Clausen (1956) outlines the history of the release of a Mexican tachinid,
Paradexodes epilachnae Aldrich, against the Mexican bean beetle, E ilachna
varivestris Mulsant. Field parasitization of up to 90% was obtainea a ter release,
oThTTears the parasite was never recovered in the season after colonization.
A close study of the biology showed that the parasite could not survive the winter
without host larvae, and since the Mexican bean beetle overwintered as an adult
in the United States, the parasite was doomed. In Mexico there were always a few
larvae available in the winter to maintain the parasite.

A knowledge of both climate and biology were essential for the
establishment in Michigan of Microctonus aethiops (Nees), a parasite of adult
alfalfa weevils, Hypera eostica (Gyllenhall) (Stehr and Casagrande, 1971). This
braconid has two generations per year, the overwintering generation spending most
of the summer and the winter as a diapausing first instar larva inside the over-
wintering adult weevils. It resumes development when the weevils become active in
the spring, killing them and parasitizing remaining unparasitized overwintered
weevils. The spring generation dces not diapause, and emerges to parasitize the
newly emerged alfalfa weevils in which the 1st instar larvae go through the winter,
thus completing the yearly cycle. The season of central Michigan is 10-14 days
later than the Philadelphia area, thus it was possible to sweep adult weevils con-
taining non-diapausing spring generation M. aethio s larvae near Philadelphia in
mid-May, hold them for adult parasite emergence, and release the parasites in
Michigan in late May and early June where they parasitized overwinteree weevils
and produced a non-diapausing generation which emerged and parasitized the newly
emerged weevils. By having a detailed knowledge of the parasite's biology and by
taking advantage of the 10-14-day earlier season in the Philadelphia area we
obtained the non-diapausing generation in Michigan the first year. That would not
have been possible if establishment had been attempted in an area with a climate
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similar to Philadelphia's unless a very large effort had been put into collecting
the overwintered weevils containing diapausing M. aethiops early in the spring
(when they are much more difficult to collect).

3) What is the host density and population trend? The number of hosts
available to a natural enemy and the condition of these hosts are both related to
the time when the release should be made. It is obvious that if the host density
is too low, the parasites?/ (1) will spend most of their time looking for hosts,
(2) may not be able to realize all of the fecundity, (3) may end up superparasi-
tizing the few hosts available (which will either exhaust the food available in
the host before the parasites can complete development or result in lost produc-
tion if competition is such that only 1 parasite survives in each host), or (4)
dispersal in search of hosts may be so extensive that the problem of finding mates
in the next generation will be considerable. However, low populations of hosts are
not normally a problem since work on biological control is often not even started
until the pest becomes abundant enough to cause economic losses.

A more serious problem which is often not considered is the release of
parasites when host populations are at or near their peak density, or even when
they have started to decline. It is undesirable (but sometimes unavoidable) to
release at these peak or declining densities because of the great loss of parasite
reproduction which is bound to occur when the host population crashes because of
starvation, disease, or other density dependent mortality often associated with
peak population densities. Competition with established parasites may also be more
severe when populations are declining.

A similar pest "population crash" can result when pest populations reach
levels which require extensive insecticide treatments. Although economic levels
requiring insecticide treatment are usually far below natural peak populations,
the effect is the same--a drastic reduction in available hosts and decimation of
parasitized hosts, in addition to direct adult parasite kill. Insecticide treat-
ments can of course be avoided by full control of release areas, but there is no
way to avoid a natural population crash.

This means the ideal host population level for parasite releases is a
vigorous, expanding population which is high enough to provide sufficient hosts so
excessive searching, dispersal or superparasitism do not occur, yet low enough to
avoid all the mortality factors associated with peak or declining populations, and
low enough to provide a period of insecticide-free growth. In short, this ideal
host population level must be determined for each target insect so as to insure
that the reproduction of the parasite will be maximal for several generations.
With obvious exceptions (such as excluding superparasitism) similar considerations
apply to the release of predators, too.

Embree and Underwood (1972) have described the establishment of Olesicampe
benefactor Hinz against the larch sawfly, Pristiphora erichsonii (Htg.) INFETne,
NEVITEEETa and New Brunswick, and have discussed the mumopt of host den-
sities to have the greatest chance for establishment of this parasite. Stehr and
Haynes (1972) have suggested optimum densities for colonization of cereal leaf
beetle larval parasites based on the results of establishment releases made in
Kalamazoo Co., Mich. Similar studies should be carried out for other pests and
parasites whenever possible.

4) How many parasites to release? It is impossible to state how many of
a given natural enemy will be needed to effect establishment, but several con-
siderations should be examined. Perhaps the most elementary and important is how

2/The term "parasite" is used in a general sense to include predators.
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many are available. If only a few are available, they should all go to the best
available site where they may even be caged (although some parasites don't do well
in cages), or possibly they should be cultured in the lab. If the supply is
moderate or unlimited (as may be the case in subcolonizations) more options are
open. Major considerations should be the diversity of the release material and
the diversity of the areas where colonization is desired. In areas like the Mid-
west, climatic and physiographic diversity are low, so material of diverse origins
can often be released at the same site with little loss of potential for estab-
lishment, and perhaps even an increase due to genetic recombination. The only loss
may be in knowing which material was established if populations of different ori-
gins are not morphologically distinctive.

In areas where climatic and physiographic diversity are great and the num-
ber of parasites for release is limited, some hard decisions will have to be made,
but the primary objectiVe of original establishment releases is to get establish-
ment. In these instances the best strategy is "large" numbers (500-1000 or more)
at the best possible site, but this does not mean smaller numbers will not work.

Clausen (1939) indicates 10-20 females is enough for many lady beetles,
and a single fertile female could be sufficient for the establishment of a species
if everything was perfect.

In contrast, there are times when the release of thousands does not result
in establishment, but if establishment is not obtained following a release of 500-
1000, factors other than the number released should be carefully examined before a
major effort is undertaken to obtain larger numbers.

5) Are there any competitors? In most cases an inherently superior para-
site would not be affected-by other parasite species since it will kill the infer-
ior parasite if in the same host, or displace it if superior in other ways. How-
ever, it may be impossible to establish an inferior species in the presence of a
superior one. DeBach in Baker and Stebbins (1965) gives the example of A h tis
fisheri imported from Burma and its closest relative Aphytis melinus importe rom
nawrind West Pakistan at the same time against the Californri-Firscale,
Aonidiella aurantii (Maskell). They are sibling species and do not hybridize.
Despite lar4iiiirTreguent releases of both species in the same orchards, A.
fisheri never became permanently established while A. melinus became the dominant
parasite and even replaced another species, Aphytis lingnanensis Compere, which
had been established earlier and was widespread-and reasonably effective, and had
previously displaced Aphytis chrysomphali from certain areas.

It is difficult to predict with any degree of certainty which species
will become established and which ones will be the most effective. However, it is
obvious that if a sequence of species is to be tried as advocated by Turnbull and
Chant (1961) and others, the best approach is to initially introduce one which is
killed by all others in a multiple parasitism situation, thus enabling it to
demonstrate its potential in the absence of competitors. If it is ineffective the
the next one up the scale of competitive superiority has a good chance for estab-
lishment. If the establishments are reversed, the poorer competitor has a con-
siderably reduced chance of becoming established in the presence of the superior
competitor, and even less chance fo become effective.

Many workers do not agree with the philosophy of single species intro-
ductions. They believe control will never iDe reduced by the ectablishment of
additional natural enemies, alit; the establishment of a superior natural enemy will
improve it. See Huffaker, et al. in Huffaker (1971) for a discuJsion of the
subject from the multiple species igtroduction viewpoint.

The history of biological control to date certainly supports multiple
species introductions, but carefully designed programs to test the single species
introduction philosophy are lacking. Even if there is no pressure to obtain
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satisfactory biological control quickly, the single species introduction philoso-
phy suffers from the almost insurmountable obstacle of knowing how to rark.the
known natural enemies from worst to best before introductions are made to a new
area. And even if a ranking of natural enemies is established in the source area,
it does not necessarily follow that the same rank will be maintained in the new
area.

6) Direct release or laboratory production? Both techniques have their
place and barEiVi-advantages and disadvantagls. Laboratory production is
desirable when there is any possibility of hyperparasites being present, when the
biology is imperfectly known, and when very limited numbers are available. The
major disadvantage of laboratory production is the risk of selecting out a strain
which is adapted to laboratory conditions and does poorly under field conditions,
with the related possibility of eliminating genes that may be adaptive in the
field.

For direct field releases each individual must be examined to eliminate
hyperparasites (time-consuming), there is no chance to investigate the biology
more thoroughly, and the chances of establishment are minimal if small numbers are
involved. Direct field release is required if the host or the parasite cannot be
reared satisfactorily in the lab, but the possibility of eliminating desirable
genes in the lab is avoided, so the maximum genetic variability is retained. A
situation where laboratory production for a few generations might increase the
genetic variability and/or adaptability of a population could arise when popu-
lations of natural enemies from different geographic areas are sufficiently dif-
ferent so that little or no mating takes place between these populations under
field conditions. If certain desirable traits from one population need to be
incorporated in the other population(s) the laboratory may be the best (or
quickest) place to do it since some isolating mechanisms which operate in the field
can often be negated in the laboratory. Nevertheless, in most situations we don't
know which traits are best, so I am inclined to agree with Simmonds (1963) who
suggested that releases of collections from various sites of the native home with-
out propagation would provide maximum genetic variability, and field selection
would provide the best genotypes for the target area. DeBach and Hagen (in DeBach,
1964), White, et al. (1970), and Wilson (in Baker and Stebbin3, 1965) have sug-
gested that strains could be produced in the laboratory that would be better able
to cope with some limiting factors and hence colonize previously unsuitable areas.
However, to date, this has not been demonstrated to be effective, and it certainly
is not a necessary approach toward an original establishment unless all other
methods have failed. Obviously, the optimum way to make original establishment
releases is to colonize in the field and to retain a culture in the lab if at all
possible.

7) Should adults or immature stages be released? It goes without saying
that an original establishment release should be composed of adults to avoid the
possibility of introducing hyperparasites that may be present in immature para-
sites. To my knowledge parasites (is hyperparasites) are unknown from adult
parasites, so the on"y hyperparasites to be sorted out of adult releases are those
adult hyperparasites that resemble the primary parasites. In addition, adults are
by far the most effective searchers, which can be critical at low post populations.
Predators are a different matter, of course, since immatures and adults can be para-
sitized. Subcolonization from an original establishment site is another matter, and
the shipment of hosts containing immature parasites is often the most efficient
method since the hosts are usually much easier to find and collect than the adult
parasites, and may be easier to handle. We use it for the cereal leaf beetle lar-
val parasites (Stehr and Haynes, 1972), it is commonly used for alfalfa weevil
larval parasites, and numerous other examples could be cited. Subcolonizations
are critical for parasites which have limited powers of dispersal. Perhaps the
best recent example of an efficient subcolonization system is that used for the
dispersal of the parasite Neodusmetia sangwani (Rao) against rhodesgrass scale,
Antonina graminis (MaskellT7175Tierial drops of parasitized infested grass
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culms in southern Texas (Schuster and Boling, 1971). This via., essential because
natural spread of the parasite was no more than 1/2 mile per year under optimum
conditions.

8) Is there food, water and cover for adult parasites? The parasite must
be attracted to the habitat where the host is found, and the lack of suitable food,
water and cover in many areas has probably been responsible for the failure of
releases, since many parasites require sugars, protein and moisture for egg pro-
duction and survival. Some obtain this by host feeding, but most do not. Clausen
(1932) notes that a parasite of the Japanese beetle, Ti hia vernalis Roh., re-
quires food consisting largely of honeydew produced by ap idi77East-feeding
parasite is ideal, but even host-feeders may require other sources of carbohydrate
that they obtain from preferred species of wild flowers (Leius, 1967).

Modern agricultural systems (especially those for annual crops) lack
diversity and are essentially devoid of all plants except the crop. Therefore,
original establishments of parasites of pests of annual crops should be made on
fully controlled land which is managed for a diversity of crops, weeds, etc.,
especially if the nutritional requirements of the parasites are not known. Crops
such as alfalfa are inherently favorable except for the cutting, abandoned orchards
are good for tree fruit pests, and of course rangelands and forests ordinarily
are not as biologically sterile as annual crops. Lands withdrawn from cultivation
through federal acreage restrictions and soil conservation. programs, as well as
wildlife areas and natural areas are ideal, since such areas are undisturbed and
can sometimes even be managed to favor natural enemies.

9) Handling before release? In most cases, parasites should be released
as soon as possible after receipt if they are to realize their maximum fecundity.
Some are very short-lived, such as Neodusmetia sangwani (Rao), the parasite of
Rhodesgrass scale, Antonina graminis (Maskell), which lives less than 2 days under
field conditions in-faii-TSZENT17-snd Boling, 1971). They should be mated
before release, and if they must be temporarily stored, temperatures of 7 to 15C
are good, provided they are warmed up periodically and given food and water.
However, some species have narrow temperature tolerances, and Conga such as
sterilization can result at non-lethal temperatures, so the optimum temperatures
must be determined for each species or closely related group of insects. Con-
tainers and methods of release too numerous to mention here have been developed
and described for many species.

10) Spacing of releases in the field? Spacing depends on the number
available, the density of hosts available, mobility of parasites, etc., but in
general, they should be spaced so superparasitism is avoided, but not so distant
that mates wil' be hard to find.

11) Time of day for release? Hot, bright, windy or rainy conditions are
to be avoided since these can result in excessive dispersal or mortality, or both.
Late afternoon or early evening when cool and calm conditions prevail are probably
best. This gives the parasites a chance to find suitable resting spots before
dark, and when they resume activity the following morning, they will experience
a completely normal day from sunrise to sunset. Parasites released in the morning
are rarely released at dawn and thus are subjected to rapidly increasing tempera-
tures and wind which may result in excessive activity and dispersal, if not
mortality. Good comparative studies between early morning and evening releases
are :seeded. Of course, if subcolonizations of parasitized hosts are being made,
the parasite is going to emerge at its normal emergence time (usually early
morning) under the best possible conditions, no matter when the parasitized hosts
are placed in the field.

12) Preservation of specimens! This would seem to be self evident, but
some specimens must be preserved for a reference standard in determining if the
released species has become established. Ordinarily, there will )'e a few dead
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ones in the containers, but if not, some living ores must be preserved (both
sexes, but females are required for identification in some cases.) Specimens from
labt,ratory cultures should he periodically preserved, too, as vouchers for any
changes that might occur in the lab. If sibling species are involved, it is
essential that living cultures be maintained in the lab if specimens recovered
from the field are to be identified (and it must be remembered that lab cultures
can and do change through time.)

Determination of Establishment

Recovery is usually made by rearing t! 2 host for parasite emergence or by
dissection of the host. Collecting of adult parasites is ordinarily unproductive,
but a collection is required for predators since there are no parasitized hosts.
For positive identification of parasites it is necessary to rear adults out,
since the immature stages can rarely be positively identified to, species in the
present state of our knowledge.

In some cases, it is quite obvious that a parasite has become established,
but we are often faced with the question of what do we call establishment? I

think the minimum requirement for establishment is that the parasite has survived
for at least one full year and has been recovered in "adequate numbers" (depends
on the biology of the parasite and the host) in relation to the number released.
This ensures that it has survived all conditions (climatic and otherwise) that it
encountered in a full year, but does not mean it is permanently established, since
it has not survived all possible extremes and could very well die out in future
years.

One of the reasons for "lack of establishment" in some cases is lack of
effort in trying to recover the parasite. If you don't look for it, you aren't
likely to find it. And even if you do look for it the first year (or generation)
following a relatively small release in a large host population the chances for
recovery are not great. Another reason for failure is sampling at the wrong time
or the wrong life stage. This is especially so when the biology is imperfectly
known. Nevertheless, if a natural enemy is at all effective, there should be no
difficulty in recovering it after a few generations.

Evaluation

It only takes one recovery to give an indication of establishment, but
what this means in terms of future host regulation is a difficult question. The
effectiveness of natural enemies varies from negligible to giving complete con-
trol. Complete control is the easiest to "evaluate," since without setting up
experiments or taking samples, it is quite obvious something has reduced the host
to non-economic levels. Often we assume it was the natural enemy, but this is
not necessarily true. It is also common to assume a natural enemy is having a
negligible effect if the pest population remains at economic levels. The partial
successes appear to be the most difficult to document, but in fact the same
techniques can be used to evaluate all levels of success from negligible to
complete.

As DeBach and Huffaker (in Huffaker, 1971) nave pointed out, a clear
distinction must be made between-11) whether or not prey regulation by natural
enemies actually occurs? and (2) how it occurs? Regulation has been defined by
them as the maintenance of an organism's density over an extended period of time
between characteristic upper and lower limits. They also defined a regulatory
factor as one which is wholly or partially responsible for the observed regulation
under the given environmental conditions, and whose removal or adverse change in

efficiency or degree will result in ,n increase in the average pest population
density. This definition can be tested experimentally, using techniques which
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exclude the possible effects of factors other than the natural enemies in
question.

The selection of appropriate test areas is critical; areas should be large
enough to exclude insecticide drift and abnormal movements of either prey or
predators into or out of the plots. Cultural practices (especially cultivation)
must be selected so as to minimize the effects on natural enemies or their habitat`
The effects of dust and other "non-toxic" materials such as fertilizer must be
considered. Insecticide residues in the soil of heavily treated perennial crops
such as tree fruits are often so great as to virtually eliminate the study of
natural enemies which spend part of their life cycle in or on the soil. Such areas
have a better chance of being used to study the lack of natural enemies (the insec-
ticidal check method).

We are primarily concerned here with the evaluation of newly established
natural enemies, but the importance of native ones in the regulation of native
insects has been repeatedly demonstrated by the use of insecticides which have
eliminated the natural enemies and permitted formerly innocuous species to attain
pest status. This is, of course, an example of the unintentional use of the
insecticidal check method to demonstrate the regulatory ability of natural enemies.
An extensive review of naturally occurring biological control has been given in
Huffaker (1971) by Hagen, et al., for the western United States, by Rabb for fEe
eastern United States, and by MacPhee and MacLellan for Canada.

DeBach and Huffaker (in Huffaker, 1971) have described the experimental
check methods in detail, and Five classified them into 3 groups (1) Addition,
(2) Exclusion (or subtraction), and (3) Interference.

I prefer to subdivide the "Addition Method" into "before and after" and
"present and absent" forms.

1) The "before and after" form of the Addition method compares an area
before the natural enemy is established with the situation after establishment.
This is relatively easy to do, can be repeated in many different areas which are
not necessarily the same climatically or biologically and it makes no difference
how rapidly the natural enemy disperses.

Another form of the Addition method can be termed the "present and absent"
method where "identical" plots are set up, natural enemies released in half of
them, and the results are compared. This works best for natural enemies which are
slow to disperse, since separation of the "present" and "absent" plots by any great
distance to negate rapid dispersal tends to decrease the similarity of the plots,
and local variations in factors such as rainfall can affect the results.

2) The Exclusion or Subtraction method requires the elimination of natural
enemies, followed use of techniques which keep them excluded. Cages of
various kinds are most commonly used, but similar cages which permit entry of
natural enemies must be used to eliminate any possible effects of the cage.

3) The Interference or Neutralization method employs anything which
selectivelyFinces the natural enemies while having a minimal effect on the pest.
Complete removal of natural enemies is not obtained, but they are reduced or
disturbed enough so the pest population escapes to a higher level when compared
with untreated plots (if the natural enemies were responsible for the lower pest
population). DeBach and Bartlett (in DeBach, 1964) and DeBach and Huffaker (in
Huffaker, 1971) have described and discussed these methods in detail, including
the "insecticidal check method," the "biological check method," the "hand removal
method" and the "trap method."

a) The insecticidal (or chemical) check method uses any material which
selectively kills the natural enemies through differences in toxicity, dosage,
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formulations, timing, etc., and has a minimal effect on the pest. DeBach (1946)
first used DDT to reduce natural enemies of the long-tailed mealybug, Pseudococcus
longispinus (Targoni-Tozzetti) on citrus, and the method has been usedaWEBYLii
ways since.

b) The biological check method takes advantage of the aggressive reactions
of honeydew-seeking ants against natural enemies, and has essentially the same
effect as selective insecticides, but without any of the complications associated
with them or with other methods such as exclusion cages. It is worth noting that
the interference against natural enemies by ants is not restricted to honeydew-
producing species, so increases in pests which are of no interest to ants have
been observed (DeBach and Huffaker, in Huffaker, 1971).

c) The hand-removal method is ideal from the standpoint of avoiding any
influence on anything except the natural enemies. The obvious disadvantage is the
excessive work required to find and remove most of the natural enemies, and the
necessity of working with pests which have many generations per year or which
continually invade the protected area if populations are to build up and results
are to be obtained in a reasonable period time. Fleschner, et al. (1956) .provide
an excellent example of the use of hand removal of natural enemies in the evalua-
tion of the effectiveness of natural enemies in avocado groves in California.

d) The trap method is a modification of the insecticidal check method where
an untreated central area is surrounded by a treated area that kills the natural
enemies which try to leave or enter the untreated area. It is obviously restricted
in use to those situations where the pest moves very little such as mealybugs and
scales, and where the natural enemy is mobile.

Discussion

The experimental check method has been successfully used in many cases to
demonstrate the regulatory ability of natural enemies. However, with the excep-
tion of the "before and after" method, the experimental check methods have been
most effective against pests which have limited mobility and many generations per
year.

Trying to experimentally test the regulating ability of a natural iniemy
against an insect such as the cereal leaf beetle which has one generation per
year, leaves the fields to overwinter, and returns to different fields in dif-
ferent locations the following year is difficult. It is further complicated by
the fact that the beetle density per field is affected by the species, age, quality,
and acreage of the crop planted. In addition, the larval parasites exhibit de-
layed mortality since they don't kill the host until after the cereal leaf beetle
larva pupates and the damage is done. The alfalfa weevil is a similar pest, tut
somewhat less complicated to evaluate, because the crop and the acreage don't move
or vary as much from year to year. We need experimental techniques which can be
used on such pests, but these inherent problems are going to be difficult to
overcome.

The use of experimental check methods to demonstrate the effectiveness of
natural enemies is believed by DeBach and Huffaker (in Huffaker, 1971) and others
to be the only satisfactory proof of their regulating power, but in the present
state of our knowledge, experimental techniques simply cannot be satisfactorily
applied to every pest or crop.

So what do we do? Use "before and after" comparisons, or use census, life
table, key factor, modeling and systems techniques to document the changes that
appear to take place and then project what will take place? All have been used
with varying degrees of success. The "before and after" technique is by far the
least expensive, but it only suggests that regulation occurs without explaining
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how it occurs. The theoretical arguments over population regulation, density
dependence vs. density independence, etc., have gone on for years (see Huffaker,

et al. chap. 2 in Huffaker, 1971; Huffaker and Messenger, Chap. 3 i 4 in DeBach,
1964) for review and discussion), but progress has been slow in resolviE4 the

arguments. The subject is complex to say the least, and methods of analysis have
evolved from census data through key factors and life tables to relatively simple

models to complex systems models. Numerous examples of census, life table and key
factor analysis and the use of relatively simple models are cited and discussed by
Varley and Gradwell 1970; by Varley and Gradwell (in Huffaker, 1971); by Varley in
Rabb, 1970; and to some extent by DeBach and Bartlett (in DeBach, 1964). It is

evident that these methods have not been eminently successful to date. More

recently the advent of computers which can swiftly handle tremendous amounts of

data has led to the development of systems modeling. This, combined with adequate
online input (from the field) of biological and environmental parameters, may
shortly make it possible to evaluate the current situation, predict what is likely

to happen given certain conditions, and recommend procedures to obtain a desired

result.

In order to do this effectively, correct models and subsystems must be

incorporated in the system. Being able to prove that pest regulation by natural
enemies occurs is one thing, but explaining how and why it occurs is another, and

this may be essential for the correct design and operational success of the bio-
logical control component of a pest management system model.

Huffaker and Kennett (1969) have discussed some of the problems encountered
in using the experimental check methods as compared with the analytical key factor,

life table, and modeling approaches. They have used a combination of applicable
methods to convincingly document the complete biological control of Klamath weed
(St. John's wort), Hyperium perforatum L., olive scale, Parlatorea oleae (Colvee),
and cyclamen mite, StenotarsaFFE570Ilidus (Banks) in California. -YETI is a
reasonable approach-using whateverrigaFa are applicable to a given.problem to

prove that biological control works, and if possible, to explain how it works.

However, some long-held fundamental assumptions may not be entirely cor-

rect, and Varley and Gradwell (in Huffaker, 1971) have questioned the common
assumption that any form of density dependent factor will regulate a population,

and that parasites and predators necessarily act as density dependent factors.

Related to this, Hassel and Varley (1969) have proposed a parasite "quest" theory
in which mutal interference between parasites increases as parasite density
increases, resulting in a smaller area of discovery, and permitting the formulation

of a model with stable parasite-host interaction that was not possible in earlier

models. This quest theory also permits the coexistence of 2 or more specific para-
sites on one host species, and predicts that the introduction of additional para-
sites for biological control of a pest is much more likely to have a beneficial
effect, and only rarely might there be an adverse effect (which has never been

observed in nature to date, according to Varley and Gradwell (in Huffaker, 1971).

I am not a biomathematician or systems scientist, but it seems evident
that mathematical models of pest management systems hav: the potential to make
predictions about future population levels based on past experience and a current

input of on line biological and climatological data. Perhaps these systems models
will even eventually be able to explain how and why a regulatory natural enemy
operates, but even if they are not completely successful at that, the one thing
they will do is force us to obtain quantitative data for everything, including
some things that we always took for granted before. The prospects for better
evaluation and understanding of biological control have never been better, and
they should rapidly improve in the next few years.
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INCREASING NATURAL ENEMY RESOURCES THROUGH
CROP ROTATION AND STRIP CROPPING

Marion L. Laster
Entomologist

Delta Branch of the Mississippi Agricultural
and Forestry Experiment Station

Stoneville, Mississippi

Cropping practices vary from location to location and farming practices
vary within locations. Because of the broad scope of farming practices it is
evident that one management program is not suitable for all situations. The crop-
ping system within which natural enemy resources are to be increased must be
defined in order to discuss the topic of increasing natural enemy resources through
crop rotation and strip cropping. The cropping systems for this purpose will be
defined as an optimally organized or modified 1000-acre farm in the Mississippi
Delta area of Mississippi (Figure 1), with average soil resource distribution.
Within the structure of the linear programming model used to determine the optimum
solutions, one set of farm organizations was determined assuming that beef feeding
was possible. Another set of solutions was derived under the assumption that no
beef feeding was possible. Crop and insect management practices will be directed
toward bollworm, Heliothis spp., control in cotton on the specified farm assuming
that boll weevils, Anthonomus grandis Boh., are not a problem.

Selected crops grown in the Mississippi Delta that affect beneficial insect
populations are shown in Table 1. Changes in cropping practices are illustrated
for the years 1949-69 (Miss. Crop Reporting Service). Cotton and soybeans occupy
most of the cropland in the Delta and much of the area is concentrated in large
fields with inadequate reservoirs for beneficial insects. Consequently, if bene-
ficial insects are to be used in a pest control program, they must be provided with
a suitable habitat and managed in such a manner that they will be effective in pest
control.

Crop rotation, as defined by Isely (1957), involves a sequence of crops
grown in a given field during a cycle of successive years and rotated again in
the same sequence. Isely indicated how rotations have been used in controlling
the northern corn rootworm, Diabrotica longicornis (Say), wheat straw-worm,
Harmolita randis (Riley), allaMiWiet potato weevil, Cylas formicarius
ii3NETUlus bummers). Control in these cases required removal of the Host crop
from the infested area. Crop rotation for increasing natural enemy resources
can be defined as a sequence of crops grown in a given field during a cycle of
successive years and repeated again in the same sequence for the purpose of enhanc-
ing beneficial insect populations. The concern here is for maintaining beneficial
insect populations in a given area and utilizing their assistance in controlling a
particular pest species. Since cotton and soybeans occupy most of the cropland in
the Delta area of Mississippi, it is essentially a monoculture system. Cotton, the
primary cash crop, occupies the best soils and a crop of lesser value cannot com-
pete for these soils at the present time. Therefore, crop rotation specifically
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for an insect management program in this area has little or no chance of being
accepted and the remainder of the discussion will be devoted to strip cropping.

Kell (1937), defined field strip cropping for soil erosion control as the
production of regular farm crops in more or less uniform parallel strips laid out
crosswise of the general slope but not parallel to the true contour. Strip cropp-
ing for increasing natural enemy resources can be defined as interplanting primary
crops with uniform parallel strips of secondary crops in sufficient density to
harbor ample beneficial insect populations to combat insect pests of the primary
crop. Strip cropping for erosion control illustrates how a management system has
been developed and employed to effectively serve a specific purpose. It further
indicates that for a pest management system to be effective, it too must be
developed to serve a specific purpose.

Increase of natural enemy resources through strip cropping requires a com-
plex management system that must be well planned if it is to serve its intended
purpose. Each drop and pest-enemy relationship constitutes a separate management
system. Unfortunately, none of these systems have been adequately developed at
the present time. Knipling (1970), pointed out that entomologists have not yet
solved the important problem of determining the actual number of the host insect
that is present at a given time and place, and even less information is available
concerning the actual number of parasites and predators that prey on a given host
species. A better understanding of the interrelationships between host insects
and the complex of parasites and predators that prey on them is needed before a
pest management system can be developed and employed for maximum pest control
efficiency.

The various situations encountered in a strip cropping program to increase
natural enemy resources for insect pest control make it nesessary that certain
factors be considered: (1) the management situation must be defired; (2) the pest
insect must be identified; (3) crops for stripping must be selected; and (4) a
management plan must be formulated.

Management Situation

A program for increasing natural enemy resources must be designed to fit
into the production system where it is to be used. Acceptance of the program
depends upon its effectiveness, cost, and ease of operation. If the program is
not competitive with a total chemical control program in these areas, then chemi-
cals will continue to be the primary means of insect control.

Beef finishing on high energy silage has recently been introduced in the
Mississippi Delta (Heagler, et al., 1967 and Pund, 1970). This enterprise has the
possibility of blending with cotton production and permitting production of good
reservoir crops for beneficial insects.

Since a specific management situation must be defined, an example of a
1000-acre Mississippi Delta farm with optimum farm organization and labor supply,
average soil resource distribution, and a beef feeding program will be used in the
first example. Crop allocations for the land resources are presented in Table 2
(Anderson, 1972) with cotton as the main cash crop. It will be necessary to impose
hypothetical strip cropping situations on this farm since real programs of this
nature do not exist at the present time.

'Pest Insect

A program directed toward bollworm (Heliothis app.) control in cotton
offers the greEtest potential in the specifiingEi4iment situation. Bollworms,
H. zea, and tobacco budworms, H. virescens, are common pests of cotton and rank
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second only to the boll weevil in importance. Larvae of both species are alike in
appearance to the unaided eye and they damage cotton in the same way. They will be
referred to collectively as bollworms in the remainder of this discussion except
where specified.

There are approximately 4 generations of bollworms per year on cotton in
the Delta area of Mississippi. The seasonal occurrence in east-central Missis-
sippi are presented in Figure 2 for both species (Snow and Brazzel, 1965). An
approximate seasonal average is imposed on the graph as indicated by the broken
line, to illustrate the normal occurrence of bollworm populations in the Delta
area. The first generation on cotton normally occurs in mid-June and seldom
causes economic damage. However, insecticide applications are frequently applied
to control these populations. When these applications are made over large areas,
most of the natural enemies of bollworms are killed.

The second bollworm generation in cotton occurs during the latter part of
July. These populations are usually much larger than those of the first generation.
Populations during this generation often cause considerable damage to cotton if
control measures are not applied. These populations are the ones that natural
enemies can be most helpful in controlling. If previous insecticide applications
were made, the initial migration of beneficial insects were killed. With inade-
quate beneficial insect reservoirs there are not sufficient natural enemies to
control the second generation of bollworms and the only alternative is chemical
control. For this reason, reservoir areas for natural enemies must be provided
and managed in such a way to effect control of the target pest.

Bollworm generations in cotton overlap after the second geaeration. Con-
sequently, subsequent generations are not as distinguishable as the first two.
Economic infestations usually occur during late August and early September. These
infestations must also be considered in a control program. Larvae of the last
generation that mature on cotton develop on late vegetative growth and vegetative
regrowth after the cotton has been defoliated. These larvae do not reduce the
yield of cotton but they do contribute to the overwintering population (Laster and
Purr, 1971).

Strip Crops

All insects, pest or beneficial, must grow and reproduce to survive.
These life functions require energy which is derived from food. Therefore, all
populations will be ultimately limited in size by the amount of food in their
particular environment. kaipling (1970) stated that the growth of the predaceous
population must follow the growth of the population of its host(s) and collapse of
the prey population leads to collapse of the predaceous population.

A crop for strip planting in cotton to i.ncrease natural enemies of the
bollworm must be one that will maintain an ampla food supply for the natural enemy
populations. Wene and Sheets (1962) stated that lady beetles migrated to cotton
from alfalfa fields infested with aphids. Since aphids are important hosts for
most bollworm predators, a crop which harbors high populations of aphids should be
considered.

Strip crops may influence the total farm economy in two ways other than
serving as natural enemy reservoirs. Certain of these crops may be harvested and
used for livestock feed or sold for cash income. Crops disposed in this manner
would be complementary and supplementary to the farm economy and are most desirable
if they can serve the intended purpose. Other crops used for strip planting may
have no economic value other than natural enemy reservoirs. These crops must be
destroyed and are considered sacrificial to the total farm economy and the costs
must be absorbed by the primary crop. Therefore, strip planting of sacrificial
crops should be at the minimum density required to serve the intended purpose.
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Unfortunately, total programs for strip planting both types of crops to aid in
pest control have not been satisfactorily developed.

Some strip crops attract pest insects and also serve as natural enemy
reservoirs. Corn is the preferred host for tfie bollworm, H. zea, and may serve
satisfactorily as a trap crop for this species. Lincoln and rFily (1947) found
that corn in the Bilking stage appeared to be effective in attracting moths away
from cotton, but if scattered stalks or single rows of corn were planted in cotton
fields, moths were attracted and deposited eggs not only on the corn but also on

nearby cotton plants. The tobacco budworm, H. virescens, is not attracted to corn.
It was collected in Mississippi for the first trirraiwhorl stage corn at the
Delta Branch Experiment Station in 1971. Corn leaf aphids, Rhopalosiphum maidis
(Fitch), are usually present in corn in the whorl stage. Other Bost speciii7E7ing
the whorl and Bilking stages of corn make it a good reservoir for beneficial

insects.

Grain sorghum is grown in the Delta for silage and grain. It grows well on
most Delta soil types and fits well in many farming programs. Aphid species,
particularly corn leaf aphids, are usually abundant in grain sorghum. Since many
bollworm predators are attracted to the aphid populations in the grain sorghum,
this crop is an excellent reservoir for natural enemies of the bollworm. Robinson,
et al. (1972), from strip cropping studies in Oklahoma, reported that lady beetles
may have been attracted to aphid populations in sorghum and migrated to adjacent
cotton. Consequently, bollworm square damage in cotton strip-planted with sorghum
was less than that in cotton strip-planted with other crops. Fye (1971) gave an
excellent example of the potential of grain sorghum interplanted in cotton for
increasing natural enemies of cotton pests. Heliothis sea is a pest of grain
sorghum and the larvae of this species destroFEEW7iiiiirry feeding on the heads.
H. virescens is not attracted to this plant.

Alfalfa serves as a host for many pest species and is an excellent reser-

voir for many beneficial insects. It is a host of both bollworm species, an
excellent food for livestock, but it has some disadvantages for strip cropping in

cotton. The alfalfa weevil, Hypera postica (Gyllenhal), is a serious pest of this

crop in Mississippi and usually requrriii-Usecticidal control in early spring
(Laster and Davis, 1967). Insecticides applied to control this pest also elimi-
nate the beneficial insects and lower the value of alfalfa as a natural enemy
reservoir. Persistent pesticide residues on alfalfa strip planted in cotton under

present cropping practices would practically eliminate its use for livestock feed.
Perhaps with mere intensive research, programs can be developed to fit alfalfa into
a cropping system as a supplemental strip crop.

Sesame, Sesamum indicum L., a crop that has only been grown experimentally
in Mississippi, FiririFi-some promise for increasing natural enemies of the boll-
worm when strip planted in cotton. Sesame was grown experimentally at the Delta
Branch Experiment Station from 1952 through 1964. Snow and Brazzel (1965) found
that 100% of a larval collection from these experimental plots were tobacco bud-

worms, H. virescens. Rivers, et al. (1965) reported that a collection of
Heliothrs IifFirrfom sesame at College Station, Texas contained approximately
equal numbers of H. zea and H. virescens. Laster and Furr (1972) reported that
collections taken from sesame indicated that sesame was more attractive to H.

virescens than H. zea. Although high larval populations were found in the sesame
parasitic and predaceous insects prevented these larvae from reaching maturity.
The insecticide resistance problem that has been encountered in many cotton pro-
ducing areas (Harris, 1970; Lukefahr, 1970; Nemec, 1970; Phillips, 1971) serves
to emphasize the importance of natural enemies in a control program. If resis-

tance levels continue to increase in tobacco budworm populations, sesame is the
most logical crop to fit into a strip cropping program to control this species.
It has good potential as a supplemental crop but lack of available markets limit
this crop to sacrificial status at the present time. Perhaps other crops may

prove more desirable as further research is conducted.
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After the management situation has been defined, the insect pest problem
identified and strip crops considered, an overall management plan must be formu-
lated. Optimum land allocations as determined by linear programming procedures
for crops and soil types for the example in Table 2 show that 180 acres of sandy
loam and 60 acres of mixed soils are alloted to corn. Cotton is alloted 215 acres
of mixed soils. Corn yields best on the sandy loam soils and consequently has
taken these soils from cotton in this example. Competition of corn for the best
soils is one disadvantage of a beef feeding program on a cotton farm.

There has not been an urgent need for a complete management program
including strip cropping to control bollworms in cotton. Since there has not been
an immediate need for a program of this nature, there has been very little effort
toward developing a complete program. During the past several years insecticides,
principally DDT, have been used for bollworm control. Recent action on the ban of
DDT and the organophosphate resistance problems in our bollworm populations indi-
cate the immediate need for alternate control programs.

Although a complete management program has not been developed, some
excellent work has been reported that should be helpful in developing such a pro-
gram. Stern, et al. (1964) reported control of Lygus hesperus Knight in alfalfa
by strip cutting. Stern (1969) reported Lygus heaperus control in cotton by inter-
planting alfalfa. Robinson, et al. (1972 reports that cotton strip planted with
sorghum suffered less square damage from bollworms than cotton strip planted with
corn, soybeans, alfalfa, and peanuts. These examples show that certair strip
cropping programs are effective in reducing insect damage and that insect popu-
lations can be manipulated by proper harvest management.

The corn and cotton acreage on mixed soils (Table 2) offer an excellent
opportunity for a strip cropping program. These 215 acres of cotton and 60 acres
of corn permit alternate 36-acre blocks of cotton with 10-acre strips of corn.
In order to follow through with a complete program, a planting date and variety
of corn should be selected that will be ready for harvest about July 20, when
Heliothis populations begin increasing (Figure 2). Cutting the corn for silage at
EEN-Tilii forces the beneficial insects into adjacent blocks of cotton to prey on
the bollworm populations (Figure 3). If these beneficial populations are suffi-
cient to overwhelm the bollworm population, many of them will be moving out of the
cotton due tc lack of prey. Some means for holding these beneficials in the field
must be provided. Since fence rows and border areas are insufficient to hold these
insects, an additional strip crop is needed in the cotton for a reservoir &rota.
This is better suited for the management program than fence rows and ditch banks
because the natural enemies cannot be forced out of these areas when needed. The
natural enemies will migrate to areas where food is available. If these are areas
other than cotton, they can be expected to remain in these areas as long as they
are more su'table than cotton or until they are forced to move out. A well planned
strip cropping program with a well-timed harvest of these crops (Figure 3) permits
organized manipulation of the population.

Crops possibly effective for the additional reservoir strips in cotton
are alfalfa, mustard, or other crops revealed through research. Assuming this crop
to be alfalfa, the density should b.) kept within the cconomical limits of a normal
insect control program. A good harvest method for the alfalfa during the season
appears to be that reported by Stern (1969). Approximately one-half of each
alfalfa strip in this report was harvested and the remainder was harvested 2 to 3
weeks later. Vegetative alfalfa growth present at all times when harvested in
this manner permits movement of insects from the freshly cut areas to the vege-
tative growth. The alfalfa can be managed in this manner until bollworm popu-
lations begin building up in August. At this time the alfalfa should all be cut
to force the natural enemies into the cotton.
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In the meantime, the strips that had been planted in corn should be pre-
pared and planted in a winter cover crop. A mixture of small grain (oats or wheat)
and winter peas would seem to fit well here. This cover crop when planted in
early September would serve as a winter reservoir for the natural enemies. The
cover crop would be plowed under in early spring and the area planted back in corn.
At this time, vegetative growth on the alfalfa would provide a place for the
natural enemies to go when the cover crop was destroyed.

This is a hypothetical example of how one situation might be managed to
increase natural enemy resources through a strip cropping program. This is not
presented as a total solution to the bollworm problem but it could serve as a part
of a program which would contribute to a solution. Other practices that would
lessen the insect problem should be included in the overall program where practical
One such practice would be the selection of a suitable cotton variety. A cotton
variety with characteristics such as smooth leaf and nectariless that would give a
10% reduction in bollworm numbers could well make the difference between success
and failure of the entire program. Therefore all proven practices should be fitted
into an overall program where feasible.

Land and crop allocations for a 1000-acre farm with 5 man-years labor and
excluding the possibility of a beef feeding program are presented in Table 3. In
order to apply a strip cropping program in this situation to increase natural
enemy resources for bollworm control, certain modifications in land and crop
allocations are necessary. Using milo in 5-acre strips alternated with 25-acre
blocks of cotton, 30 acres of sandy soils are needed for the milo. These 30
acres of cotton would be moved into the mixed soils and 10 acres of milo would be
needed for strip planting. These changes would move 40 acres of milo from the
clay soils which would be replaced by 40 acres of soybeans. Land and crop allo-
cations would then appear as indicated in Table 4.

A variety of milo should be selected which would mature in late July to
correspond with the bollworm increase. The milo would be harvested at this time
or mature and force the natural enemies to the cotton. A strip of alfalfa would
be needed in each block of cotton as in the previous example. These strip crops
would be handled in the same manner as previously indicated to manipulate the
natural enemy populations. A strip cropping program in this situation could
possibly be used to increase natural enemy resources for bollworm control in
cotton.

It is evident from these two examples that a strip cropping program to
increase natural enemy resources for pest control must be designed for each
management situation. Many questions remain to be answered and many problems
remain to be solved in this regard. In the final analysis, proper management will
remain as the key to success or failure of any program to increase natural enemy
resources for pest control.
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Table 1. Production of selected crops in the Delta area of Mississippi.-
1/

Acres
1949 1954 1964 1969

Approximate
land area 4,728,3202/ GSM all WO

Crop:
Cotton 1,376,904 925,473 796,428 725,700
Soybeans 141,289 440,597 895,940 1,365,000
Hay

3/
Pasture-

84,969
104,350

42,540
258,838

20,271
387,200

Corn 319,634 212,234 42,877 8,900-
4/

Sorghum ,614 11,363 10,259

Total 2 760 1,891,045 2,152,975 2,090,700

1/ Includes the 10 pure Delta counties plus Tallahatchie and Yazoo
counties.

2/ Total Delta area.

3/ Does not include woodland.

4/ 1970 acreage.

Table 2. Optimum farms organization assuming 7 man years labor supply for
a 1000-acre- Mississippi Delta farm with average soil resource
distribution and beef feeding as a potential activity.

Crop
Soil tyze

TotalSandy Mixed Clay
Acres.

Corn silage 180 60 240
Oat-wheat silage-soybeans

(double cropped) 145 145
Soybeans 85 85
Small grain-soybeans (double cropped) 215 215
Cotton 215 215

Total 180 360 360 900

1/ There are actually only 900 acres of land available for crops on a
typical 1000-acre farm. The remaining 100 acres are accounted for
in buildings, roads, turraows, ditches, and land agronomically
unsuitable for tillage.
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Table 3. Optimum farm organization assuming 5 man years labor supply for
a 1000-acrel, Mississippi Delta farm with average soil resource
distribution without beef feeding as a potential activity.

Soil type
Crop Sandy Mixed Clay Total

Acres

Soybeans 345 238 583
Cotton 180 15 195
Milo 122 122

Total 180 360 360 900

1/ There are actually only 900 acres of land available for crops on a
typical 1000-acre farm. The remaining lln acres are accounted for
in buildings, roads, turnrovs, ditches, and land agronomically
unsuitable for tillage.

Table 4. Organization of a 1000-acre-
1/

Mississippi Delta farm without a
beef feeding activity and modified for a strip-cropping program.

Crop

Soybeans
Cotton
Milo

Total

Sandy
Soil type

Mixed Clay Total
Acres

305 278 583
150 45 195
30 10 82 122

180 360 360 900

1/ There are actually only 900 acres of land available for crops on a
typical 1000-acre farm. The remaining Ion acres are accounted for
in buildings, roads, turnroles, ditches, and laud agronomically
unsuitable for tillage.
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NATURAL POPULATIONS OF ENTOMOPHAGOUS ARTHROPODS
AND THEIR EFFECT ON THE AGROECOSYSTEM

W. H. Whitcomb
University of Florida
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Gainesville, Florida

Abstract

The author has reviewed 35 years of experience with field populations of
predators and parasitoids. He has stressed. certain of the problems involved,
particularly how to identify and work with the tremendous numbers of entomophagous
species. The steps leading to actual population management are described. The
various groups of entomophagous arthropods are discussed, but not in phylogenetic
order. Several families of spiders and their various roles in the ecosystem are
mentioned. Many of the more important families of predaceous mites are mentioned
and feeding habits discussed. Much space is given to Formicidae and their role
in the ecosystem. Dragonflies as predators receive attention. The true bugs are
found to be less spectacular, but nonetheless effective as predators. Among the
beetles, Carabidae, including arboreal forms, are studied. Staphylinidae are
among the most important predators, but research has been stymied because of
taxonomic difficulties. Lady beetles are discussed. Neuroptera, especially
Chrysopidae and Hemerobiidae, proved to be especially important. Among the
Hymenoptera, both parasitic and predaceous forms are discussed. The tremendous
variety of Diptera allows for only a cursory coverage. Some species of birds are
mentioned as effective predators under certain circumstances. The prospects of
manipulating the environment as an integral part of pest management systems are
considered.

The modeling and mathematical analyses referred to several times by
previous speakers are becoming increasingly important in helping us understand
the complex web of multi-variate phenomena involved in insect population manage-
ment. We must not forget, however, that such models must be built on carefully
gathered field data and accurate identifications. I would like to present to you
some observations and conclusions of 35 years of field experience on the part of
my students, co-workers, and myself. My earliest experience was in the Mid-West
then in New England, and was continued in the forests of Germany under such eco-
logical pioneers as Karl Friedrichs and Paul Schulze. As most of you know, our
greatest experience has been in such row crops as cotton, corn and soybeans.
However, this discussion will move rapidly from Venezuela to Arkansas, from
Brazil to Florida, from tobacco to peaches, from rice to sugarcane, and from
spiders to woodpeckers.
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In studying predation in. any agroecosystem, the insect field ecologist
finds himself with an almost impossible problem. There are so many species of
arthropods involved that even their identification is a serious problem. More-
over, these species interact with each other and with other components of the
ecosystem. To determine what is actually happening to a pest, especially in the
southeastern United States or in the tropics, at first glance appears almost
impossible because of the complexity of the situation. Whitcomb and Bell (1964)
reported the presence of over 600 predators in the Arkansas cotton field. In
Florida, we are finding well over 1,000 species of predators in soybean fields.
Also, the numbers of species of parasitoids in soybeans is high.

Two approaches to predation studies have often been taken, both of which
have limited value at best. The first is to confine one's study to the 4 or 5
most important enemies of the target pest. This is a fallacious oversimplifi-
cation that usually creates a misleading picture. In my experience, it takes a
long time and much work before one can hazard a guess as to what are the impor-
tant predators. They are rarely the ones one would expect. Moreover, predators
and parasitoids differ in importance from field to field and from year to year.
Most overlooked of all is the indirect importance of supposedly uninvolved
predators and parasitoids. They may affect the entomophagous forms by depriving
them of food. The target pests and secondary prey may be affected in an unex-
pected manner as well.

The second approach is even less tenable; that of lumping related species
together and counting as single items green lacewings, lady beetles, spiders, or
nabids. This is of little value, since each species has its own niche. There is
no ecological significance to be derived from research based on mixed species
counts. In the past, much of the data on predators in cotton, corn, and sorghum
have been gathered in this manner. Unfortunately, thousands of acres of row crops
are still being scouted for arthropods in terms of grouped species.

I find that the first step should be a general survey of predators and
parasitoids present and a determination of their populations in actual numbers per
acre. It is true that ecological studies of this type put a serious strain on the
entire identification system in this country. Synoptic collections are only a
partial answer. If individual field ecologists begin doing much of their own
species identification, it will set the profession of entomology back a hundred
years. In many cases, cryptic species show crucial ecological differences. The
staff of the United States identification services will have to be increased and
regional centers will need to be developed. Possibly a type of technologist,
working under the direction of a taxonomist, could be trained for routine identi-
fication and to facilitate the rapid and efficient handling of material. This
would relieve the research taxonomist from much drudgery and encourage the taxo-
nomic revision of groups crucial to ecological studies.

The second step is to find which predators directly affect the target prey.
This is usually accomplished either by field observations or by the use of radio-
active tracers. Where field observations are employed, both natural and artificial
populations are used. Vigils should last at least 12 hours at a time and must be
both diurnal and nocturnal. Various techniques have been developed to determine
principal predators by marking prey with radioactive isotopes.

The third step is to find the niche and life cycle of these key insecti-
vores. Before extensive field and laboratory research is begun on this phase, a
thorough perusal of the literature is mandatory. In some cases, one can find 17
or 18 life histories of a given predator, not one adding anything essential to the
others, while other predators go unstudied. Studies of the niche of a given
predator again demand long hours of actual field observation.

Moreover, it is not until after one has found the factors affecting both
the numbers and efficiency of crucial predators that one should consider attempting
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manipulation. One must study the effect of both abiotic and biotic factors; many
distinct techniques are required. Two full years of field research are often
necessary to collect these data.

I will not discuss predators and parasitoids order by order, in the nor-
mal phylogenetic sequence, rather I will deal with the important groups as you
would come to them in most field or orchard sampling.

Araneida

Spiders are particularly intriguing. Even though they are found every-
where in almost all cultivated fields, little is known of their ecology and
effect on the agroecosystem. Years of study have emphasized, to us, 4 important
roles of spiders.

First, they prey on destructive insects. Because of their high popu-
lations and the fact that the various species of Araneida have complementary niches
in most situations, they cannot be overrated. For example, one pest may be preyed
on in 8 different ways by 8 different species of spiders.

Secondly, spiders serve as food for predators. Hundreds of spider eggs
are laid for every individual that matures. Ballooning deters cannibalism, but is
only partially successful against other arthropods. In the author's experience,
1 Lycosa rabida Walckenaer female usually carries 1000 or more spiderlings of which
4 to reiEriiturity. In Florida, second and third instar larvae of Chryao as
rufilabris Burmeister gorge themselves on half-grown green lynx spiders, eucetia
TairiiiiiTHentz), in the field. In the laboratory, Hydorn (1971) reared this
lacewing repeatedly on green lynx spiderlings. Coleomegilla maculate (DeGeer), a
coccinellid, has been observed to consume 180 eggs of the spider Chiracanthium
inclusum (Hentz) at a single site under the bracts of a cotton square.

Thirdly, since spiders tend to be general feeders, they are natural
enemies of most beneficial insects. The orb weavers, therediids, and other spiders
destroy large numbers of parasitoids and predators. An orb weaver, Neoscona sp.,
has been observed feeding on-the arboreal ground beetle, Calleida deBB7371ib.)
in kudzu.

Fourthly, spiders compete with insect predators for prey. When secondary
prey is scarce this can be important. Stewart, et al. (1967) correlated lack of
prey and temporary estivation in Coleomegilla maculate. Often, in Arkansas cotton
fields, large populations of striped-lynx spiders appeared to be contributing
factors to low prey populations.

Among spiders, general patterns of predation vary from group to group.
The field entomologist should recognize most temperate zone spiders to family and
many to genus. He should also know their habits. For instance, wolf spiders,
recognized by the 4 largo eyes in 2 rows above the 4 small eyes on the front edge
of the carapace, are abundant, patrolling the soil surface of both temperate and
tropical cultivated fields. Their impact on the insect population is grossly
underrated because above 59F most species tend to be nocturnal. When a head-
light, worn on the forehead, is used at night the spider's eyes shine back like
blue diamonds (Wallace, 1937). On April 22 of this year, in Mato Grosso of Brazil
at 11:00 p.m. we found one species of wolf spider lined along the cutter ant trail
like hogs feeding from a trough; the workers of an Atte sp. were being slaughtered
wholesale. On summer nights, hayfields in the United ltates are alive with species
of Lycosa, Schizocosa, and Pardosa (Figure 1) preying on crickets, lepidopterous
larvae, andREiniarry. ni-iWisonal shift in adult spider populations is
fascinating to watch month by month. It appears to be attuned to abundance of
preferred prey. L cosa unctulata Hentz, mating in the late fall and bearing
eggs in the spring in Kansas, end to feed on early season noctuid larvae on
the ground. Lycosa rabida, similar in appearance, mates and carries its young
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in July. They are most often taken from plants while feeding on adult noctuids.

Lynx spiders, family Oxyopidae, tend to have all 8 eyes grouped together
on the carapace. Especially characteristic are the large spines on the legs. The
striped lynx spider, Ox o s salticus Hentz, searches for lepidopterous larvae and
other prey on foliage. oni-sigiEris of spider could be said to be most common
in North American row crops, O. salticus is it. The immature green lynx spider,
Peucetia viridans, also searches, but as an adult female it awaits its
Fri=a0ah;iihich may be a bollworm moth or a wasp of the genus Polistes in
search of bollworm larvae.

Jumping spiders, family Salticidae, are characterized by the 4 large eyes
on the front of their cephalothorax. Some of you have often heard me say that
the jumping spider is the only "critter" which would stare back through the micro-
scope so that it seemed as if I were the one being observed. Because of their
excellent eyesight, jumping spiders are efficient at patrolling plant foliage.
Prey does not have to move to be attractive to many of them. I know of no other
spiders which feed on insect eggs. The number of second and third instar bollworm
larvae consumed by them is out of proportion to their numbers.

The first two pairs of legs on crab spiders, family Thomisidae, are
unusually long, with the exception of the genus Philodromus and its relatives.
These spiders lie in wait for their prey. They Fai7FEFOri of overcoming a moth
many times their size. In Florida and Brazil, I have been surprised by their
numbers and diversity.

Dwarf spiders, family Erigonidae, often construct road blocks at the
junction of the main stem of a plant and a branch, to intercept larvae moving up
and down. The tangled webs of the black widow spider, family Theridiidae, often
entrap even the largest beetles.

The most efficient traps constructed by arthropods are the orb webs of the
family Araneidae, which are spun between the branches. The silk of Ne hila is so
strong that South Sea islanders use it for fish nets. The spinning o we s by
spiders is instinctive, but it may be triggered by hunger. In a sorghum head or
in the web of the fall webworm, Hyphantria cunea (Drury), prey can be taken as
fast as it can be consumed. Under such circumstances Araneus and Neoscona tend
not to spin webs. On the other hand, Geolycosa missouiriari (Banks), which in
normal situations never spins a web, when gradually starved has been observed to
make a beautiful agelenid type web.

Unfortunately, there is not sufficient time to deal with the role of all
families of spiders, nor to involve oneself in the many details of their biology.
Few things in nature can be as interesting as the mating of spiders.

Acarina

The full significance of mites as predators has been recognized only in
the last 10 years. For some time predation studies have been underway on members
of a few families such as Phytoseiidae on tree crops. However, the tremendous
scope of the field escaped many earlier workers. Usually, mite studies cannot
be done in conjunction with other predator observations since exacting techniques
and special precision are required. Because so little is known of the feeding
habits and biology of predatory mites, only a few of the families can be dealt
with in this discussion; again they will be mentioned as they most frequently occur
in the field.

The Phytoseiidae is one of the best known and most predaceous of the
families. Muma and Denmark (1970) reported 86 species from Florida alone. They
tend to be predators on other mites, but Muma and Denmark (1967) reported
Macroseius biscutatus Chant, Denmark, and Baker, as feeding exclusively on
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nematodes. Many species are well known as predators on crawlers of armored scales.
Muma and Denmark (1970) stated that at least 1 genus is believed to feed and repro-
duce on pollen alone. More typical are the genera that feed on spider mites.
Muma (1965) showed that the most abundant predatory mite on Florida citrus was the
yellow mite, Typhlcdromalus persgrinus (Muma). J. R. Reid (personal communication,
1972) found this was also one of the commonest predaceous mites on soybeans. He
also found 6 other phytoseiids on soybeans, the most abundant of which was
Proprioseiopsis asetus (Chant).

The Cheyletidae are of interest to Florida citrus growers for the big
headed mite, Che letia wellsi Baker. This species, while predaceous, is certainly
not beneficia . muma (1961) reported that it feeds largely on mites of the bene-
ficial family Phytoseiidae. The family Hemisarcoptidae is best known in Florida
for Hemisarcoptes malus. (Shimer), which, according to Muma (1961), is an impor-
tant enemy of Florida ied scale, Chrysomphalus aonidum (Linn.), and especially its
eggs and crawlers. This species has also been reported to feed widely in North
America on oystershell scale, Lepidosaphes ulmi (Linn.).

The family Anystidae includes the whirligig mite reported by Muma (1961)
as the largest mite on citrus. Its predaceous habits are well known, but its
primary prey in Florida citrus was still in question at the time of Muma's report.
The families Teneriffiidae and Pseudocheylidae, in the same superfamily Anystoidea,
have also been collected in Florida and are predaceous, but nothing of their
biology is known.

The long-nosed mites of the family Cunaxidae are also predaceous. We
found 4 specimens of an unidentified species in soybeans in 1971. Muma (1960)
reported the bull mite, Cunaxa taurus (Kramer), as an active predator in citrus.
He also found Andre's long-nosernirEi, Cunaxoides andrei Baker and Hoffman, in
citrus. This is a bright red, tiny mitiWariririFiiiii. Several other genera
and species are present in citrus.

The family Erythraeidae was common in cotton fields in Arkansas. Two
species, Balaustium dowelli Smiley and Erythremis whitcombi Smiley, pierce and
suck many bollworm eggs, particularly under hot dry In the field,
one individual was observed to destroy 25 bollworm eggs in 5 1/2 hours.

Ascidae is another family taken in Florida, both in soybeans and citrus.
Blattisocus kee ani Fox and Lasioseius sp. were taken on citrus (Muma, 1961).
ITUETITEUi eegani, a speciiiOTEiiioseius, and 1 of Asca were taken on soybeans
by Reid (periBRIT-Fommunication, 1972). Chant (1963) reported that most
blattioscines are probably predaceous. He also stated that a number of species of
Ascidae are specific parasites of certain insects. Muma (1961) reported that
Proctolaelaps h udaei (Oudemans) has been maintained through several generations
in the laboratory on ungus cultures.

The snout mites of the family Bdellidae were reported by Atyeo (1960) as
active, fast-running mites, predaceous on small arthropods and arthropod eggs.
They took Collembola readily in the laboratory. Bdella distincta Baker and
Balock was reported by Muma (1971) as common in cITYG7 Bdellidae has been found
in litter under row crops such as corn and soybeans.

The family Tydaeidae, which also contains predaceous forms, was found in

Florida soybeans. Brickhill (1958) found that Tydeus backeri Brickhill and Lorryia
ferulus Baker could be reared freely on twospotER-WiTinTate, Tetranychus
urticae Koch, eggs.

Although members of the family Trombidiidae are fairly abundant in row
crops throughout the Southeast, few have as yet been identified to species. A
dense coat of setae and their bright color gives them the appearance of bits of
red velvet. Many trombidiid larvae parasitize arthropods. Some species are
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apparently capable of transmitting microorganisms from one arthropod to - another.

Both nymphal and adult stages attack eggs and early larval stages of many insects.
Mites taken while feeding on bollworm eggs in cotton in 1962 were identified as
members of this family. Mites taken in corn in Florida also belonged to this
family, but have not yet been identified. The family Johnstonianidae is very
similar to the Trombidiidae in habits, but very little is known about the group
in Florida.

There are other families of predaceous mites such as Stigmaeidae,
Penthalodidae, Ereynetidae, and Podapolipodidae, collected in Florida. However,
to date few observations on their feeding habits and biologies are available.

Formicidae

Among the insects, ants form an outstanding group of dominant arthropod
predators whose importance has often been underestimated. True, they themselves
can be serious pests; however, eliminate them from the soybe,n or sugarcane field
and outbreaks of other serious pests tend to result.

If the objective is to control an ant pest, then William Morton Wheeler's
words (1910) should be remembered, "An ant's worst enemy is another ant." We
would be in serious trouble if it were not for the destruction of red imported fire
ant, Solenopsis invicta Buren, queens by other ants such as species of the genera
Hypoponera (Figure7197 Pogonomyrmex (Figure 2D), Aphaenogaster (Figure 2D),
Pheidole (Figure 2D), Conomyrma (Figure 2B), Iridomyrmex (Figure 2B), Formica
TrIFEW2A), Camponotus (Figure 2A), Lasius (Figure 2A) and paratrechiniWI4ure
2A). In Florida, the most effective natural enemy of the redImported fire ant
queens, other than the red imported fire ant itself, is Conom rma insane (Buckley).
In the "Pantanal" of Brazil, species of Pheidole appear to e moreTiFEtant.

The difference in habits of the subfamilies of ants are so great and they
are so easil, separated that every field ecologist should be able to do this at
sight. Two important subfamilies of ants, Dolichoderinae and Formicinae, can be
distinguished from the other subfamilies by a one-segmented petiole and no sting
(Figure 2). The Formicinae stand out as, in place of the sting, they have a
highly developed organ known as the acidopore, from which toxic substances are
expelled (Hung and Brown, 1966). Many species are among the finest predators; the
effectiveness of the Formica rufa group in European forests is well known (Pavan,
1959). Many formiciniiirieMEtive killers of other ants. When a Lasius
neoni er Emery worker confronts a S. invicta worker (Bhatkar, et al.,7177), the
L.L. neonier worker first takes one-ofIRFa imported fire ant antennae between
Its mandibles, secreting on it what appears to be a toxic substance, then turns
and applies a killing poison from its acidopore to the facial region. The so-
called "Cuiabana" ants, N landeria ppp., have been used for 20 years In Brazil
against Atta species. It is a so an effective enemy of S. invicta. since it
builds no big mound, has no sting, and attacks no crops,Whi7NErE we import it
into the United States? The consequences could be serious. The destruction of
native ants would almost certainly bring on pest outbreaks of which we have never
dreamed.

A second subfamily of ants with 1 segment in the petiole and no sting
(Figure 2) is the Dolichoderinae. They also depend on their mandibles and
secretions from the tip of the gaster for both defense and attack, but do not have
an acidopore. The "eleven o'clock ant of Arkansas," Iridomyrmex pruinosum (Roger)
is an unusually effective predator of bollworm eggs. 76/7bm rma insana is one of
northern Florida's most effective predators. On the otTer an ,-YinTim rmex
humilis (Mayr), the Argentine ant, is one of the world's most ser ous ant pests,
PITTENTly because of its association with aphids and scale insects even though it
too can be a predator.
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The driver ant, subfamily Dorylinae (Figure 2) is recognized by the absence
or vestigal nature of the eyes. They tend to have an all too effective sting. In
the Mato Grosso of Brazil, the genus Eciton is so destructive to S. invicta
colonies that at times, in entire areas, colonies of red imported fire ants can be
found only in such protected situations as in termite nests and under stones and
logs. In general, the Dorylinae tend to attack other ants. In northern Florida,
Neivamyrmex opacithorax Emery was found attacking C. insane.

The subfamily Myrmicinae (Figure 2) in the southern United States is the
most varied and most abundant of all. It is characterized by two segments in the
petiole, a sting, and normal eyes, neither vestigal as in the Dorylinae or over-
developed as they are in the long, slender, hollow twig-dwelling Pseudomyrmecinae
(Figure 2). Pogonomyrmex badius (Latreille), the grain and grass seed feeder, can
at times be an effective iii3E6r, such as when it is attacking red imported fire
ant queens. Members of the tribe Dacetini are highly specialized predators feeding
exclusively on Collembola and related groups. Most notorious of this subfamily
are the fire ants, tribe Solenopsini. What we used to think of as one species,
Solenopsis saevissima F. Smith (Buren, 1972), is now known to be at least 40
;Fines with th their homelands stretching from the Rio Negro in Argentina to the
Guianas. Several species are sympatric, but most are allopatric, constantly
battling each other as well as other even more successful ant species. No wonder
the red imported fire ant is such a problem in the United States. No wonder the
populations have exploded. Fortunately, the 2 species of the Solenopsis saevissima
complex, S. invicta and S. richteri Forel, established in the southern United
States are 26FTHi least a44fiie. We might be able to eliminate the red
imported fire ant in the Unitt,1 States by bringing in a new species of Solenopsis
from Corumba, Brazil, but the tan population would certainly suffer. Solenopsis
invicta does on occasion atf bops and it definitely cultivates scale insects,
ElfTris also one of our mo . .uccessful predators. My biggest objection to the
red imported fire ant is that is too successful as a predator. It attacks many
other predators, thereby simplifying the ecosystem. A stmplified ecosystem is
often an unstable ecosystem.

Pheidole another myrmicine genus, provides us with several predators of
cultivate crops in Florida. Pheidole morrisi Forel tends to be everywhere in
soybean fields of northern FloiliWirriMitations of the red imported fire ant
are not too heavy. A haeno aster spp. are effective predators, attacking a wide
array of prey from term tes to Re red imported fire ant queen; they tend to prefer
woodlands, but some species range widely in cultivated fields. As if to compen-
sate for providing so many fine predators, the Myrmicinae does have one tribe, the
Attini, whose members not only are almost never predaceous, but include some of
the world's most destructive pests. They cultivate fungi in their underground
nests. To provide the substrate for these gardens, they defoliate thousands of
acres of cotton, sesame, citrus, peanuts, pine seedlings, and other crops. They
have taken corn seed out of the ground as fast as I could plant it.

Odonata

To many an entomologist, dragonflies appear inconsequential, both in
numbers and activities. To the sharp-eyed ecologist, dragonflies are important
predators, each species flying differently, most species occupying a particular
pert of the aerospace. Ecologists also see that dragonflies are more numerous
than one would think. In Florida, Neal and Whitcomb (1972) found that they were
missing some crucial species as these dragonflies flew at dusk.

Dragonflies are obligate carnivores which feed on almost any animal small
enough to be captured. However, it is a matter of record that, as an apparent
result of feeding habits and size of prey taken, the same species of dragonfly
has been repeatedly captured with the same species of prey between its mandibles.
Similar , i records are taken often thousands of miles apart. The number per
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acre and flight habits of dragonflies largely determine the impact of any single
species on the agroecosystems.

Gom hus ivae William, n, family Gomphidae, rested more than it flew. In
the soybean iela7it appeareu to be in the air only long enough to take low-
flying prey, capturing it less than a foot above the plants.

Perithemis tenera seminole Calvert, family Libellulidae, is a small low-
flying dragon y. TE7ITATcontinually between the soybean plants throughout the
field from early morning until dusk, taking small prey such as dolichopodid flies.
The green jacket dragonfly, Erythemis simplicicollis (Say), is the commonest
dragonfly in north Florida (Neal and Whitcomb, 1972). It flies very close to the
top of the plants, often only a few inches from the leaves. Bell and Whitcomb
(1961), Whitcomb and Bell (1964) and Lincoln, et al. (1967) reported it as an
effective predator of adult bollworm myths, Heliothis zea (Boddie). Pachydiplax
lon i ennis (Burmeister) captures elate red IEFFidtiFi ants as they leave the
moue s on the nuptial flight. Anax junius (Drury), family Aeshnidae, are abundant
high above cotton and corn fielalfhroug out the Southeast. These strong fliers
are often observed feeding on small Diptera or slate ants, but will take larger
prey. Members of the family Cordulidae, such as Somatochlora filosa (Hagen), are
high fliers which often feed on swarming slate ants.

Hemiptera

Predators of the order Hemiptera are less spectacular than those of some
other orders. They tend to be ubiquitous in distribution and often are the only
predators of importance present. The family Anthocoridae is well represented.
The insidious flower bug, Orius insidiosus (Say) is especially effective destroy-
ing mites as pointed out brIPIER770Kainwater (1950) and others. It is an
important predator of thrips, aphids, and noctuid eggs. In northern Florida,
Orius insidiosus also has been observed by us destroying the eggs of micro-
LepLaopterous pests of pecans. Numerous authors have stressed its effectiveness
against Heliothis zea eggs in corn sill's and on cotton plants. The resulting
collapse egg be distinguished sily from those destroyed by other
sucking insects. In the west, the minute pirate bug, Orius tristicolor (White),
fills a similar niche.

Another anthocorid, Cardiastethus assimilis (Reuter), has been observed
late at night destroying nocrtrincirisoybeans and has been reared
through two generations on soybean looper eggs in the laboratory. Few row crops
in the United States do not benefit from the activities of anthocorids.

Members of the family Nabidae present a very special problem. Individual
species of the genus Nabis are almost impossible to distinguish in the field, yet
each species has a distinct niche. To further complicate the problem they are
among the most effective predators of noctuid eggs, fleahoppers, and other pests.
The :rest solution to date is to bring representative samples into the laboratory
and prorate results to the proportion of each species. Members of the family
Lygaeidae are mostly plant feeders, many are destructive pests. However, the
genus Geocoris is an important exception (Mead, 1972). Geocoris punctipes (Say),
G. uliiriZEIT(Say), and G. bullatus (Say) routinely destroy large numbers of
Empoasca spp., Heliothis zea eggs, and other pests.

A few Miridae are beneficial; Spanogonicus albofasciatus (Reuter) has
been reported by Neal, et al. (1972) at. destructive to noctad pests of soybeans
in Florida. The genus Deraeocoris feeds consistently on aphids; Deraeocoris
nebulosus (Uhler) is reported by Whitcomb and Bell (1964) feeding6E70717-
lossypii Glover.

The family Reduviidae is especially important in tropical and subtropical
regions. The wheel bug, Arilus cristatus (Linn.), is known to most cotton scouts.
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It is largely destructive to fourth instar bollworm larvae, but seldom abundant.
It is a far more effective predator of the fall webworm, Hy hantria 7unea (Drury).
Members of the ge:lus Zelus are largely predators on lepidopterous arvae; Zelus
bilobus Say is an important enemy of third and fourth instar noctuid larvae,
including the velvetbean caterpillar Anticarsia gemmatalis Hubner in.central and

southern Florida. The preferred preyaT51717apini.es (Herrick - Schaeffer)
appears to be coccinellids and chrysomeliailit o ten attacks the boll weevil in

the cotton field.

Pentatomids of the subfamily Asopinae are excellent predaLors. They are
distinguished from other stink bugs because the first segment of the beak is not

covered by the gula. Stiretrus anchorago (Fab.) feeds freely on Mexican bean
beetle larvae. Perillus bioculatus (Fab.) attacks potato beetle larvae. Podisus
maculiventris (SEiricks -large bollworm larvae; it is common in the cotton
fields to see the beak of one inserted near a bollworm head and the beak of another
inserted in the posterior end. Podisus placidus Uhler destroys fall webworm larvae
(Tadic, 1964). Alcaeorrhynchus grates (Dallas) and Euthyrhynchus floridanus
(L.) are important predators of sown pest insects in Florida.

Coleoptera

It is no surprise that the tremendously large order Coleoptera should be of
utmost importance among the entomophagous arthropods. What is surprising is that
many of the important predators belong to small families, like the Anthicidae and
the Melyridae. Unexpected also is the fact that many are parasitoids. Bombardier
beetles, in their larval stage, parasitize pupae of the family Hydrophilidae.
Larval Lebia spp. attack individual pupae of chrysomelids. Important also is the
fact that iirvae of some families, such as Meloidae, are predators, but the adults

are plant-feeding pests.

Important as the ground beetle group is, almost nothing is known of the
larvae other than most are either predators or parasitoids. The larvae of
Calosoma sayi DeJean destroy large numbers of Heliothis spp. and Spodoptera spp.

pupae in t e soil. The spotty distribution of-EWEFEY1-1 pests can be explained
by the presence or absence of carabid immatures. Even when the larvae are ob-
served feeding on a given pest, i.,. still does not tell us much because the
identification to species of most carabid larvae is still virtually impossib:a and
rearing methods are inadequate despite the work of Vernon Kirk and others.

Foliage dwelling ground beetles, especially of the subfamily Lebiinae, have
a greater importance and potential than previously suspected. We have 10 species
and 4 genera in Florida soybeans. Calleida decora (Fab.) can reach a population
of 1400 per acre and will destroy fart ETEstar soybean looper larvae. The larvae

of C. decora are as active on the foliage as adults, tending to avoid last instar

velvetbean larvae, but dest.oying almost every other noctuid larvae
on the soybean foliage. Lebia analis Dejean and L. viridis Say are present
throughout the South and i177010577Ein be general priaWEEFi. However, their
populations depend on the presence of certain weeds since their larvae feed on the

pupae of chrysomelids that attack these weeds.

The list of species of ground beetles that, like wolf spiders, police the
surface of the ground in cultivated crops is almost endless. Calosoma sayi builds
up to high numbers in Florida by late August and September, ear TiEBUgh to do
some good against the velvetbean caterpillar, but too late for many other pests.
The genera Pasimaohus, Progsleritina, Anisodact lus, SelenoRhorus, Agonum,
Harpalus, Agrinaea75are only a few of of er ground beetles.

The family St.aphylinidae is one of the most important of all famthes of
arthropod predators. Research on them has been almost paralyzed because of the

complexity of the taxonomy. Thousar1s of observations and hundreds of life
histories mean nothing as the beetles could not be identified. No one questions
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their effectiveness; I have seen a Staphylinus sp. take a muscoid fly out of the
air a quarter of an inch above itself. Something must be done as soon as possi.,1,:
to make identification feasible so that the role of each species can finally be
established.

The lady beetles, "Marien Kafer" of Germany or "Joaninchen" of Brazil who
iare in the family Coccinellidae tend to be the "work horses" of hundreds of

natural control situations. Two lady beetles, 1 large, Chilocorus sp. and 1 small,
Lindorus sp., are surprisingly effective ag.inst white piEEFWari when not killed
ETTETinsecticides. In the author's experience, the population lev21 of three
lady beetles, Hippodamia convergens Guerin-Meneville, Coleomegilla maculate, and
C cloneda sanquihea (Linn.), determine whether there is going to be a Heliothis
zea out reak sn thousands of cotton and corn fields in the United States. T e
genus Stethorus is vital to the natural control of dozens of species of mites.
Often,-I177-174 beetles of the genus Sc mnus, along with their naked or wax-
covered larvae, are most important of a . The specificity or near specificity
of many lady beetles has been underestimated; in our research Del hastus pusillus
(LeConte) laid its eggs only in thy, pupal skins of whiteflies. On t e other hand,
many species, such as Coleomegilla and Hippodamia spp., are general feeders.
There is no excuse, except plain laziness, for any entomologist rot to recognize
to species the larvae of all the larger and some of the smaller lady beetles.
According to Dr. R. E. Waites (personal communication, 1972), the pattern of the
dorsum of the abdomen is a major part of the secret. Whether black extends a3.1.
the way across the segment, or whether the center third is yellow helps identifi-
cation.

Dozens of other families, including Cicindelidae, Cleridae, Anthicidae,
Melyridae, and Cantharidae, should be dealt with, but time will not allow.

Neuroptera

Neuroptera, although a small order, is among the more important groups of .

entomophagous arthropods since so many species are efficient predators and consume
unusually large numbers of prey. Even though they are mandibulate, their mouth-
parts are modified for piercing and sucking. A bollworm egg attacked by
Neuroptera is completely collapsed and can seldom be distinguished from one
destroyed by a hemipterous predator. Green lacewings, family Chrysopidae, are
possibly the best known; Chrysopa yarnea Stephens is being mass produced for field
release in California, Texas, MissEUT7-and other points. It is not present in
Florida, nor have field releases been successful in this state. Chrysopa
rufilabris Burmeister (Figure 3) is the commonest species in citrus, pecans and
row crops in Florida at certain times of the year. Mass production is being
developed at Gainesville. Entomologists -re just now beginning to understand the
importance of the phenology of species of Chrysopa and Nodita in Florida and
across the nation.

Brown lacewings, family Hemerobiidae, are a largely neglected, but impor-
tant group. We have thought of them as more abundant in more northern regions,
but in Florida they can be very numerous in pecans, peaches, and citrus.
Hemerobius and Micromus are among our more important genera; they deserve a far
more eiFirul st077-7Ftlicls, family Myrmeleontidae, their doodlebug larvae and
their funnel ant-traps have been written off as interesting curiosities. This
may be a serious mistake. A careful study of population dynamics may disclose
that certain species are indeed serious biotic factors affecting some ants.

Hymenoptera

Time will not allow us to discuss the hymenoptera parasites. Even to deal
lightly with a few of the most important ones would take many lectures. The
family Ichneumonidae is one of the largest of all insect families. Its place in
biolocl control has been ably portrayed by H. Townes (1971). One simple
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generalization is in order. In natural biological control, few families of
hymenopterous parasites have anywhere near the importance of the Ichneumonidae;
however, in man's attempts to introduce parasites for the control of pests, the
Braconidae and the various families of chalcidoids have proven much more useful.
Even in natural biological control, few genera can equal in importance the genus
A hidius of Braconidae in aphid control or the chalcidoid genus Aphytis in control
oof scams insects. The chalcidoid genus Trichogramma is almost synonymous with
mass rearing and release.

Three distinct groups of predaceous wards attack spiders exclusively. The
pompilids distinguish themselves not in the taxonomic group of spiders they capture
but that they typically take their prey as it moves about on the soil surface.
Certain species prey upon tarantulas, and others upon wolf spAers. The common mud
daubers in the southeastern United States belong to the genera Sceliphron and
Chalybion of the subfamily Sphecinae. The organ-pipe mud daubers of the genus
rypoxy on are also sphecids. Both groups take a great many orb weavers, along

with theridiids and other prey. Mud nests of Chalybion californicum (Saussure)
often are packed with black widow spiders.

Both the social and solitary Vespidae supply their nests with
lepidopterous larvae. Lawson (1959), Rabb (1953), Rabb and Lawson (1957) and
Kirkton (1970) have written major works on the genus Polistes as predators of
tobacco and cotton pests. By the judicious use of wasps, populations of these
insects can be increased under some circumstances. In large areas of the South-
east, the only effective predator of fourth instar Heliothis zea and Heliothis
virescens (Fab.) in cotton are species of Polistes.--TET7iTlow jacket, Vespula sp.
EarEeT7EF effective predator of several noRTITIT-yet to increase populations of
this wasp would not be in the public interest.

Sphecids are almost exclusively solitary and store their nests with a wide
variety of prey. The confusion over the name Sphex has been unfortunate, since
2 distinct genera are involved and both are exce ent predators, one genus
attacking longhorn grasshoppers and the other lepidopterous larvae. Spectes of
the genus Cerceris attack small beetles, including both buprestids and weevils.
The horse Fala,Nticia carolina (Fab.) is a well known predator of Tabanidae
near horses. I was astoriaiaWElle digging up the nest of a Bombicini type wasp
to find large adult skippers in cells at the bottom of a tube the size of a pencil.

Diptera

The huge order Diptera is a very strange and intriguing one in relation
to entomophagous forms. There are 6 or more families that stand among the most
beneficial families of arthropods and 60 or more other predaceous or parasitoid
families that are dismissed as unimportant. When the scientific facts are in,
the unimportant entomophagous dipterous families may not only be more significant
than the important ones, but they may alsb answer many of the unsolved problems
of population dynamics of the last 30 years. The first and most common mistake
which the field entomologist, uninterested in aquatic arthropods, is likely to
make, is to assume that because a fly is nemocerate it is of no importance.
Hardly a month goes by without new parasitoid or predaceous midges being reported.
I do not mean to underrate the Syrphidae. Although the larvae of many species are
not predaceous, there is no questioning that a wide variety of species exert tre-
mendous biotic pressure on most species of aphids. The percentage of syrphid flies
parasitized by Diptera and Hymenoptera may be the factor determining the aphid
population in many situations. Mesograpta, Allograpta, Metasyrphus, and Syrphus
are only a few genera of particular significancy.

The Asilidae in a few cases are defin:tely benefici441, such as Diogmites
symmachus Loew feeding on the threecornered alfalfa hopper, Spissistiluriiirrns
(Say), but many more species attack wasps of the genus Polistes and honeyEa-117-
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Careful personal monitoring, plus Malaise trapping indicate that in general,
asilid populations in Florida are much lower than in the Arkansas- Missouri area.
Few people realize that the larvae of Tabanidae are predators of invertebrates.
Sciomyzidae have far greater importance as predators of snails than formerly
realized. Dolichopodidae is a large family of metallic-colored flies found almost
everywhere in Florida, a state rich in species. They were often observed taking
aphids from plants such as goldenrod, Solida o spp. Empididae, or dance flies,
take a heavy toll of prey early in the spr ng when this loss is significant. The
list of small families exerting biotic pressure on various groups is long, but
would be much longer if more information were at hand.

Tachinidae is the giant of the parasitic families, as important among the
Diptera as Ichneumonidae is among the Hymenoptera. In the tropics, tachinids
seem to come in all shapes, sizes, and colors. The postscutellum and large
abdominal bristles are always present. In Florida, few lepidopterous larvae and
not many other insect pests escape attack by these insects. Not many entomologists
realize that Sarcophagidae, another muscoid family, is largely parasitic and also
exerts an important influence on arthropod populations. For the field entomologist
a good rule of thumb is that once he is certain that the fly is not Tachinidae and
finds the parallel stripes on the pronotum, he is probably dealing with
Sarcophagidae. Anthomyiidae, a family full of destructive pests, has many impor-
tant predators. In this family, the fact that a voracious predator and a destruc-
tive pest may belong to the same genus and even look much alike leads to confusJ:on.

Dermaptera

Of all the small orders, possibly the most underrated are the Dermaptera,
or earwigs. In the southern states, Labidura riparia Pallas appears to be on and
in the ground everywhere, especially 17-317fabed soil habitats. It attacks
noctuids as larvae, pupae, and adults, feeding voraciously on a w$de range of prey.
Another earwig, Euborellia annuli es (Lucas), has also proven to 41e an effective
ground-feeding p7WHEFF775ost y o smaller prey. Not much is knowo about Doru
lineare (Escholtz) despite the tremendous populations in late summer in several
southern states. It is a flier and climber that is seldom found on the ground.
At times it appears to be a scavenger, at times a plant feeder, and at times a
predator. It fed on both aphids and bollworm eggs in the laboratory.

Ayes

Although this is a discussion of entomophagous arthropods, it is hardly
complete without mentioning the vertebrates, especially certain birds. Two stand
out in my memory. The effect of their feeding had definite clear-cut economic
implications. In some years they were a bit more effective than in other years.
It was, however, an annual phenomenon, and they could be counted on to be of
important benefit at the proper season.

The first was the flicker, Cola ten auretus (Linn.) reported first by Wall
and Whitcomb (1964) as a predator o u t Witirn corn borer. In the winter
and spring in Mississippi, Louisiana, and Arkansas, they work near the base of the
ttalks, making irregular rectangular shaped holes, and removing the larvae with
their tongues. This is of special significance, since recommendation of early
planting of corn to reduce damage from the southwestern corn borer depends on low
borer populations in the spring.

The second, the tufted titmouse, Parus biocolor (Linn.), is an effective
predator of the pecan nut case bearer, Acr is car ae Grote. This insect over-
winters in a tough, saucer-shaped hiberHiEUME77ah ich is attached to the bud and
lies between the bud and twig. The tufted titmouse rips apart the twigs and
removes the larvae. Whitcomb (1970) dissected 26 nut case bearer larvae from the
crop of single tufted titmouse.
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In my experience, effective bird predators have three characteristics in
common: 1) they strike when the pest population is low, 2) at the time of their
importance they specialize on one species of insect, and 3) they have a specialized
behavioral pattern involved in their feeding on particular pests.

Discussion

Factors affecting both numbers and efficiency of beneficial insects are
proving to be more complex than the most profound scientist could have predicted
ten years ago. Now, we know that an almost endless chain of reciprocating and
non-reciprocating density-dependent factors are involved. Hydorn and Whitcomb
(1972) showed that even parental age at oviposition affects survival of progeny of
Chrysopa rufilabris (Table 1). Efficiency of predators, as well as reproductivity,
Ti-EiFEiinITUTFEEed by quantity and kind of parental food. Type of larval food
also affects efficiency. The plant on which the predator is active has both
obvious and unexpected effects. Natural enemies of the beneficial arthropods,
including pathogens, are especially important under semitropical and tropical con-
ditions, but they also have been underrated in more northern conditions.

The size of the predator population is determined to an unusual degree by
the presence or absence of prey. The prey may be the target pest or secondary
prey and is equally important in cultivated or noncultivated areas. The destruc-
tion of composibeaphid populations, Dactynotus spp., on goldenrod by a fungus
disease may affect the predator population in 7 or 8 counties in northern Florida.
Late July droughts in Arkansas often affect secondary prey populations outside the
cotton field, and contribute to bollworm outbreaks in both cotton and soybeans.
Systemic insecticides, under some circumstances, can seriously reduce prey
population such as thrips and aphids and virtually eliminate Orius insidiosus over
wide areas.

I am convinced that much of the future of entomology lies in habitat
manipulation both inside and outside of the cultivated field. In Figure 4, the
effects of changing the date of plowing is shown. The species of plants on high-
way rights-of-way or on canal banks may decide the number of insecticide appli-
cations that must be used in cultivated crops a mile away. The opportunities for
manipulating the populations of ants, ground beetles, spiders, and many other
predators have not yet been fully explored.

Population manipulation will have to be based on a sound and thorough
understanding of the agroecosystem. The predators and parasitoids present must be
known. Knowledge of what they are feeding on and how they capture their prey is
essential. Both the direct and indirect effect of these insectivores on the tar-
get pests will require careful study. The life history of the important predators
and parasitoids will need investigation. The source of these beneficial insects
and the cause of population fluctuation is almost a science in itself. One must
build toward management of the environment step by step, adding one bit of infor-
mation to another while keeping an eye on the ultimate objective so that even the
computer is not overwhelmed. Empirical and trial and error information combined
with ample practical agricultural experience can then be meshed into this theo-
retical understanding to produce a workable part of a pest management program.
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TABLE 1. RELATIONSHIP BETWEEN AGE OF C. tutitabhiA ADULTS AT OVIPOSITION AND
TOTAL LARVAL AND PUPAL DEVELOPMENT TIME OF PROGENY REARED ON T.
cabtaneum at 26+%1

Progeny from:

Av. larval and pupal
development time

(days)*, "
Range
(days)

No. lacewings
tested

First 10 days
of oviposition 23.3+04 21-26 27

Second 10 days
of oviposition 24.4+0.2 22-26 28

Third 10 days
of oviposition 26.0+04 25-28 23

*
Mean + Standard Error of mean

**
All values are significantly different from each other at the 5% level.

1

From p. 80 of Hydorn, S. B. and W. H. Whitcomb. 1972.
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Figure 1.--Dorsal view of a wolf spider, Pardosa melvina Hentz.
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Figure 2.--Examples of ant subfamilies:

A. Formicinae D. Myrmicinae
B. Dolichoderinae E. Pseudomyrmecinae
C. Dorylinae F. Ponerinae
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Figure 3.--Larva of Chrysopa rufilabris Burmeister, a green lacewing common in
Florida.
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INCREASING NATURAL ENEMIES THROUGH USE OF SUPPLEMENTARY
FEEDING AND NON-TARGET PREY

K. S. Hagen and Roy Hale
Department of Entomological Sciences,

Division of Biological Control
University of California, Berkeley

Department of Entomology
Division of Entomology

University of California, Riverside

Monoculture in modern agriculture particularly annual crops strongly pre-
cludes classical biological control and often limits natural biological control.
Introduction of imported natural enemies of arthropod pests and subsequent
establishment is difficult enough in perennial crops but to expect effective
parasite or predator populations to persist in non-diverse ephemeral agroecosystems
is indeed calling for extraordinary responses.

Monocultures actually discriminate against natural enemies and favor
development of "exploding" pest populations. Insect parasites and predators
usually have more complex food requirements than most phytophagous insects. The
hemimetabolous insect plant feeders in both nymphal and adult stages need only one
plant species as food to develop and reproduce, and the adults of holometabolous
pest phytophagous insects can usually mate and oviposit without any feeding. On
the other hand, most predaceous and parasitic insects require different sources of
food in larval and adult stages to develop, reproduce and to survive throughout
the year. Areas where literally thousands of acres of a single crop are present
only during the summer, leaving vast areas of only fallow land during the fall and
winter, invite and encourage plant pests. Phytophagous insects by either long
distance flights, or emerging from pupae in the once fallow soil readily find the
crops, and with built-in metabolite reserves transferred from their larval food
are loaded with hundres of eggs ready for deposition. These insects find little
opposition to depositing their eggs and having a high percentage of their progeny
survive. The parasites and predators that neither overwinter in soil, nor have
nearby vegetation to overwinter, nor pollen, nectar, honeydew nor alternate insect
hosts or prey as food usually arrive too late in the monoculture crops to be of
much value.

The lack of ecological diversity in both surrounding crops or within crops
favors the arthropod pests. Also vast harvesting of a crop further disrupts the
predator-prey relationships in favor of pest organisms. The role of ecological
diversity in agroecosystems have been dealt with in recent years by DeBach, 1964;
DeLoach, 1971; Hodek, 1966: Huffaker, 1971; Mum, 1971; Pickett and Patterson,
1953; Pimentel, 1971; Pollard, 1971; Southwood, 1972; Southwood and Way, 1970;
Stern, 1969; Turnbull, 1969; Uvarov, 1964; van den Bosch and Stern, 1969; van
Emden, 1965a, b; 1974; Way, 1966.
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Because of a lack of knowledge, an entomologist can rarely recommend the
planting of non-crop plants that would provide the requisites certain parasites and
predators require, for such plants could also be reservoirs of plant pathogens and
rest insects (Lewis, 1965; van Emden, 1965a). Attempts are being made to provide
artificial foods and artificial shelters to make up for the environmental defi-
ciencies. There are, however, other methods that are also being practiced in the
integrated control approach that can shift the predator-prey or parasite-host
ratios in favor of natural enemies (van den Bosch and Telford, 1964; Wilson, 1966).
Tle following is a brief description of some various ways. of modifying the environ-
ment and manipulating entomophagous species to increase the effectiveness of
natural enemies.

Methods of Modifying Predator-Prey Ratios in Favor of Natural Enemies

The approach to modifying parasite-host or predator-prey ratios in order
to achieve the biological control of an insect pest or spider mite populations
differs depenaing upon the host specificity of the natural enemies involved and
upon the population densities of both the natural enemies and the pests. What-
ever strategy is chosen to manipulate natural enemy populations, it is important
to act when the pest populations are low. One of the few recourses available when
pest populations are approaching economic damaging levels is the use of selective
pesticides. More specifically, the following strategies have been used to modify
predator-prey or parasitehost ratios.

Resistant Pla.,t Varieties

The use of fairly tolerant plant varieties or varieties that need not be
completely unacceptable to pests but slow the development and reproduction of the
phytophagouo insects can be utilized. Natural enemies the41 have an oppertunity to
find prey and reproduce before the pest population gains enough momentum to sur-
pass economic injury levels, buy some natural enemies that have the potential of
controlliwi the pest must exist'in the community (Horber, 19/2; Starks, at al.,
1972; van Emden, 1966).

Non-Crop Plant Manipulation

Two studies in California grape vineyards may serve as examples of the
influence of non-crop plant manipulation on increasing the effectiveness of
natural enemies by providing an environment for alternate hosts. In one case
a parasite aurvives the winter in an alternate leafhopper on a planted non-crop,
and in the other case, weeds left in the crop serve al a plant host for alternate
prey which a spider mite predator feeds upon dining periods of low pest mite
abundance.

Doutt, et al. (1966) planted wild blackberry, Rubus, in small areas in
vineyard districts far removed from wild areas to proviaeUverwintering alternate
leafhopper host egys for mymarid egg parasite. These plantings of Rubus led to
a distinct increase in parasitization of grape leafhoppers on grapeVT:Ws up to
4 miles away. Since the grape leafhopper overwinters in the adult stage, the egg
parasite becomes .7ompletely disengaged from grape leafhopper populations in mono-
culture areas remote from wild refuges which harbor non-pest leafhoppers that
overwinter in the egg stage.

Flaherty (1969) found that weedy vineyards have more stable populations
of Willamette mite pests, Eptetranychus willamettei Ewing, than in weed-free
vineyards. The small numbers of twospotted mites, Tetranychus urticae Koch,
which moved fro; the weeds onto the grapevines served as an alternate prey species
to maintain effe.tive populatior :s of the predaceous phytoseiid mite, Metaseiulus
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occidentalis (Nesbitt) during low densities of Willamette mites.

Release of Natural Enemies

Mass culture and periodic colonization of natural enemies against specific
pests has been successful in controlling a few pest species (DeBach and Hagen,
1964; Monastero and Delanoue, 1966; Ridgway, 1969; Shands and Simpson, 1972).
Inoculative releases of both pest and natural enemies has also worked in a few
crops (Huffaker and 4,:annett, 1956; Parker, 1971), and inoculating crops with pests,
adults or eggs alone was found to increase parasitization of pests (Shutte and
Franz, 1961; Thewke and Puttler, 1970). Lack of technology has limited the use of
periodic natural enemy releases, but this will become a common approach once
inexpensive mass culture techniques have been developed for a variety of different
species of natural enemies. Ecological knowledge of timing, quantities of natural
enemies that should be released as well as the temperature thresholds of candidate
predators must also be known. Hukusima (1971) used a combination of releasing
coccinellids with spray programs in apple orchards in Japan.

Selective Pesticides

The use of g ,.lective pesticides that permits enough target pests and non-
target phytophagoup i:thropods to survive to provide the naturally occurring
parasites and predators the quantities of hosts or prey necessary for retention
and reproduction can shift the predator-prey ratios in favor of natural enemies.
Here again it is necessary to have some natural enemies present in the treated
fields, otherwise the pest population will resurge faster than if depressei to
extremely low levels by a highly toxic pesticide (Hukusima, 1963; Ripper, 1956;
Smith and van den Bosch, 1967; Stern, et al., 1959). Preserving non-target mites
has recently been demonstrated to be important for increasing the effectiveness of
predaceous spider mites during periods when pest sy:ider mites are low in abundance.
Timing pesticide applications or again using selective pesticides so that the
relatively inocuous rust mites, blister mites or tydeiid mites are spared has been
found to provide suitable prey for predaceous phytoseiid mites to prevent disen-
gagement of the predators from the target pests (Flaherty, et al., 1971, 1972;
Hoyt and Caltagirone, 1971).

Supplementary Feeding

Application of supplementary foods in crops can also be used to retain,
to arrest, to attract and to sustain natural enemies when natural prey popu-
lations are low or where non-prey food is lacking such as pollen or honeydew. It
has been only a few predaceous insects and mites that have been manipulated by
applying supplementary foods to crops. Simple diets have been used to arrest and
retain predators, and complex diets have been employed to attract and induce
oogenesis in certain predators. Pollen has also been applied in the field to
increase the effectiveness of certain predaceous mites indirectly and sunflower
seeds have been scattered in a crop to increase egg deposition of certain
predaceous bugs.

By simply spraying sucrose solutions in corn fields, adult coccinellid
populations were increased on the plants (Ewert and Chiang, 1966a). A higher
adult predator loccinellid and chrysopid ratio to aphids was achieved by suc:Aie
sprays resulting in a lower aphid population even though there were less predator
immAtures present in corn field treated with sucrose (Schiefelbein and Chiang,
1966).

Coccinellid adults, mainly Hippodamia spp. and Chrysopa carnea were not
found to be attracted to sucrose sprayea alfalfa plots but they were arrested and
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the coccinellids aggregated where they found the sugar during their random search-
ings (Hagen, et al., 1971). A diet of sucrose alone does not induce oogenesis in
common coccinellids, and only a few eggs developed from reserves are deposited by
C. carnea when fed only sugar in the laboratory (Hagen, 1962; Hager and Tassan,
r961) 7---

Applications of complex diets which induce oogenesis and oviposition in
certain predators have been made in alfalfa, cotton and peppers with desirable
results. It was found that Chi-vote carnea Stephens could be attracted and
induced to oviposit in alfalfa rields sprayed with a mixture of enzymatic protein
hydrolysate of yeast plus sugar and water even though there were scarcely any
aphids present. This diet also induced oogenesis. The six-fold increase of
Chr sopa oviposition plus the increased activity of the coccinellids in the food
spraye plots prevented aphid populations from attaining damaging levels which
occurred in the control plots (Hagen, et al., 1971).

The ecological basis accounting for the above reaction of C- carnea is that
the adults are attracted naturally tc various homopterous honeydews uPaR7WEich
they feed; oogenesis is stimulated and the Chrysopa oviposits in the general area
of feeding. The yeast hydrolysate plus sugar is essentially like honeydew in
composition, free amino acids preserved in high sugar concentrations (Hagen, 1950).
Therefore applying the artificial honeydew simulates the presence of a high
homopterous population density to which C. carnea is attracted, feeds and oviposits
even though no homoptera may be present 'Hagen, et al., 1970, 1971).

The yeast hydrolysate mixture was found to be phytotoxic to cotton, but by
providing the artificial honeydew on feeding stations in cotton fields C. carnea
was attracted and deposited over twice as many eggs in the general area -of -EU--
stations as compared to the number of eggs counted in the control plots (Hagen,
et al., 1971). The expense of the yeast hydrolysate, $1.50 per lb., and its
phytotoxicity to certain plants led to a search for a cheaper yeast protein
product.

Fortunately an inexpensive dairy product, (about .150 per lb.) composed
of the yeast Saccharomyces fragilis and its whey substrate commercially known as
Wheast (KnudiirreFeamery Co., Los Angeles, California) coule be substituted for
the yeast hydrolysate in the food spray. Wheast plus sugar contain all the
essential nutritional components for oogenesis, and the particulate nature is
similar to pollen. Wheast also possesses the attractant that yeast hydrolysate
contains and is not phytotoxic to a variety of crops (Hagen and Tassan, 1970;
Hagen, et al., 1971). A diet of Wheast plus sugar and water sprayed on alfalfa
and cotton increased the effectiveness of C. carnea and certain coccinellids
against aphids in alfalfa and C. carnea agiinirRiriothis zea eggs and larvae in
cotton (Hagen, et al., 1970, 1;11 17-11;e addendum).

Recently an experiment using predator food sprays on bell peppers was
conducted that increase. the effectiveness of C. carnea againat. Lhe green peach
aphid, Myzus persicae. This experiment will be dalTed here.

Influence of high protein food sprays on Chrysopa in Bell peppers.--Three
alternate rows in two plots (10 rows wide, 50 yards long) of Bell peppers,
Ca sicum frutescens var. grossum at Santa Maria, California were sprayed 4 times
eg nning July 15 two different predator food sprays. One plot was sprayed

with an enzymatic protein hydrolysate of yeast (Type pH yeast hydrolysate, Yeast
Products Co., Patterson, New Jersey), plvs sugar (sucrcze) and water (400g, 700g,
2000m1, respectively) and another plot was sprayed with Wheast plus sugar and
water (460g, 580g, 2000m1, respectively). The food spray experiment was started
on July 15 when the target pest, Myzus persicae, was just beginning to alight on
pepper plants.
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The data in Figure 1 indicate that more Chrysopa egg!, were deposit=c and
less aphids were found in both the yeast hydrolysate and Wheest 9lots than sampled
in the untreated control plot. The July 15 application of the predator food sprays
was the most critical application date, for by two weeks later there was an average
of twice the number of Chrysopa eggs on treated plants compared to control plants.
The Chrysopa larvae hatching the previous week and those larvae from eggs
deposited on July 29 turned the aphid population trend downward while the aphid
population of the control plot were still increasing. It is interesting to note
the greater number of Chrysopa eggs sampled in the control plot on September 3
than were obtained in the treated plots. It appears that the greater amounts of
honeydew on the control plants out-competed the applied artificial honeydew.

The aphid population crash which occurred in the control plot after August
26 was largely the result of fungal epizootic. The fungus involved was
Entomo,thora ?lanchoniana identified by Dr. I. Hall, University of California,
Riverside. Similar epizootics occurred in the predator food sprayed plots on
August 26. However, the aphid population had already been depressed two weeks
earlier by the Chrysopa predation. Fungal epizootics of M. persicae in peppers
were observed to occur during the-two years pepper plantings were under surveil-
lance. Prevailing morning fogs coupled with hot afternoon temperatures, an
Intomopthora epizootic seems to be triggered when the aphid population attains
about 20 per leaf. However, the epizootics occurred too late in control plots to
prevent damage to the plants.

Populations of other aphid natural enemies such as parasitic aphidiines
and predaceous coccinellids and syrphids were too low in all three pepper clots to
have an important influence on the reduction of aphid populations.

Influence of pollen dusting on predaceous mites in grapes.--Pollen is an
important food for certain predaceous mites. Different species of the predaceous
phytoseiid mites show different degrees of dependency on pollen feeding from
continuous development on pollen alone, Amblyseius hibisci (Chant), only one
generation developing on pollen Typhlodromus pyri Sc Ti to not feeding on
pollen at all, Metaseiulus occidentalis (Huffaker, et al., 1970). McMurtry and
Scriven (1966) demonstrated that the avocado brown mite was controlled by A.
aibisci when pollen was added but not where pollen was omitted.

The general predaceous phytoseiid mite, Metaseiulus occidentalis (Nesbitt)
does not feed upon pollen, but feeds readily upon pollen feeding tydeid mites.
Thus, the nontarget tydeiid mites can act as an effective_ alternate prey when the
target pest, the Willamette mite, in vineyards is scarce. Where tydeids are key
alternate prey species, pollen producing flora in and around vineyards may
influence more effective predator control of primary spider mite pests (Flaherty,
1969; Flaherty and Hoy, 1971).

To determine if tydeid mite populations could be artificially increased
by applying pollen to the vines and thus increase the predaceous mites, cattail
pollen (Typhe sp.) was dustel on vineyard test plots. The hypothesis being that
the tydeids increase in numbers by feeding on the pollen, the non-pollen feeding
predaceous mite, M. occidentalis would feed on the tydeids and thus be maintained
at high enough numbers to control the Willamette mite. The numbers of tydeid
mites and M. occidentalis kJtained in the pollen treated plot and control plots
are shown DI YiETWI7TCsignificantly greater number of tydeid mites and
predaceous mites occurred in pollen treated plots. Also the target pest mite,
the Willamette mites, remained low the rest of the season (Flaherty and Hoy,
1971; Flaherty, et al., 1971).

Pollen is also an important food for various predaceous insects. For
example, adults of most predaceous syrphid species require pollen for egg pro-
duction (Barlow, 1961; Schneider, 1969). IA the absence of aphids some
coccinellid larvae can develop on pollen alone and pollen can sery as a
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sustaining food for many different coccinellid adults (Hagen, 1962; smith, 1961).
Certain Chrysopa species also can feed upon pollen and produce eggs (Sheldon and
MacLeod, 1971). Some parasitic Hymenoptera are also sustained and lay more eggs
if certain pollens are available and less pest insects are present in certain
crops where flowers are available (Leius. 1963, 1967).

Dusting pollen on crops may increase the activities of these various
entomophagous species, and since Wheast plus sugar simulates pollen as well as
honeydew, perhaps some of the pollen feeding entomophagous insects may be in-
fluenced beneficially by spraying crops with Wheast plus sugar. However, the
presence of the flower itself with its color and odor is also required to attract
certain natural enemies to the pollen; thus dusting pollen or applying Wheast
and sugar would be of no value to strictly flower visiting adult parasites or
predators.

Influence of sunflower seeds scattered on sugarbeet plants on Geocoris
app.--Tamaki and Weeks (1-972) found in the laboratory that Geocoris bullatus (Say)
ifia G. allens Stal reared on a combination diet of green pant, insect prey and
sunflower see s had the shortest developmental period and highest egg production
than obtained from feeding any of the single diet components. Four field plots
with chopped sunflower seeds scattered on plants (1/4 lb. to 180 sq. ft.) twice
per plot on a sugarbeet field had over twice as many Geocoris eggs as plots with-
out sunflower seeds. Since Geocoris are rather generiTFiNtors feeding upon
aphids, lepidopterous eggs and spider mites, an increase of these bugs will cer-
tainly have a beneficial effect toward controlling pests.

Discussion

The few trials using supplementary foods in crops to increase the effec-
tiveness of predators appears to be one promising approach to rectify poor preda-.
tor-prey ratios. The use of sugar spray alone can be used to arrest and sustain
searching roccinellids and Chrysopa adults, but sugar is neither an attractant nor
nutritious enough to induce oogenesis in these predators. With complex diets com-
posed of sugar and enzymatic protein hydrolysate of yeast or Wheast plus sugar not
only are certain Chrysopa app. attracted but oogenesis and oviposition is induced,
and the resulting increase in predaceous larvae can prevent aphids in alfalfa and
peppers, and bollworms in cotton from attaining their potential high population
levels in the absence of these predators.

The application of predator food sprays in crops does not necessarily
insure pest reduction. Before considering the use of predator food supplements,
it must first be determined that candidate adult predators are in the crop, in
the surrounding crops or in the nearby wild vegetation. Secondly, the density of
natural enemies has to be determined. Our present knowledge tells who these
predators are, but we have little information on how many there have to be. By
no means a definitive number, it seems that in cotton if there are two Chrysopa
carnea adults in 50 sweeps, it may be feasible to attempt a food spray test with
as Wheast plus sugar diet.

In conducting experiments with attractant predator food sprays for
Chrysopa, the unsprayed control plots should be situated in line so that the pre-
vailing evening winds do not blow across the treated food spray plots first.
Chrysopa carnea are attracted to the Wheast while in flight, but the adults fre-
quently li0-6K plants before reaching the attractant, if small amounts of pollen
or honeydew are present they may be arrested and delayed before reaching the
predator food sprayed plots. The food sprays used today apparently will not
attract C. carnea from plants having large amounts of honeydew present.

There is little value in applying yeast hydrolysates or Wheast alone with-
out sugar, for although C. carnea may be attracted to the protein source, little
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feeding will occur on the attractant material. Shands, et al. (1972) sprayed only
yeast hydrolysate on potatoes and obtained no appreciable effect upon aphids,
coccinellids or Chrysopa larvae on treated plants. Since no sugar was available,
their results are not surprising, for it is suspected that little or no feeding
actually occurred on just the yeast hydrolysatet thus little egg deposition could
be expected.

Sufficient quantities of predator food must be applied to a crop if egg
production is to be increased. Butler and Ritchie (1971) applied Wheast plus
honey and glycerin at 3 gallons per acre (the actual amount of Wheast applied was
estimated to be about 5 pounds per acre by aircraft). A 3-fold increase of
Chrysopa adults was obtained in their treated plots but egg deposition was not
increased consistently. It appears from our work that a minimum of 10 pounds of
Wheast plus 10 pounds of sugar in 7 to 10 gallons of water applied to an acre in
alternate airplane swaths (1/2 acre actually receiving the 10 pounds Wheast) is
enough needed to attract and induce oviposition from C. carnea. The food spray
seems to be effective for at least one week and at most two weeks.

Predator food sprays may arrest or attract certain harmful insects.
Sucrose alone apparently will arrest Lygus bug adults in alfalfa (Linguist &
Sorensen, 1970). The sucrose Wheast mixture has not been observed to aggregate
Lygus in our studies, but in alfalfa hay there have been greater numbers of Lygus
adults at times in yeast hydrolysate plus sugar plots. The inconsistent appear-
ance of Lygus adults in treated alfalfa appears to be an arrestment of Lygus on
the food when Lygus are migrating. Since yeast hydrolysate and other protein
hydrolysates attract tephritid flies (Steiner 1952; the use of predator food
sprays should not, at this time, be applied in crops where tephritid flies are
potential pests, for their fecundity will be increased by the supplementary pro-
tein diets (Hagen, 1958). It is possible in the future by including specific
antibiotics in attractant food sprays that a differential effect could be induced
between "pest" population and a predatory population. The tephritid adults
attracted along with Chrysopa carnea adults feeding on the food spray could result
in the fruit fly populations bieduced by destroying their bacterial symbiotes,
and simultaneously increasing the C. carnea populations since the Chr sopa symbi-
otes are yeasts and unaffected by theTalSiotics (Hagen, et al., /1; Hagen and
Tassan, 1973).

Although the pest control approach of applying supplementary foods on
crops is in its infancy, the results indicate that such a strategy well may be
worth pursuing in monoculture crops. However, the degree of understanding the
ecology of the particular agroecosystem under consideration will determine the
success achieved.
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Addendum

The Wheast® products used in all experiments contained 10% ash. New
Wheast products (1973) contain 20% ash, and these Wheasts with higher
ash content give poor responses from Chrysopa.
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Figure 1.--Influence of two types of predator food sprays applied to bell
'peppers on Chrysopa carnea egg deposition and abundance of green peach aphids.
(The T's beneath tnedifii are when the treatments cf food sprays were made.)

Table 1.--Influence of cattail pollen on tydeid mite and the predaceous mite,
Metaseiulus occidentalis populations on grapevines (Flaherty, et al., 1971).

Treatment Tydeid mites M. occidentalis

1, z 1
No pollen 1,199 107

Pollen
3

2,065 171

'Significantly different at the 5% level (t test).
2
Number of prey and predators on 480 leaves. Seven samples of 60 leaves (6
leaves from each of 10 vines) were taken from each treatment from August 19
through November le.

3
Cattail pollen (Typha sp.) freely dusted on 10 grapevines August 6 and October 7
with Hudson garden duster.
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USE OF ECONOMIC THRESHOLDS AND SCOUTING
AS THE BASIS FOR USING PARASITES

AND PREDATORS IN INTEGRATED
CONTROL PROGRAMS

Charles Lincoln
Entomologist

University of Arkansas
Fayetteville, Arkansas

Application of insecticides should be on the basis of need. Treatment at
sub-economic levels of infestation adds unnecessarily to the cost of production,
increases selection pressure for resistance to insecticides, decimates populations
of parasites, predators and other nontarget organisms, and pollutes the
environment.

A great deal of research has been done on economic thresholds. Mucb of it
has been incidental to testing of insecticides. The most clear-cut economil
thresholds have been obtained by simulating insect damage by such methods as re-
moval of fruit or foliage. Maintaining a pre-determined population level, usually
by use of cages, is frequently attempted, usually with erratic results. Research
on economic thresholds frequently goes unpublished. It is reported at various
conferences or spread by word of mouth. After considerable soul-searching, I
have decided not to attempt a thorough literature review, but will cite only a few
key references.

The economic threshold depends on the crop and end use of the product as
much as on the level of 'the pest population.

The threshold of Heliothis zea is about 110,000/A on grain sorghum, about
25,000-30,000/A on soybeaR70317E 7700-3,000/A on cotton, and only one per
acre, if found, on strawberries. Economic thresholds on cotton are high enough
to give parasites and predators a working margin before insecticidal controls must
be invoked, and a wealth of information is available. My presentation will largely
concern itself w4..' cotton insects. Hopefully, the principles expounded will have
more general app. .'ation.

A system for treating as needed requires determination of thresholds for
each pest in relation to the stage of growth and fruiting of cotton. Desirable
supporting information includes the potential yield, optimum fruiting period,
prediction of population trends of pests, and the status of biocontrol agents.
All of these factors are brought to bear on the situation in each cotton field
and the process repeated weekly or more often. The system is usually used by a
person of limited entomological training who spends from one-half to one hour in
each cotton field on each visit. Such systems have been in use for almost half a
century. Many farmers scout their own cotton, while others hire the service.
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Unlike most field crops, cotton sets fruit over a long period of time.
For instance, heavy blooming commonly lasts for seven or eight weeks in eastern
Arkansas. However, the effective blooming period is only four or five weeks. As
the boll load accumulates, subsequent flowers are shed as small bolls. Normally,
about one-half of the season's production of flowers is shed.

Excessive loss of early fruit can subsequently be 6ompensated for, but
this late fruit may be subject to greater hazards from insects and weather. From
the above, it is obvious that economic thresholds cannot be fixed. Rather, we must
think in terms of treatment thresholds developed for limited areas similar in
climate, production capabilities and pest problems.

To give biological control a chance to work, treatment thresholds should
be set at the maximum tolerable levels. Where possible, selective insecticides
should be used or applications made at a time that will cause minimal disruption of
biological control. Let us now consider the problem pest by pest.

Thri s may invade seedling cotton in massive numbers. The resulting
stunting, cur ing of leaves, and loss of terminals may be spectacular, but the
real damage directly attributable to thrips is small and difficult to measure.
Given healthy seedlings and good growing conditions, thrips damage, at most,
delays early fruit set a few days and this is later compensated for with no
delay in harvest date. After cotton has two fully expanded true leaves, it is
almost immune to damage although heavy thrips populations may persist. However,
in cold or dry weather, seedling plants are under stress ,41 their slow growth
keeps them susceptible to thrips, which, in turn, slows their growth still more.

The expression, "The hoe must go," is obsolete. The hoe has gone.
Weeds in the drill are controlled by herbicides or flame or not controlled at all.
If early growth is slowed, cotton does not stand enough taller than the weeds for
herbicides or flame to work. The contribution that thrips make to this situation,
as opposed to the contributions of weather, plant diseases, and chemical change,
defies analysis.

Automatic applications for thrips control are widely practiced. In
eastern Arkansas, most fields are not heavily infested in most years. Automatic
treatment of lightly infested fields is a needless expense, selects for resis-
tance of spider mites, thrips and aphids, and contributes to environmental
pollution. The impact of such treatments on parasite and predator populations
has not been defined. Most beneficial insects move into cotton after treatment
for thrips is terminated. However, thrips are an excellent food source for some
predators. Aphids are also excellent food for certain predators and treatment for
thrips ordinarily reduces aphid numbers.

Timing of applications as needed for thrips control poses certain problems.
Use of damage symptoms as criteria is of no value. By the time symptoms are evi-
dent the damage has been done. Furthermore, thrips damage symptoms are mimicked
by damage from cool weather, diseases, and chemicals. The best scouting approach
is by use of a beater-box, made from hardware cloth and a cigar box. Cotton
plants in the cotyledon stage are pulled gently and beaten against the hardware
cloth. Thrips in the cigar box are then counted. One adult per plant represents
a potentially damaging infestation. Plants with true leaves do not need to be
pulled. The box is tipped at an angle greater than 45 and the plants slapped
against the hardware cloth. In the two-leaf stage, five thrips per plant is
considered a treatable infestation. This system has been recommended in Arkansas
for some five years but has not been widely accepted. Part of the kroblem is that
our scouting program is based on the use of students and they are not in the field
this early in the season.

Cutworms cut off seedling plants and may reduce the stand along field
borders ETTElields where vegetation has not been thoroughly destroyed prior to

[183]



Lincoln, C. BEST COPY AVAILABLE Parasites and Predators

planting. Firm thresholds have not been developed. The Arkansas recommendations,
which are typical, use such terminology as, "If cutworms threaten the stand," and

"problem fields."

Fleahoppers and Plant Bugs may cause pinhead squares to be aborted. Later
in the season anthers are fed on in larger squares and blooms, increasing the

tendency to shed. Feeding on small bolls may result in shedding or in poorly
developed locks.

In the rainbelt the accepted scouting method has been to make terminal
counts, usually examining the top six inches of 100 dominant plants per field.
In the Far West sweepnets are more commonly used. Both methods are inaccurate
and results are influenced by time of day, temperature, and wind. Given accurate
counts, setting economic thresholds is fraught with error. Infestations are often
transient and early season loss of squares is readily compensated for by later

fruit set. For example, the late Al Hamner showed that complete removal of all

young squares through the third week of July caused no reduction in yield,

(Hamner, 1941).

Caging plant bugs to maintain pre-determined infestation levels has pro-
duced variable results. The shading by the cage tends to promote vegetative
growth, thus introducing an unwanted variable. Introduced bugs often fail to
survive or to feed.

Evaluation of a field problem should include both insect counts and damage

symptoms. The first squares may be set by the sixth node. If squares are not
set by the ninth node, trouble is indicated. Insect damage is only one of several
factors that may delay the initiation of squaring. In such problem fields, very
careful plant bug counts should be made and treatments applied for light infes-
tations, as low as 10 to 15 per 100 terminals. If cotton ie setting squares by
the ninth node, higher infestations should be tolerated, 25 to 40 per 100

terminals.

Applications of insecticides at the initiation of fruiting comes at a
critical time from the standpoint of biological control. Decimation of popula-
tions of predators and parasites at this time may induce outbreaks of other pests.
The blow can be softened by using a partially selective insecticide, such as di-
methoate or trichlorfon at low dosages. By treating promptly as soon as the
threshold is reached, more time is allowed for recovery of populations of bene-
ficial insects before the critical bollworm season.

Later in the season the decision to treat or not treat should consider
feeding signs on anthers of large squares and blooms, feeding punctures on small
bolls, And bug populations in terminals and squares. This is presently a murky
area and good treatment thresholds have not been developed. Variations in
varietal susceptibility to damage and in attractior to plant bugs apparently are
adding greatly to the confusion. In any case, treatment is disruptive of bio-
logical control.

Lack of sound economic thresholds and reliable scouting methods for plant
bugs and fleahoppers is a big problem in developing pest management programs in

many areas.

Boll Weevil is the key pest over most of the rainbelt. It is not subject
to effective biological control from parasites and predators. Varieties and
cultural practices that make for high yields favor boll weevil buildup.

Full yields of cotton may be made despite continuously heavy weevil infes-

tations with more than 40% punctured squares (Young, 1935; Fife, et al., 1949;

Isely and Barnes, 1951). This is not to disparage the potential of boll weevil as

a pest of cotton. In one of the tests just referred to the check plot yielded 16
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pounds per acre, a 98% reduction in yield. A friend recently told me that he and
his brother once picked 14 acres of cotton in one day.

Most of the work on damage thresholds of boll weevil has dealt in terms of
percentage of punctured squares. This is are much a function of the rate of squar-
ing as it is of the boll weevil population. Most professional cotton entomologists
are cognizant of this trap and make some allowance for it. Few farmers or scouts
have the necessary experience to do so.

Traditionally, weevil infestations have been determined by examining
squares "at random" while covering a field in an "X" or "S" pattern. This is
another trap. Weevil punctures are concentrated in the upper part of the plant.
A tall scout will find a higher percentage of punctured squares than will a short
scout. True random sampling of boll weevil punctures is not possible under field
conditions.

The point sample system of scouting (Lincoln, et al., 1963) solves these
problems. Fifty consecutive squares, 1/4 inch or larger in diameter, are
examined for weevil punctures. The number of row feet is measured. This pro-
cess is repeated four times within a field. The counts can readily be converted
to squares per acre and punctured squares per acre. An estimate of weevils per
acre can be obtained by dividing punctured squares per acre by a factor of 20.
Since all squares are examined, selection for or against vertical concentration of
punctured squares is eliminated.

Unfortunately, the point sample system introduces problems of its own.
Boll weevil punctured squares are neither randomly nor evenly distributed through-
out a field. Four sub-samples per field are obviously inadequate. Sampling error
is great and hot spots may be missed.

Some compromise systems are being developed. Boll weevil punctures may
be counted "at random" and number of squares per acre estimated in a separate
operation.

I am not aware of any work on economic or treatment thresholds for boll
weevil based on number of punctures per acre as opposed to percentage of punctures.
In eastern Arkansas the average maximum number of 1/4 inch and larger squares per
acre at the seasonal peak is almost 2.0,000. By extrapolation, cotton can
tolerate 80,000 punctured squares per acre at the peak of fruiting.

Given favorable weather and abundant food, the weevil population in a
cotton field doubles or triples each week. For approximately five weeks the
square load also increases, masking much of the increase in weevil population
and yielding a slow rise in percentage of punctured squares. Then the squaring
rate levels off for some three reeks. The boll weevil increase does not level
off and an apparent population explosion results. As an example, let us assume
a constant rate of squaring for a three-week period and 10% punctured squares the
first week. There would be 20 to 30% punctured squares the next week and 40 to
90% punctured squares the third week. In this hypothetical situation beginning
applications at 25% punctured squares, a long-time recommendation, is barely
adequate. One ineffective application wi'.1 result in economic loss. Starting at
10% punctured squares would allow adequate lead time in this situation. However,
starting at 10% punctured squares earlier in the season would be unnecessary and
undesirable. We have struggled with this problem for years in Arkansas and it is
the basic reson that we went to point sample scouting. Using this method, we
recommended initiation of treatment at 60% punctured squares the first week of
squaring and dropped the percentage each week until we were recommending treatment
for 6 to 10% punctured squares after five to eight weeks of squaring. However,
the treatment threshold was increasing in terms of punctured squares per acre.
Although we were still using percentage of punctured squares, we were thinking in
terms of punctured squares per acre- To legitimize what we were doing, we changed
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the recommendations to start treating for 20,000 punctured
the second week of squaring until cutout was approaching.
conversion table and a change in thinking from percentages
confusion. This year we have adopted a very simple method
Instead of 20,000 per acre, the treatment threshold is set
squares per row foot.

squares per acre from
This required use of a

. It created a lot of
of doing the same thing.
at 1 1/2 punctured

There are three approaches to insecticidal control of boll weevil for
which punctured squares do not serve as a useful criterion. One of these
approaches is to suppress the overwintered weevil population at the initiation of
squaring. Counting weevils at this stage is very time-consuming. Applications at
this stage drastically reduce populations of beneficial insects at a sensitive
period. This approach has largely been abandoned except for its use in the boll
weevil eradication experiment.

Another approach is treatment for boll protection during the cutout period.
Usually a farmer has already started treatment based on punctured squares and he
continues on schedule until all bolls to be protected are 16 to 20 days old.
Occasionally, weevil populations first reach an economic level after squaring has
dropped to a low level. Arkansas recommendations are to inspect small bolls
instead of squares and to treat for one punctured boll per row foot, but this is
based more on logic than research. Determination of economic thresholds for boll
protection is a murky area. By this time biological control has served its pur-
pose or else failed. It is better to err on the side of over-treatment because
losses at this stage are irrecoverable.

A third approach is diapause control. Applications are made late in the
season to prevent weevils from entering diapause. This reduces the overwintering
population. Hopefully, a diapause program delays the start of insecticide appli-
cation the following year, permitting parasites and predators to work in bollworm,
tobacco budworm, spider mites, whiteflies and other pests.

Timing of applications for diapause control is based on condition of the
plants with little attention to counts of weevils or weevil damage. It is
assumed that there are enough weevils to treat if (a) in-season applications have
been required; and (b) there are squares or small bolls to serve as food.

The Bollworm-Tobacco Budworm complex is susceptible to biological control
and is difficult to control with insecticides. Innate susceptibility of the two
species differs and varying patterns of insecticide resistance have developed
between populations within each species.

The damage threshold is a seasonal average of two larvae to 10 row feet,
between 2,500 and 3,000 per acre, or 3% damaged squares or 3% damaged bolls
(Adkisson, et al., 1964). This research was done in walk-in cages. Different
infestation levels were obtained by liberation of moths ' small larvae. Infes-
tation levels fluctuated and were highest late in the sea A.

Simulating bollworm damage by removing squares and using a cork borer on
bolls showed no reduction in yield from the equivalent of four larvae per 10 row
feet as one time infestations in early, mid, or late season in the Mississippi
Delta (Kincade, et al., 1970). Damage equivalent to four larvae per 10 row feet
three times during the season reduced yields by 285 pounds lint per acre in one
of two years but the reduction was not statistically significant. These workers
considered eight squares and three bolls to be equivalent to the damage caused by
one larva.

Use of these research results in setting treatment thresholds poses cer-
tain problems. Heavy infestations prior to bloom can be dismissed as unimportant.
The resultant square loss is readily compensated for and may even increase yields
slightly.
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During the period of heavy square production, bollworms feed mere on
squares than on bolls and the damage threshold appears to be greater than four
lrvae to 10 row feet or 5,000 per acre.

Late in the season boll feeding increases and newly-hatched larvae from
eggs laid on dried blooms or'bracts may attack bolls directly, probably lowering
the economic threshold.

Two methods of scouting are commohly used for the bollworm-tobacco bud-
worm complex. One is to examine dominant terminals for eggs and small larvae.
Applying insecticides on this basis sacrifices biological control at the time
when biological control may be very effective. Work by Whitcomb and associates
over a three-year period showed more than 30% reduction in bollworm eggs from
predations in 12 daylight hours. Somewhat lower but significant predation occurred
at night. Predation of small larvae is also important, 10-20% of second instar
larvae in six hours of exposure.

We attempted to solve this problem by having the scouts make counts of key
predators, the number tuund while examining 200 squares, 100 terminals, and 100
leaves. Results were discouraging. Apparently, terminal counts for bollworm eggs
and small larvae and the predator counts were subject to too much sampling error.

The other common approach to scouting for bollworm is to count damaged
squares. Five damaged squaros is equivalent to one bollworm (Sterling, 1972).
Putting all the pieces together, a reasonable treatment threshold would be 20
damaged squares to 10 row feet or 25,000 damaged squares per acre when cotton is
squaring heavily. Based on average peak squaring rates in Arkansas, this would
be 12-13% damaged squares.

No one that I know has the nerve to recommend such a high treatment thres-
hold for general use. Mississippi recommends starting application during the
heavy squaring period for 5% damaged squares with continued pressure indicated by
eggs and small larvae in terminals. Texas recommends first treatment for 5 to 8%
damaged squares. Arkansas recommends first treatment for one damaged square per
row foot, equivalent to 6-7% at the average peak. In all three states ceztain
adjustments are made after first treatment or as cutout develops.

Question: Why are we all recommending initiation of treatment at sub-
economic levels?

Answer: Because we have a healthy and well-founded respect for bollworm.
If we wait until bio-control has had full opportunity to express itself, worms
are in the third instar. We have no more than three days in which to kill them,
because tolerance to insecticides increases rapidly with worm size. Control is
difficult at best because of the secretive habits of the worms and insecticide
resistance patterns are variable and unpredictable.

Having effective and cheap insecticides, we have erred on the side of
overtreatment for control of all cotton insects. Readjustment toward minimal use
of insecticides poses more problems with the Heliothis complex than with any other
insect.

Before abandoning the bollworm-tobacco budworm problem, we should consider
a new insecticide and a biocide. The insecticide (Galecron or Fundal) is pri-
marily an ovicide but is also effective if taken by the moth. The biocide is the
Heliothis nuclear polyhedrosis virus and it is most effective against newly-hatched
arvae. The virus is completely host specific and the insecticide at low dosages
is relatively harmless to predators. For these materials to have a chance, we
mus6 be able to do a more accurate job of scouting for eggs, i.e., terminal counts,
or learn to make adult counts, or accept high levels of damage for brief periods,
i.e., permit the larger worms to mature unmolested before the treatment becomes
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effective. This last course presents the fewest problems to the scout but calls
for drastic reappraisal of values by farmers and professional agricultural workers,
not excluding entomologists.

Boll rot is a major problem in rank cotton with high humidity. Estimates
pf crop loss om boll rot generally exceed 10% in Louisiana. Several pathogens
are Involved; most are weak parasites. Entry into bolls is often associated with
mechanical or insect damage. Little work has been done in the area of insect
population or damage thresholds in relation to incidence of boll rot.

Pink Bollworm populations must exceed one worm per boll before direct
economiclEgWYW-Filarts. However, in the Imperial Valley of California, the
economic threshold is considered to be only about 5% boll infestation because of
the interaction of pink bollworm and boll rot.

Faced with a ser; us new pest, many farmers in the Imperial Valley went
onto automatic schedules of application in an area where insecticides had been
little used in recent years. This upst0. the balance between cotton leaf perfo-
rator and a host specific parasite. Indaced outbreaks of perforator proved
difficult to control.

The pink bollworm does not appear vo be readily controlled by parasites and
predators. The cultural methods so effective in Texas were either ineffective or
unacceptable. A partial solution is to set treatment thresholds as high as is
reasonable and to base insecticxdai treatment on scouting.

The accepted method of scouting is to slice hard bolls and look for worm
entries. The method is tedious. The worms found have developed beyond tY stage
where they can be controlled with insecticides. To use this method as a de to
insecticide application, certain assumptions must be made about the rate of vpu-
lation buildup, maturity of the crop and the boll rot hazard.

A sex pheromone is a practical trapping tool for detection and for overall
population monitoring of pink bollworm. Recent work suggests that sex pheromone
traps might also be used to set treatment thresholds for pink bollworm on a field
by field basis. This would be a marked advance in scouting for pink bollworm.
Interestingly enough, sex pheromones are very useful tools in boll weevil and
bollworm research and survey but presently offer little hope of being useful in
tiering field applications of insecticides.

Discussion

My presentation has largely dealt with use of economic thresholds and
scouting to reduce or eliminate unnecessary application of insecticides. I have
also discussed selective insecticides and diapause control of boll weevil. These
measures tend to conserve populations of parasites and predators.

Except for one slip, I have avoided the subject of scouting and setting
effective population thresholds for parasites and predators. Despite our fiasco
alluded to earlier, I want to be realistic, not pessimistic. With better train-
ing and supervision, scouting accuracy can be improved, and with research, better
scouting methods can be developed.

Much of the problem lies in the number and diversity of predators. Of
the hundreds of species found in a cotton field, only a few species have the
potential for controlling a serious pest like the bollworm. Effectiveness depends
on numbers and stadia of the host and the predator. Competing prey and other
factors further confuse the situation. We need a great deal of quantitative
research on each of several species of predators and parasites before their
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contributions can be evaluated. Inauguration of the Extension-APHIS pest manage-
ment program will make available a lot of scouting information that includes
predator counts. Computerization of this information will make possible an
evaluation of the importance of each species or group of predator in relation to
pest problems. Crude as the data are, its sheer mass should yield useful infor-
mation that can be extracted by computers.

Summary

Use of parasites and predators in control of pest insects is approached in
a negative manner. By setting realistically high treatment thresholds and
measuring them by scouting methods that can be used by a non-professional or at
least by a sub-professional, natural populations of parasites and predators are
not destroyed unnecessarily.

There is a great need to develop methods of scouting for parasites and
predators and to set effectiveness thresholds.
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SELECTIVE USE OF INSECTICIDES IN PEST MANAGEMENT

Robert L. Metcalf
Department of Entomology

University of Illinois, Urbana- Champaign

The past 25 years has witnessed the steadily increasing use of insecticides
both in number of chemical compounds, increasing in the U.S. from about 30 to more
than 300, and in volume of use, increasing from about 200 million pounds to 500
million pounds annually. This use of insecticides has resulted in outstanding
examples of effective insect control and in dramatic increases in crop yields, and
in improved human health. However, there has also been rapidly increasing public
concern about the side effects of pesticides on nontarget organisms and upon
environmental quality. Moreover, entomologists themselves have become uneasy about
the, steadily increasing problems of insect resistance to insecticide applications
and the mounting indications that regular and repetitive insecticide treatments of
crops such as cotton and deciduous fruits can result in spiraling treatment costs
and in ecological changes in the nature of the pest complexes involved. All of
these danger signals indicate that substantial changes must be made in both the
nature and usage of pesticides. It must be remembered always that insecticides
are applied to the environment as purposeful contaminants and consequently that
benefits from their use must substantially exceed any damages to environmental
quality.

in this discussion, selectivity is defined in terms of maximum effect of
the insecticide in the target organism with minimal effects on humans, domestic
animals, wildlife, beneficial invertebrates, and to the quality of the environ-
ment. It is important to determine how insecticides may be used most effectively
and harmoniously in integrated pest management programs.

The practice of pest management has been defined (Geier, 1965) as consisting
of three phases:

1. Determine how the life system of the pest needs to be modified to reduce
its numbers to tolerable levels, i.e., below the economic threshold.

2. Apply biological knowledge and current technology to achieve the
desirable modification, i.e., applied ecology.

3. Devise procedures for pest control both suited to current technology
and compatible with economic and environmental quality aspects, i.e.,
economic and social acceptance.

This pest management approach to the use of insecticides may be likened to
the use of the surgical scalpel and offers marked contrast to the employment of
the broadsword. A more appropriate analogy is to compare the use of insecticides
in the practice of pest management to the use of pharmaceuticals in the practice
of medicine. Thus we need to vastly increase our knowledge of the environmental
properties of pesticides and learn how to apply them specifically and precisely
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to weak points in the pest's developmental pattern. To quote from the National
Academy of Science Publication 1695 (1969), p. 456, Insect Pest Management and
Control ". . . each control technique has a potential role to play in concert and
harmony with the others, and a major technique such as the use of pesticides can
be the very heart and core of integrated systems. Chemical pesticides will con-
tinue to be one of the most dependable weapons of the entomologist for the fore-
seeable future. . . . There are many pest problems for which the use of chemicals
provides the only acceptable solutions. Contrary to the thinking of some people,
the use of pesticides for pest control is not an ecological sin. When their use
is approached from the sound base of ecological principles, chemical pesticides
provide dependable and valuable tools for the biologist. This use is indespensible
to modern society." Other usefui reviews of the general subject of insect pest
management include Vanden Bosch and Stern (1962), Geier (1966) and the FAO
Symposium on Integrated Control (1966).

Selective Use of Insecticides

As the United States moves into an era of pest management and away from 25
years of indiscriminant usage of pesticides, wholesale changes must be made in .--sr

strategies for the employment of chemicals. We are leaving a period when the
initial reaction to the presence of insect enemies was to apply a broad spectrum
insecticide and where entomological techniques were all too often typified as
"squirt and count." In the pest management era the use of insecticides can be
categorized in 3 ways: (1) carefully timed and gauged suppressive applications
aimed at a weak point in the insect's life cycle, (2) emergency applications re-
served for epidemic situations where 'all other control measures are inadequate and
the insect population exceeds the economic threshold, and (3) preventive treat-
ments of highly selective impact made with the least volume of insecticide and
calculated to provide the least disturbance of environmental quality. To imple-
ment pest management practices on a broad scale will demand more sophisticated
entomological knowledge and techniques including a detailed knowledge of the proper-
ties of the insecticides themselves in relation to effects on target and nontarget
organisms, on human and public health, and on the total quality of the environment.

These premises then suggest that in the future we may well use substan-
tially smaller quantities of insecticides for specific programs of pest control,
that the chemicals chosen may be quite different from those heavily relied upon
today, and that our standards of efficiency in control, efficacy of crop protec-
tion, and economics of pesticide employment are likely to be significantly dif-
ferent from those of the past several decades. Two essential steps in the
transition period into the pest management era are:

1. replacement of wasteful "routine-treatment" schedules by treat-when-
necessary schedules

2. recognition that 100% control of pests is not required to prevent
economic losses (PSAC Report, 1965).

A. Selectivity of Insecticides

Achievement of the aims of pest management programs wil. -lepend in sub-
stantial measure upon the properties of insecticides available t. : pest population
regulation. At least 6 types of insecticide use are recognized which can be used
to exert direct effect on the target organism together with minimal undesirable
effect on parasites and predators.

1. Intrinsically selective insecticides are few in number. However,
Bacillus thuringtensis toxin "BT" is eirgiTrii-Only against a few species of
lepidopterous larvae such as the cabbage looper Trichoplusia ni and may be con-
sidered a truly selective insecticide. The new mosquito larvIide 2,6-di-tert-
buty1-4-(u,a-dimethylbenzyl)-phenol (MON-0585) seems to be active only against a
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variety of mosquito larvae and virtually non-toxic to anything else (Sather, 1971).
The acaricides dicofol, ovex, tetrasul, tetradifon, and omite are almost specifi-
cally toxic to the Acarina and essentially non-toxic to insects, wildlife, and
humans and higher animals.

2. Systemic insecticides show pronounced selectivity especially against
sucking plant pests such as aphids, mites, thrips, leafhoppers, and sometimes to
chewing insects. Insecticides such as schradan, demeton, and oxydemeton- m3thyl
applied to plant foliage rapidly penetrate the leaf cuticle and are translocated
throughout the xylem tissue where they serve as stomach poisons to sucking insects
with little or no harm to parasites, predators, and pollinators. The more per-
sistent systemics such as phorate, disulfoton, aldicarb, and carbofuran are best
applied as granulars to the soil about roots at time of planting or as seed
dressings. They are translocated to the above-ground portions of the plant, con-
centrating in the most rapidly growing areas such as new leaves and fruits.
Aldicarb in particnlar has pronounced systemic effects for the adult cotton boll
weevil, Anthonomus grandis, and when applied to soil at 2 lb/acre as a side dress-
ing (BariarClirril., 1971), reduced the population of adult weevils from 94-96%.

3. Fugitive broad vectrum insecticides such as tetraethyl pyrophosphate,
mevinphos, and nicotine achieve a degree of selectivity wheL properly timed and
applied, as beneficial species can survive an initial onslaught through resistant
stages, e.g., pupal, protected locations, or reservoirs in hedge rows or in strip
crops sprayed alternately. Thus Trichogramma semifumatum in host eggs survived
treatment with mevinphos and the residue dissipated rapidly enough to be innocuous
to newly emerging adult parasites, while persi.itent insecticides such as carbaryl
killed the adult parasites after they emerge (Vanden Bosch and Stern, 1962).

4. Ecologically selective insecticides can be used by specific timing or
placement of the material to-decrease !ts effects on nontarget organisms. The
simplest example is the application of compounds such as Isithyl parathion, para-
thion, and carbaryl which are highly toxic to honey bees, at best after bloom is
completed, or at least in the evening when bees are not visiting blossoms. The
eradication of the Tsetse fly, Glossina swynnertoni, over 35 square miles of
Africa, by selectivily treating-FrMaelaces with 3% endosulfan or
dieldrin applied on the underside of tree branches 1 to 4 inches in diameter, 4 to
9 feet above-ground, and inclined less than 35 from the horizontal, is an astoni-
shing example of ecological selectivity (Chadwick, et al., 1165). The gravid
female melon fly, Dacus cucurbitae enters tomato fields to oviposit but leaves
these fields at duiriEdsperTdrtEe evening on adjacent vegetation. Applications
of DDT or parathion to the vegetation adjacent to crop areas, between sunset and
7 a.m., reduced the average infestation of tomato fruits from 65% to 3% (Nishida
and Bess, 1950; Nishida, 1954).

The use of DDT as an interior house spray at 1 g per m
2 for malaria

eradication is an outstanding example of ecological selectivity which is effective
because the female Anopheles mosquito enters human habitation in search of a blood
meal and prefers to rest on wall or ceiling during her digestive processes, where
she receives a lethal dose of DDT.

Other well-known examples of ecological selectivity include the common
practice of seed treatments, especially of corn to control Diabrotica
undecimpunctata howardi, H lem a cilicrura, and species of g1707676,17 Newsom
(1966) reports titi-WIEEess u contF3T-R-These species with dieldrin at 2 oz/100
lb seed or about 5 g/acre. This contrasts with the 2 lb of aldrin or heptachlor
per acre commonly applied broadcast or sidedressed which requires 180 times as
much insecticide. Other successful seed treatment practices such as core with
diazinon and oats with propoxur are discussed under Seed Treatment. Treatment
of sweet corn silks with an injection of 0.5 ml of 1% DDT in mineral oil to pre-
vent infestation by the corn earworm, Heliothis zea, is a classic example of
ecological selectivity.
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5. Selectivity through restricted treatment has been known for years but
rarely practiced on a substantial scale. The treatment of alternate strips of
alfalfa together with alternate strip cutting practices provides a haven for
natural enemies of the alfalfa weevil and spotted alfalfa aphid.

The purple scale Lepidosaphes beckii attacking citrus has been controlled
through successful alternation of biological and chemical control achieved by
spraying alternative pairs of tree rows at 6-month intervals with oil spray
(Vanden Bosch and Stern, 1962). Such methods need to be explored on a much wider
basis.

6. Selectivity through use of baits or attractants is an obvious method
which is discussed under Ecological Approach VII.

Choice of Insecticide for Pest Management

The criteria for using insecticides in pest management programs are cm-
plex, yet the ultimate success of the program may be determined by the insecticide
selected as well as by the method of application employed and by the timing of the
treatment. It is this area that the practice of pest management becomes both
critical to the health of the total environment and challenging and satisfying to
the pest management specialist.

To a considerable extent, the choice of insecticide is biased by federal
pesticide registrations and residue tolerances. Yet these permit wide latitude
on most important (xops. For example for the 4 important crops, alfalfa, apples,
corn, and cotton, the following federal tolerances are in effect:

alfalfa apples corn cotton

Total number of insec. :ides registered 39 72 66 50
Insecticides registered on all 4 crops 20
Insecticides registered or. 3 of 4 crops -- 21

Who among us can honestly say we are familiar with all their common and tradenames,
chemical structures, and individual properties in insect pest control? If we add
to these essentials a requisite for knowledge of their toxicity to humans and
domestic animals, effects on a variety of nontarget organismsparasites, preda-
tors, pollinators, and wildlife; and their environmental fate in air, soil, water,
and food, we have an enormous responsibility when we choose and prescribe or reco-
mmend an individual insecticide for a specific pest management program. Yet all
the criteria mentioned are important facets of environmental quality.

To provide some rationale for intelligent choice, the data in Table 1 may
be helpful. This table attempts to provide a numerical rating for most of the
common insecticides, widely used on the important crops above, in regard to their
safety and effects on environmental quality, and hence in regard to their pre-
ferred suitability for pest management programs. Ratings were made on the basis
of average performance in (a) acute toxicity to humans and domestic animals, (b)
toxicity to nontarget organismm, and (c) environmental persistence. Each cate-
gory was assigned a rating of 1 to 5 with increasing hazard, as shown below.
Nontarget effects were rated as the average of toxicity to honey bee, trout, and
pheasant. These animals were chosen because they represent three typical non-
target groups of animals and because of a substantial amount of data which is
available (Pimentel, 1971).
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I Mammalian Toxicity - rat oral LD50 mg/kg

1 = >1000
2 = 200-1000
3 = 50- 200
4 = 10- 50
5 = <10

II Nontarget Toxicity

Trout - LC
50

ppm Pheasant - oral LD50 Bee -topical LDso mg/kg

1 = >1.0 1 = >1000 1 = >100
2 = 0.1 -1.0 2 = 200-1000 2 = 2C-100
3 = 0.01 -0.1 3 = 50- 200 3= 5- 20
4 0.001-0.01 4 = 10- 50 4 = 1- 5

5 = <0.001 5 = <10 5 = <1

average value used to rate insecticide

III Environmental persistence - soil half-life

1 = <1 month
2 1-4 months
3 = 4-12 months
4 = 1-3 years
5 = 3-10 years

To summarize the data in Table 2, the compounds have been segregated in
4 classes:

1. suitable for use in pest management (rating 4-7), carbaryl,
chlordane, Gardona, malathion, methoxychlor, naled, trichlorfon.

2. caution for use in pest management (rating 8-10), azinphos-methyl,
demeton, diazinon, dicofol, dimethoate, Dursban, lindane, mevinphos,
methyl parathion, phosphamidon, Dursban, oxydemeton-methyl, tetraethyl
pyrophosphate, toxaphene, Zectran, endosulfan.

3. to be used for pest management only under restricted conditions (rating
11-13), such as seed or soil treatment with aldicarb, carbofuran,
disulfoton, phorate, parathion, EPN, or indoor treatment
with DDT.

4. little if any place in pest management (rating 13-15), aldrin,
dieldrin, endriii, heptachlor.

Examples of Ecological Approach to Pest Management

The categorization of pest management practices in Table 2 have been
adapted from Geier (1966). Table 2 relates the basic procedures of intervention
against insect pests in terms of (a) the relative frequency of employment and (b)
their intrinsic value, i.e., unsatisfactory, acceptable, and good. The Roman
numerals reflect an increasing efficiency and desirability in pest management from
I to IX. Examples of the use of insecticides in a variety of pest management
practices follow:

(1) Illustrates the customary way in which insecticides have been used in a
curative fashion to reduce pest populations after they have surpassed the economic
threshold. Examples include the repeated spring and summer applications of acari-
cides such as omite, chlorphenamidine, dicofol, etc. in deciduous fruit orchards
to control the European red mite, Panonychus ulmi, or in citrus orchards for the
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citrus red mite, Panonychus citri. Another example is the repeated ad lib appli-
cations of calcium arsenate, toxaphene, or methyl parathion to contra' ENE cotton
boll weevil, Anthonomus randis. These practices are clearly unsatisfactory in
that they leaaTOaiaeve opment of insecticide resistance, to steadily increasing
frequency of applications reaching as high as 20 to 50 per year, e.g., cotton
insect control in southern USA or in Central and South America; and to increasing
numbers of undesirable effects on nontarget organisms and to environmental quality.
In California for example, the iniiscriminant application of insecticides for the
control of flood water Aedes mosquitoes has produced resistance successively to
DDT, the cyclodienes, aECTUE organophosphorus insecticides of all descriptions--
so that presently there are very few insecticides to which these pests are
susceptible.

(II) In this procedure, the insecticide is applied to a weak point in the
life cycle where the pest is most susceptible, and it is kept from exceeding the
economic threshold. This method is essentially the essence of the proper use of
pesticides in pest management and is largely preventive. It requires strict
timing of application and is not, of course, free from the disadvan`ages of the
development of resistance or of undesirable effects on nontarget organisms.
Examples include the soil application of heptachlor, aldrin, and more recently
diazinon, phorate, carbofuran, or Bux for the control of the larvae of the corn
rootworms Diabrotica spp.

(III) This procedure centers around the methodical and repeated withdrawal
of an important requisite of the pest in an otherwise favorable environment. The
use of pasture rotations for the control of the cattle tick Boophilus annulatus in
the U.S. or B. microplus in Australia is an appropriate example. ThroUiEFIIEUre
rotation, the young seed ticks hatching from eggs dropped by the adult female tick
will starve to death before host cattle are returned to the area. This method of
pest management is most effective when used in conjunction with routine dipping of
the cattle in arsenic trioxide 0.175%, toxaphene 0.5%, or lindane 0.025% to free
them from ticks before they are returned to pasture (Metcalf, et al., 1962).

Another example of this principle is crop rotation to control the northern
c^rn rootworm, Diabrotica longicornis, which overwinters as the egg is laid around
corn roots and MIMI6Ely corn. Rotation of soybeans, alfalfa, or clover in
place of corn causes the newly hatched spring larvae to die of starvation as they
have no corn roots on which to feed (Metcalf, et al., 1962). This procedure
could be used routinely together with corn seed treatment with diazinon or carbo-
curan in a pest management program. Type III procedures are simplistic, highly
effective and generally involve no major side effects. However, they complicate
routine agronomic practices especially in intensively farmed areas and thus are
generally neglected.

(IV) This procedure involves the supplanting of natural populations of
parasites or predators with artificially reared species. The mass release of the
egg parasite Trichogramma pretiosum in tomato fields at 465,000 per acre to reduce
populations of tomato fruitworm (Heliothis zea), cabbage looper, Trichoplusia
and tobacco hornworm, Manduca sexEZWRErates of parasitism from 39 to 64%
(Oatman and Platner, 117117TEWNiss release of Chrysopa carnea eggs or larvae
in cotton fields at about 290,000 per acre reduced populatraiEf.,,the bollworm
Heliothis zea and the tobacco budworm, H. virescens, as much as 96% (Ridgway and
oness, 196

(V) This procedure involves the use of precisely timed and applied
insecticides to control numbers of target organisms below the economic threshold
without completely suppressing the host and its parasites and predators or ad-
versely affecting other injurious organisms. Such use of pesticides are tree
pest management operations and require precise knowledge of the life table of the
target organism and full appreciation of the properties of the pesticide to be
used. .
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Examples: (1) The employment of a spring spray of methoxychlor, by hydrau-
lic spray ng or mist blowing, in an area or community program along with pruning
and burning of dead branches, and removal and burning of dead trees to control the
elm bark beetles, Scol tus mu.tistriatus and Hylurgopinus !Aim, which are the
vectors of Dutch e m a se, Ceratocystis ulmi. Years of experience have shown
that this program cAn be effective in limit the progress of the disease to 2%
or less trees dying per year without unacceptable damage to robins and other
important elements of environmental quality (Wallner and Hart, 1971).

(2) The use of Zectran spray, (4-dimethylamino-3,5-xylenyl N- methyl-
carbimate), at 0.12 lb/acre as a highly selective forest treatment to control the
spruce budworm Choristoneura fumiferana, considered the most widely distributed
and destructive1701177iidiFFITEEErin North America (Tucker and Crabtree, 1969).
Zectran although highly acutely toxic to mammals and birds apparently can be used
specifically and safely for spruce budworm control because of the low dosage
required, rapid photo- and biological degradation, low degree of cumulative toxic
action, and low toxicity to fish. The development of this use of Zectran and the
demonstration of its safety are the result of a 10-year search for a suitable
replacement for DDT.

(3) The control of the Culex mosquito vectors of the equine ercephalitis
viruses by ULV spraying of 98% iiriaion at 1 lb/acre is included as a special
application of Type V involving a carefully studied response to an emergency out-
break. Such applications gave a ery high degree of control of an outbreak of
St. Louis encephalitis in Dallas in 1969 (WHO, 1971) and were employed over more
than 30 million acres of southern United States in the summer of 1971 to control
an outbreak of Venezuelan encephalitis in horses. There is no reason to believe
that such applications had appreciable adverse effects on environmental quality
because of the intensive study given malathion for general environmental effects
(P1mental, 1971).

Dependence on Economic Threshold. Where the economic threshold levels are
very low in terms of pest infestation as in protc ting apples from codling moth
(Carpocapsa pomonella), apple maggot (Rhagoletis pomonella), apple curculios
erachypterelrarTirplum curculio (Conotrachelus-EITITORF); sweet corn from corn
earworm (HeliothAs zea); or trees rom pine shoot moth
(Rh acioniEUTTINar-TWallner and Butcher, 1970); reliance on pesticides must
be re at velTiTiaer in order to produce a marketable product. The problems of
the precise dosage, timing, and choice of pesticide in pest management programs for
such pests become critical. To avoid unnecessary treatments the reliable sampling
of insect population is essential. The future will see increased reliance on
pheromone traps for determining population densities and consequent timing of
pesticide applications (Roelofs, et al., 1970). Generally, for crops of high
market value and very low economic thresholds, the pest management program should
be built around the proper use of insecticides, considering such items as planting
to provide proper spacing and access for application of insecticides, proper
pruning or growing practices to increase spray coverage, strip cultivation to
harbor and retain natural enemies, and selection of varieties which are especially
compatible to other agronomic practices.

(V) This procedure denies the pest species its customary access to
requisites such as food, shelter, or mates. The basic methodology consists in
providing a lethal substitute which is more attractive than the natural requisite.
This methodology can provide highly effective control over long periods without
hazards to nontarget organisms or to the environment. The methods, however,
generally need to be coordinated over large areas by an authority such as a
control district or suppression or abatement program. Examples include: (1) the
eradication of the oriental fruit fly, Dacus dorsalis from the island of Rota by
dropping fiberboard squares treated with Eraiinractant methyl eugenol con-
taining 3% naled (DiBrom) using a total dosage of 3.4 g of toxicant per acre
(Steiner, et al., 1965); (2) the use of protein-hydrolysate-malathion bait sprays
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to eradicate the Mediterranean fruit fly, (Ceratitis capitate) from Florida at a
dosage of 1.2 lb of toxicant per acre (Steiner, et al., 1961); (3) the use of
sugar containing 1% dichlorvos, trichlorfon, dimethoate, or other toxicant as a
bait for the control of the house fly is a more familiar example of this method
of control.

(VII) This procedure applies most typically to the introduction of insect
enemies of the target organism which reduce the pest to levels of abundance that
are generally below the economic threshold but that occasionally exceed it when
pest outbreaks occur. This is the situation under which most examples of the
biological control of insects exist and is generally the result of the impact of
density inclependent factors such as extremes of weather which are unfavorable to
the parasite. Examples include the control of black scale of citrus Saissetia
oleae by the encyrted parasite Aphycus helvolus which failed dramatically
unusually cold winters, and the controlETER-olive scale, Parlatoria oleae by the
parasite Aphytis maculicornis which is poorly adapted to summer conditions
(Huffaker, 1962).

(VIII) This procedure implies the establishment of a complex of natural
enemies and diseases so as to contain the pest at numbers below the economic
threshold over long periods of time despite fluctuations in density independent
factors affecting the individual components of the complementary repressive
system. (1) The complex procedures for the repression of the spotted alfalfa aphid
Therioaphis maculate, include (Stern, et al., 1959; Stern and Vanden Boch,1959;
Tal-TrirrngEiTitifstant varieties :)f alfalfa, (b) establishing and maintaining a
vigorous stand by watering, fertilizing, and weed control, (c) establishment of
imported hymenopterous parasites Praon llitans, Trioxys utilis, and A helinus
semiflavus, (d) encouragement of natura enem es such as syrp
NEWCW(Chrysopa), and hemipterans (Nabis and Geocoris) by strip cutting, (e)

encouragemeHT-OT-iEtomogenous fungi EntaB5Fihora776.737) timing of alfalfa
cuttings when there is little green Leaf residue to kill aphids by exposure.
When, in spite of the practices, the aphid population exceeds the economic thresh-
old of 20 to 40 per stem, (g) spraying with demeton or mevinphos at 1-2 oz/acre
will rapaidly reduce the aphid population withcat severely damaging beneficial
insects. (h) Seed treatment with phonate or disulfoton at 1.5 lb/100 lb seed
or comparable application of granular will effectively prevent young seedlings from
being killed by the aphid.

An example (2) in the making is the repression of the cereal leaf beetle
(Oulema melanopus) by the establishment of (a) the eulophid parasite, Tetrastichus
JUT:rind the mymarid parasite, Anephem ilavi es, (b) planting of resistant
varieties of cereals, (c) spray programs w ere necessary with carbaryl, malathion
or endosulfan, and (d) treatment of cereal seeds with propoxur or carbofuran at
4 oz/100 lb of seed to control adults early in the season (Ruppel, et al., 1970;
Stehr, 1970; Maltby, et al., 1971).

(IX) This procedure represents perhaps the most satisfactory and at the
same time the most difficultly obtainable pest control. Under this heading are
included measures which more or less permanently solve the pest problem, e.g.,
the development of a wholly satisfactory resistant variety of host, e.g., wheat
varieties resistant to the Hessian fly, Mayetiola destructor. Some chemical
control measures approach this goal, as in the use of timbers impregnated with
pentachlorophenol for protection against termites and powderpost beetles, or
the use of aldrin, chlordane, dieldrin, or lindane as a soil treatment for sub-
terranean termites, especially under concrete slab construction, where protection
is given for 5 or more years.

Returning again to Table 2, it is apparent that Type A procedures are
basically unsatisfactory because of uncertain and often unpredictable efficacy.
Entomological practices based on their use largely represent emergency responses
to pest outbreaks. These responses often produce second and third order
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consequences outside the effects on the target organism which in the long run may
outweigh the immediate benefits of the pest control procedure. As an example the
area-wide spray campaign with carbaryl against the pink bollworm, Pectinophora
gossypiella in southern California in 1967 resulted in destruction of >3u,000
colonies of bees vitally involved in pollination.

In moving into an era of pest management, emphasis will be directed at
Type B procedures which plan to contain the population densities of pests at levels
substantially below those which environmental requisites normally permit, i.e.,
the economic threshold. These Type B procedures are most immediately available and
applicable and involve the least drastic modifications of present agriecosystem
strategies. They also contain the most options which will produce the most flexi-
ble and manipulatable pest management programs. This is particularly necessary
during the transition period from Type A to Type B programs which may require a
decade or more.

Of :he Type B procedures, II offers again the most logical transition
from Type A and may be expected to be the area of choice for the majority of pest
management procedures. Procedure II has again the greatest flexibility and the
most options and is also best suited to maintaining the very low population
densities of target organisms that are demanded in commercial production of high
value agricultural commodities. Procedure II will almost always involve the
logical, precise, and careful use of insecticides for intervention to destroy large
fractions of target pests. Procedure V will also be substantially based on inter-
ventions of insecticides as occasional low level suppressants for the target pest
population. However, the sophistication of technology necessary is substantially
greater than for Procedure II and the developmental time will be longer and the
skilled supervision necessary will be of higher order. Procedure VIII requires
the utmost sophistication in pest management and long-term study and observation.
Intervention here with insecticides will be done under the most carefully.con-
trolled circumstances, with very specifically chosen selective insecticides or
ecologically selective methods, only when the pest population exceeds economic
threshold, as for example after extreme weather variations which totally upset
biological balancer. This method is less well suited for complexes of pests
attacking high value crops grown under highly specialized agronomic practices.

Type C procedures have in common the need to restrict the target organism
from available reglisites. They offer the most constant effects on population
control but also afford decreased flexibility in operation and a necessarily wider
scale of practice on a community, regional or commodity oasis. Procedure VI is
certain to be increasingly studied as we gain greater knowledge of the behavioral
stimuli, light, temperature, tactile, pheromones, etc. that are responsible for
selection of sites for feeding, oviposition, mating, and shelter of the target
pest. Procedure IX represents truly successful host modification or manipulation
and essentially solves the pest problem for long periods of time. Chemical treat-
ment of modification of requisites by genetic change or by human intervention will
become increasingly useful here. Howe-er, the Type C procedures have limited
flexibility and are poorly suited to.controi complexes of pests attacking inten-
sively produced crops. In these situations, Type B methods offer the most
feasible solutions to pest management.

Where there are complexes of pests attacking a single crop such as the
various deciduous fruits or corn, cotton, or alfalfa, the ultimate aim must be to
manage several pests simultaneously and thus to integrate a variety of control
procedures into a single manipulated ecosystem. In such endeavors which are just
now beginning to appear on the drawing boards, the flexibility of specific
insecticidal use appears indispensible. The urgency is to develop technological
refinements for the selection and use of presentday insecticides and to develop
new compounds and procedures that are specifically designed for pest management
programs.
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Pesticide Application

The broadscale application of sprays and dusts for insect control is a
very inefficient process and estimates suggest that only about 10 to 20% of the
insecticides applied as dusts and 25 to 50% of those applied as sprays is deposited
on plant surfaces for effective insect control and less than 1% is applied to the
insect pests themselves. These data suggest that even under the most optimum con-
ditions, 50 to 75% of sprayed or dusted insecticide is useless for pest control
and falls to the ground or drifts away from the treatment area where it becomes
an undesirable environmental contaminant (PSAC 1965). This wastage also causes a
substantial and unnecessary economic loss.

It seems clear that pest management programs must minimize these wasteful
environmental overtreatments which are generally inimical to the pest management
concept. This view strongly supports a new look at the role of pesticides in pest
management.

A. Seed treatments:

Application of insecticides to seeds before or at time of planting offer
the most efficient and concentrated means of protecting the germinating seed and
the seedling plant. Such applications are minimal in dosage and least disturbing
to the environment. The savings in application costs and in total amount of
pesticide are striking. (1) Treatment of seeds of a wide variety of field and
vegetable crops with lindane, aldrin, heptachlor, dieldrin, or endrin at about
0.25 oz. (7 g) per acre has given 70 to 95% mortality of wireworms and ensured
the production of satisfactory stands at a reduction of over 99% of the con-
ventional dosage of 2 to 3 lb/acre. (2) Use of planter box treatment of corn seeds
with diazinon at 1.3 oz (37 g) per 100 lb of seed provides adequate wireworm pro-
tection at 0.4 oz (11 g) per acre, a reduction of 98% of the conventional dosage
of 24 oz/acre as a 7 in band at planting. (3) Treatment of oats seed with
propoxure (Baygon) at 4 oz per 100 lb of seed or 2.8 oz (80 g) per acre provided
high kill of the cereal leaf beetle (Oulema malano sus) over 40 to 50 days after
planting and gave a reduction of 83% 67Eh conventional application of 1 lb of
carbaryl per acre (Ruppel, et al., 1970). (4) Application'of the systemic insecti-
cide phorate or disulfoton to alfalfa., sugarbeet, or cottonseed at 4 to 8 oz per
acre gave control of aphids, thrips, leafhoppers attacking the seedling plants for
several weeks (Reynolds, et al., 1957).

Ecologically Selective Applications:

The highly precise placement of insecticide treatment to effect the pest
at the most vulnerable ecological niche or in a place most suitable for control
has been mentioned previously under ecologically selective insecticides with
examples such as corn silk or ear treatment for corn earworm larvae control,
precise spraying of tree branches for tsetse fly control, or residual house
spraying for malaria eradication. For many agricultural pests, sufficient knowl-
edge about microhabitats and ecological behavior is not available to take full
advantage of the many possibilities. Meyer and Luckman (1970) have described a
pest management program for the European red mite, Panonychus ulmi, which uses a
single and precise spray of acaricide such as omite, chIorpheniirffine or Plictran
applied to the periphery of the tree around the tips of the branches to suppress
the overwintering mites without affecting materially the predaceous fallacis mite,
Neoseiulus fallacis which overwinters on the trunks. The fallacis mite increases
in numbers STRiciing on the two- and four-spotted mites, Tetran chus spp., which
also overwinter on the trunks. The increasing population Erpre ator mite then
moves up the tree to control all 3 species of phytophagous mites for the remainder
of the season. The predator is very tolerant of the codling moth spray schedule
of swh insecticides as azinphos-methyl and Gardona. This precisely timed and
applied pest management spray program enables a single acaricidal spray to replace
6 or 7 acaricides formerly applied each season.
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1. Concern for the quality of the environment and for balanced ecology of
host-pest-natural enemy complexes will dictate major changes in the use of pesti-
cides in the immediate future.

2. Pest management practices will generally involve the logical, precise,
and careful use of insecticides.

3. Methods must be developed to use insecticides specifically and selectively
and with particular concern for the economic thresholds of pests attacked, so that
unnecessary treatments are avoided and the insecticidal intervention at the target
site involves maximum ecological selectivity.

4. Insecticides must be selected for use in specific pest management schemes
on the basis of overall safety to humans and domestic animals, to nontarget orga-
nisms, and to the overall quality of the environment, as well as for specific
effectiveness against the target species.

5. The requisites of successful pest management programs will provide an
enormous challenge to entomological practitioners who must be equipped with
knowledge about host-pest-natural enemy complexes, about the toxicological and
environmental properties of insecticides, about the practical economics of risks
versus benefits, and with a code of ethics to match the responsibilities hich
they will assume.

Table 1.--Pest management rating of widely used insecticides.

Insecticide
Mammalian
toxicity

Nontarget toxicity Environmental
persistence

Overall
ratingFish Pheasant Bee Average

aldicarb
aldrin
azinphos-methyl
carbaryl
carbofuran
carkophenothion
chlordane
DDT
demeton
diazinon
dicofol
dieldrin
dimethoate
disulfoton
Oursban
endosulfan
endrin
ethion
EPN
Cardona
heptachlor
lindane
malathion
methoxychlor
methyl parathion
mevinphos
naiad
oxydemeton-methyl
parathion
phorate

5

4

4

2

5

4

2

3

5

3

2

4

3

5

3

4

5

3

4

1

4

3

2

1

4

5

2

3

5

5

3

4

3

1

2

2

3

4

2

2

4

1

3

3

4

5

2

2

4

3

3

2

3

1

3

2

2

2

4

5

4

2

1

5

4

2

2

5

5

2

3

4

5

3

2

5

3

3

1

4

2

1

1

5

5

3

4

4

5

5

4

4

4

5

4

2

2

2

4

1

4

5

2

5

1

2

4

4

4

4

4

1

5

4

4

2

4

2

4.3
4

3

3

4

3.3

2.3
2.7
3

3.7

1.3
3.7

3.3
3.3

3.7

2.3

4

3

3

3.7

3

2.3

2.3
3.7
4

3

2.7
4

3.7

3

5

3

2

3

2

3

5

2

3

4

5

2

3

3

3

5

2

4

1

5

4

1

2

1

1

1

2

2

3

12.3*
13

10
7

12*

9.3

7.3
10.7
10

9.7
7.3
12.7

8.3
11.3
9.7*
9.3

14

11

5*

12.7
10

5.3
5.3

9.7

10
6

:7*11

11.7
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Table 1.--Continued.

Mammalian Nontarget toxicity Environmental Overall
Insecticide toxicity Fish Pheasant Bee Average persistence rating

phosphamidon 4 1 5 3 3 2 9
tetraethyl-

pyrophosphate
tomaphene

5

3

2

4

5

4

5

1

4

3

1

4

10

10
trichlorfon 2 1 2 1 1.3 1 4.3
Zectran 4 1 5 5 3.7 2 9.7

*Insufficient data for accurate rating.

Table 2.--Ecological synopsis of pest management.Y

INTRINSIC VALUE OF PEST CONTROL

0
Nz
Cg

f-o

z

O
>4

el

644

A. Unsatisfactory B. Acceptable C. Good

0.
0
0-.
.5

0

I. Arbitrary interventio
to reduce population

curative sprays ig

..........--
II. Systematic
intervention to
reduce population
greventive list, soil

III. Manipulation
of environment

crop or pasture
rotationcotton, orcnards,

0112=1112.22=1 'XL
pLfruit or ear treat-
.M411.

s
GI
6.

a.

IV. Intermittent
intervention to
supplement'undepend-
able density mocha:as

mass release of
parasites

V. Intermittent
intervention to restor
population balance

gologically plannot

VI. Diversion from
requisites

bait sprays, Poison
gelectiveAri221
treatment

hies

z

VII. Permanent
unreliable intervention
producing undependabl,
control

establishment of
parasite

VIII. Permanent
collective interventior
producing dependable
control

establishment of

complex of natural
enemies

DC. Permanent
intervention to
eliminate pest

mothproofing,
zags treatment

1/Modified after Geier (1965) .
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BIOLOGICAL CONTROL OF WEEDS: INTRODUCTION,
HISTORY, THEORETICAL AND PRACTICAL APPLICATIONS

Kenneth E. Frick
Research Entomologist

Southern Weed Science Laboratory, ARS, USDA
Stoneville, Mississippi

Introduction

The biological control of weeds may be defined as the use of plant-feeding
organisms or diseases to reduce the population of a plant species that has become
weedy. The objective is simply to reduce a weed to a status of little or no
economic significance (Huffaker, 1958). The employment of biological means does
not lead to eradication. For biological control to be continuously successful,
small numbers of the host must always be present to assure the survival of its
natural enemies and the natural enemies must always be present to attack those
hosts that survive and to prevent an increase in their numbers. When suitable and
effective phytophagrus agents are available, this method is inexpensive and perma-
nent, involving no repetitious treatments or corrective measures year after year
(National Academy of Sciences, 1968).

Weeds are plants that have become overly abundant in the wrong places.
Fortunately, like most plants including crops, weeds generally have natural
enemies. However, unlike in the case of crops, forest trees, and ornamentals, that
man wishes to protect from their natural enemies, it is the purpose of biological
control of weeds programs to increase, manipulate, and otherwise encourage the
phytophagous natural enemies of certain weedy plants.

Insects constitute the largest group of natural enemies of weedy plants.
Among insects that have preyed effective in the biological control of weeds are
species of Hemiptera, Homoptera, Thysanoptera, Coleoptera, Lepidoptera, Diptera,
and Hymenoptera. Also, mites have been occasionally utilized in biological con-
trol, e.g., a spider mite was introduced into Australia to feed on prickly-pear
cactus (Mann, 1969). Fish, snails, ducks, and the manatee have been used in the
control of aquatic weeds. Weeds may be damaged by a wide variety of pathogens
(fungi, viruses, bacteria) or by parasitic plants (dodder, witchweed). Many of
these are obligate parasites that develop only on specific live host plants, but
the degre of host plant specificity is unknown for many insects, pathogenic and
other biological organisms. Several pathogens are presently under study and their
host plant ranges are being determined.

Because insects have been the group of phytophages most studied and used
on weedy plants, this paper will be confined to a discussion of them. Insects
are of importance because of their great variety and numbers and frequent (1)
high degree of host specialization, (2) intimate adaptation to their host plants,
and (3) availability of a range of natural enemies suited to particular ecological
situations (National Academy of Sciences, 1968). When "insect" is used herein in
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a generic sense, i.e., in referring to natural biological control agents in general,
"phytophagous organisms" is always implied.

Established weeds are difficult to eradicate. Thus, methods must be
developed to provide for coexistence with them. All methods should be considered,
such as preventive, cultural, chemical, and biological, and no method should be
thought of as the only solution. Insects can often reduce weed numbers to sub-
economic levels or make the weed amenable to the more artificial control methods,
such as chemical or cultural. Biological control is a natural method of control
and should be considered early in a weed control program. Even if only partially
effective, it can become a part of an integrated control program. All too often
biological methods are considered as a last resort, such as after a weed has
escaped over large acreages, or has spread into inaccessible areas, for example
range and forest lands, where chemical or cultural methods are out of the question
due to the terrain and/or the cost in relation to the value of the land.

Biological control has been applied most often against alien plants that
have become weedy (Zwolfer, 1968). Indeed, the weediness of plants introduced
from other geographic regions is frequently due to the escape of these plants from
their phytophagous enemies of their native environment. The deliberate introduc-
tion of such enemies, each cultured in the laboratory so that their own natural
enemies (parasites, predators, diseases) are eliminated, has, in a number of
instances, resulted in great reductions in the abundance of certain alien weeds.

It was only a few years ago, in 1954 to be exact, that the biological
control of weeds was considered to be very limited in scope and as being applicable
only to alien plant species (Williams, 1954). It was generally considered as (1)
a relatively minor adjunct of better established forms of control, (2) being seldom
applicable, and (3) almost a last resort when all other means had failed (Wilson,
1964). But the growing number of successes in biological control and the ever-
increasing numbers of phytophagous insects showing a high dekree of host specifi-
city, are promoting awareness of the possibilities of deliberately extending the
geographic ranges of those insects whose food habits conform to our desires
(Wilson, 1964).

Although biological control is continually increasing in importance as a
means for control of alien weeds, its scope is steadily expanding, and the full
range of possible applications of the use of insects for control of weedy plants
has yet to be determined.

Biological control is by its very nature selective. That is, the
encouragement of introduced or native insects having feeding and/or ovipositional
habits narrowly restricted to a target weed makes biological control ineffective
against a complex of weeds, unless host-specific insects are provided for each
species in the complex. Biological control achieves its greatest utility where
a single species of weed occurs in dense stands, a condition that permits a rapid
increase in its natural enemies with a resulting quick decline in the weed's
abundance. But, after the phytophages have reduced their host to non-economic
levels, these same natural enemies must then be able to seek, find, and attack
the small numbers of their host plants that continue to appear. The employment of
such effective natural enemies has occurred several times throughout the 70-year
history of the biological control of weeds. These cases have been thoroughly
documented and some of them will now be discussed as part of the history of the
biological control of weeds.

History

The use of insects to reduce the abundance of a weedy plant is not new.
The first attempt appears to have been prior to 1902 by planters in Hawaii who
were greatly troubled by the rapid spread of lantana, Lantana camara L., which had
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been planted as an ornamental beginning in 1860. A scale insect, Orthezia
insignia Browne, had been accidentally introduced from Mexico withYRFlints and
it was observed that the insect injured and even killed plants in some localities;
so the planters spread scale-infested branches through lantana-infested areas.
However, the extent of lantana in Hawaii was described in 1902 as follows: "When
one looked over miles of country covered with almost continuous growth of the plant,
every bush in its season with masses of flowers or fruit, one might well doubt
whether anything could be done to check a growth that had already acquired so
strong a hold on the land" (Perkins and Swezey, 1924).

However, an entomologist, Albert Koebele of the Hawaiian Sugar Planters'
Association, while collecting in Mexico in 1898, noted that lantana seeds were
damaged by the larvae of a small agromyzid fly, 0 hiom is lantanae (Froggatt), and
it was felt that the profuse seeding of lantana m gnt sae prev if the fly
could be established in Hawaii. By 1902 his idea was officially approved and he
returned to Mexico to study lantana insects. He recorded about 75 insect species
feeding on lantana and an attempt was made to introduce 18 into Hawaii. Pri-
marily because of the slow rail and boat ts -sportation of that period few of the
insects reached Hawaii alive and only 8 species became established. No tests were
conducted with these insects in order to determine their host plant ranges before
they were released. It is fortunate that of the 8 species, only 2 attacked other
plants: one of them fed on 2 shrubs related to lantana and the other fed to some
extent on eggplant, in pepper pods, and on an ornamental borage (Perkins and
Swezey, 1924).

Control was moderately successful in the drier areas of the Islands,
primarily because of the destruction of buds, flowers, and seeds by 6 of the 8
species of insects. However, greater control was desired and, with the develop-
ment of air transportation, the importation of lantana insects was resumed in
Hawaii by the Hawaiian Department of Agriculture after a lapse of 50 years.

By 1966, 15 introduced species of insects had been established in Hawaii.
One, Hyprals. strigata F., a noctuid moth, was found on a related plant in East
Africa while the others were from the Western Hemisphere. In many of the drier
areas of Hawaii (less than 30 inches rainfel), lantana has befn suppressed or
eliminated completely as a result of defoliation by Hypena in the cooler months
and, during the hotter months, defoliation by the lantana lace bug, Teleonemia
scrupulosa Stal (Waterhouse, 1967). The latter is one of the original
that became established in Hawaii. In the wetter areas (30-80 inches rainfall),
3 introduced beetles look promising and hopes are high that the complete bio-
logical control of lantana in Hawaii finally will be successful (Waterhouse, 1967).
The larvae of one beetle, the cerambycid, Plagiohammus 4pinipennis (Thomson), bore
into lantana stems while the larvae of the otner 2, Octotoma scabripennis (Guerin-
Meneville) and Uroplata girardi Pic, both chrysomeliNi7lini in the leaves.

Lantana is a tropical New World plant distributed from Mexico to northern
Argentina that has become a pest in several parts of the world that have mild
climates. Eastern Australia, for example, has some 10 million infested acres in
the coastal areas where lantana is essentially a weed of misused or unused land.
As of 1966, Australia had introduced 9 insects species for lantana control, 7 of
which became established. However, only the lantana lace bug has caused signifi-
cant damage and Australian investigators are actively studying other promising
insects in Hawaii (Waterhouse, 1967) and in Mexico and South America (Harley and
Kassulke, 1971).

One of the greatest successes in the biological control of weeds is that
of the pricklypear cacti (Opuntia spp.) in Australia. The acreage covered by
Opuntia spp. in 1925 had reached a maximum of 60 million acres, of which half was
dense growth completely covering the ground to the exclusion of all grass and
herbage. The search for insects got underway in late 1920 under the auspices of
the Commonwealth Prickly Pear Board organized by the governments of the
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Commonwealth of Australia and the states of Queensland and New South Wales (Mann,
1969). Studies were conducted primarily in the United States, Mexico, and
Argentina but the West Indies, Central America, and 8 other South American coun-
tries were included.

A total of 150 species of insects were discovered whose life cycles were
restricted to species of Opuntia. Fifty of these were shipped to Australia, where
12 were released and became established. The spider mite, Tetranychus o untiae
Banks, was accidentally introduced about 1922 from Texas and had given promiming
results by 1927 on the 2 most common species of pricklypear, Opuntia inermis DC.
and O.stricta Haworth (Dodd, 1940). However, in that year, tne unneITE4Fiter-
pillir767Rablastis cactorum (Berg), from Argentina became established (Wilson,
1960) and liberations of additional species were stopped when it became apparent
that larval feeding of this pyralid moth would result in control of both O.
inermis and 0. stricta.

Such a vast project involved many specialists including 9 that studied in
various countries of the New World, and 20 years of time. But by 1940, 95% of the
land was reclaimed and the pricklypears had been reduced to incidental status and
the strong flying Cactoblastis moths and their eggs were found everywhere. Except
for higher elevations, the 2 primary species of pricklypear have remained under
control by insects in Australia (Dodd, 1940). It has not.been necessary for many
years to rear Cactoblastis in the laboratory or to distribute moths or their lar-
vae. However, in the cooler regions, Cactoblastis is ineffective, and furthermore
some minor species of 0 untia are not attacked by Cactoblastis. For these situ-
ations, species of Dactylop us, cochineal scale insects, are extensively used for
control and are systematically distributed each season in the infested areas,
giving varying degrees of control (Wilson, 1960).

Cactoblastis and species of dactylopiid scales have since been introduced
into South Africa, India, and Hawaii, where partial or completely successful con-
trol of several species of 0 untia has been achieved. The most recent success has
been in the Leeward Islands, w ere a number of 0 untie spp., primarily O. dillenii
(Ker-Gawler) Haw., O. lindheimeri Engelmann, ana . triacantha (Willd.) Sweet,
have been brought uWderERTFEITsimmonds and Bennett, 1966).

St. Johnswort, Hypericum perforatum L., commonly called Klamath weed on
the west coast of the United States, is the first weedy plant for which insects
were imported into the United States. In 1952 about 2.3 million acres were
infested in northern California (Murphy, et al., 1954), about 1.25 million acres
in Oregon, and 1.4 million acres in Washington, Idaho, and Montana (Huffaker, 1959)
and Hypericum was also a problem in southern British Columbia.

Through the cooperative efforts of the U.S. Department of Agriculture and
the University of California, a joint research team began to study the possi-
bilities of biological control for St. Johnswort in 1944. The first insect liber-
ated in the field was the northern European leaf beetle, Chrysolina hyperici
(Forster), released in the spring of 1945 in northern California. This was
followed in February, 1946 with the release of the southern European C.
quadrigemina (Suffrian) (Holloway, 1958). Because World War II had been in pro-
grass, these insects had been obtained from Australia, where a biological control
program for St. Johnswort had begun in 1920. These 2 beetles, plus 35 other
insects specific to Hypericum, had been found and studied in France as candidates
for importation into Australia (Wilson, 1943).

In California, success was immediate and rapid and it soon became evident
that C. quadrigemina had a much greater rate of increase than C. hyperici
(Holloway, 1958). In the fifth year after the initial 1946 release of 5,000
beetles in Humboldt County, 3 million beetles were collected for redistribution.
Generally in the third year after release in a locality, C. quadrigemina had
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become so numerous that larval and adult feeding resulted in the death of all
host plants.

Three more insects were later introduced directly from France, rather than
from Australia. These were (1) the flatheaded borer, A rilus h erici (Creutzer),
whose larvae bore tnto the rootcrown and tap root, (2) a ga. I m ge,Teuxidiplosis
iardi (Kieffer), both introduced and established in 1950, and (3) a third species

o rysolina, C. varians (Schaller), released in 1952; the latter did not become
establ[ahed in ciirraari (Holloway, 1958).

The biological control of St. Johnswort in California has been a complete
and continuing success, largely because of the foliage-feeding larvae and adults
of C. quadrigemina (Huffaker, 1959). However, the root- and crown-boring rilus
also shows excellent ability to destroy dense stands of Hyrericum. These spec es
complement each other in that the females of C. quadrigeffiniFirer not to lay eggs
in shady areas, whereas the females of Agrilus freely lay their eggs in shaded
locations (Holloway, 1958). Because ofMiiinsects, St. Johnswort has been
reduced to less than 1% of its former abundance and no longer constitutes any
problem whatever in California (Huffaker, 1959).

Such completely successful control of Hypericum as achieved in California
has not been duplicated elsewhere. Both species of Chrysolina, and in some cases
Agrilus too, have been introduced into Australia, the Pacific Northwest, British
Columbia, and Chile, but the degrees of success have been quite variable
(Huffaker, 1967). In Australia, control of infestations of St. Johnswort in
cooler and shadier locations and those on rather extensive gravelly soils has been
poor, whereas excellent control has been obtained on infestations in pastures in
the open sun, particularly in West Australia (Huffaker, 1967). In British Columbia
insects have been sought by investigators of the Canada Department of Agriculture,
particularly from northern Europe, and the geometrid moth, Anaitis plagiata (L.),
was liberated in southern British Columbia in 1967 (Harris,M6717

Although the lantana program started in 1902 and the prickly-pear and
St. Johnswort programs in 1920, satisfactory control has not been obtained in all
geographic areas for any of the 3 weeds. However, spectacular and continuing con-
trol has been achieved in certain areas for each weed: in parts of Hawaii for
lantana, an estimated 95% of 60 million acres in eastern Australia for prickly-
pear, and an estimated 99% of 2.3 million acres in California for St. Johnswort.

These and several smaller, but definite and self-perpetuating, successes
with other weedy plant species, have resulted in an overall increase in interest
in and employment of biological methods to control certain weedy plants,
including aquatic weeds. There are too many weed projects to enumerate them here
but a number of reviews exist that include some or all of the weeds that are
currently under study (Holloway, 1964; Huffaker, 1959; National Academy of Sciences
1968; Wilson, 1960; 1964; Zwolfer, 1968).

The continuing expansion in the use of biological agents for control of
weeds has resulted in an increase in the numbers of countries and agencies in-
volved. The largest involved agency is the Commonwealth Institute of Biological
Control (CIBC), which has research stations in South America, Europe, Africa, and
Asia. In addition to studies on the biological control of insect pests, this
Institute conducts studies on the insects associated with species of weedy plants;
such studies are requested and paid for by member nations of the Commonwealth and
others, e.g., the University of California. The U.S. Department of Agriculture
also is actively engaged in this field of study through its biological control of
weeds laboratories at Albany, California, Stoneville, Mississippi, Gainesville
and Fort Lauderdale, Florida, Buenos Aires, Argentina, and Rome, Italy. Weed
projects are also supported by funds provided under Public Law 480, The
Agricultural Trade Development and Assistance Act, with studies being conducted
at present in Israel, Yugoslavia, Poland, Pakistan, India, and Egypt.
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Other agencies active in the biological control of weeds include the
Hawaiian Department of Agriculture a^d the University of California. The latter
has 3 investigators studying the biological control of weeds, one at Albany, one
at Riverside, and one at Rome, Italy. The Canada Department of Agriculture,
through its Research Institute, Belleville, Ontario, works cooperatively with the
CIBC in studying and obtaining weed insects for release throughout Canada. The
Australian Commonwealth Scientific and Industrial Research Organization at present
has a Biological Control Unit at Montpellier, France. The Republic of South
Africa also has an active biological control of weeds program. The USSR has
recently become interested in the biological control of several alien weeds; bio-
logical control of weeds investigations are part of the All-Union Plant Protection
Institute at Leningrad.

The successes, including partial ones, in the biological control of weeds
since the first organized importation of insects into Hawaii in 1902 have recently
been listed (National Academy of Sciences, 1968). These successes, which involve
10 genera of plants, have occurred on 8 islands and in 6 countries located in 5
continents. The insects that were employed in these projects originated from 11
countries located in 4 continents. Thus, the biological control of weeds can
now be considered as worldwide.

Theoretical and Practical Applications

"The climatic, edaphic (soil), and biotic factors that characterize an
environment, provide a variable though essentially stable matrix within which the
responses of all plants, including weeds, determine their occurrence, abundance,
range, and distribution." (National Academy of Sciences, 1968). Important
climatic factors include light, temperature, water, wind, humidity, and the
seasonal changes in these. Edaphic factors include structure, soil water,
aeration, temperature, pH, fertility, and cropping systems as well as slope and
exposure. Both plants and animals are among the biotic factors that affect plant
growth. Plants, including weeds and crops, compete with each other for available
resources including space. Animals of primary importance to plant growth are
grazing animals, insects, the soil fauna, and man himself.

of these 3 factors (climatic, edaphic, and biotic), the easiest to manipu-
late is the biotic (Andres, 1966b). This has been done inadvertently in the past
in the spread of plants from one region to another. Many of our worst weeds are
of foreign origin and their aggressiveness in their new country is often, but not
necessarily, caused by the absence of their phytophagous enemies (Huffaker, 1959).
The aggressiveness of an alien weed in a new area may also be due to more favor-
able climatic and/or edaphic conditions or to relative freedom from competition
with other plants. However, the fact that many alien weeds have no or only a few
insects specifically feeding cn them in their new homes as compared to their
country of origin, is the basis upon which the study of the biological control of
weeds rests. Theoretically, the introduction of host-specific phytophagous insects,
minus their own complements of natural enemies (parasites, predators, diseases)
should reduce the abundance of an alien weed in a typical host-parasite interaction.
In practice, this has happened in a number of instances, including the 3 examples
previously described.

Methods Used in the Biological Control of Weeds.--Biological control by
introduction of host - specific insect enemies of alien weeds has received the
gruatest attention from investigators and will probably continue to do so because
(1) past successes have been encouraging and (2) alien weeds are numerous on most
continents (for example, Zwolfer (1968) noted that of 107 noxious Canadian weeds,
78 had been introduced from Europe or Asia). However, there are 2 other methods
that can be used to control a weedy plant by biological means. These are bio-
logical control by (1) conservation and (2) periodic release and/or distribution
of phytophagous natural enemies (Andres, 1966b).
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Biological control by conservation is applicable primarily to native weedy
plant species. Although alien weeds are frequently fed upon by indigenous or
cosmopolita.i insects, these insects are oligophagous or polyphagous in their
feeding habits and most are casual feeders and generally have no impact on the
target weed. For example, along the Pacific Coast, 42 insect species have Ivien
found to feed on the alien tansy ragwort, Senecio jacobaea L. (Frick, 1964: Frick
and Hawkes, 1970: Frick, 1972). The impacE-TER-3 Eu ithecia spp., native geo-
metrid moths, and one native tophritid fly, Paroxyna ens is (Thomson), have on
seed production has been determined: these 1sus destroyed 4.8% and 5.8% of
the seeds in 1961 and 1962, respectively, at Fort Bragg, California (Frick, 1964).
The damage that any of the remaining species inflicts on S. jacobaea has yet to
be determined.

The conservation of native phytophagous insects that feed on native wei:dy
plant species will primarily involve a reduction in the numbers of native para-
sites, predators, and diseases that attack them and keep their numbers from
remaining high generation after generation. This technique would have the same
effect as importing alien insects free of the natural enemies that hold each
species in check in its native region. Conservation of phytophagous insects is
one aspect of weed control that has received little attention. Their conserva-
tion and increase could prove to be useful in the control of certain weedy plants.

The second method of biological control, that of the periodic release and/
or redistribution of natural enemies, appears to have been applied only in the
case of 0 untie and the dactylopiid scales in Queensland and New South Wales,
Australia. ach year these cochineal insects are systematically and artificially
distributed to Opuntia species that are not heavily attacked by Cactoblastis or to
areas that are too cool for Cactoblastis to be fully effective (Wilson, 1960).

What appears to be the first attempt to rear large numbers of a phyto-
phagous insect on an artificial diet for periodic release in the field zgainst
its host 'meds is now underway at the USDA Southern Weed Science Laboratory,
Stoneville, Mississippi. It was found last winter that a native tortrid moth,
Bactra verutana Zeller, specific to plants in the family Cyperaceae, could be
IFETTraing-FUltured in the laboratory. This insect occurs locally on the native
yellow nutsedge, Cyperus esculentus L., and the introduced purple nutsedge, C.
rotundus L. In the numbers at which this insect is found in nature at Stoneville,
IT-a-quite ineffective in adequately controlling the nutsedges. Not only are
Bactra populations slow to increase early in the growing season, but they are
attic ed by several species of parasitic insects.

Should the method of mass culture and what might be termed inundative
releases of this phytophagous insect prove to be successful in suppressing its
weedy host plants, this technique could well be given increased importance in
biological control of weed programs.

There are many theoretical and practical problems associated with the
biological control of weeds. These cannot be dealt with thoroughly in this paper
and, for further information, the reader is referred to a number of papers which
deal with the fundamentals and ecological bases for the biological control of
weeds (Huffaker, 1957, 1958, 1962, 1964; National Academy of Sciences, 1968;
Wilson, 1964).

Procedures Used in the Biological Control of Weed::. -The procedures to be
described are those used in the third method of biological control, introduction
of natural enemies, by far the most common approach so far used in solving a weed
problem with biological methods. There are several descriptions of these pro-
cedures that may be consulted for additional information (Huffaker, 1957; National
Academy of Sciences, 1968; Zwolfer, 1968; Zwolfer and Harris, 1971).
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Preliminary Considerations.--There are many factors to consider before
deciding that biological means should be used to control a certain weed. Some of
theist are:

1. Eradication may be desired, for example because a weed is toxic to live-
stock. If so, biological control may have to be ruled out. (However, reduction
of stand is adequate protection of livestock for some poisonous weed species).

2. Biological control is selective and aimed at one species only. If the
target weed is widely scattered throughout a complex of other weeds, biological
control at best would suppress only one species. However, if the weed is
devastatingly abundant and aggressively spreading in dense stands, biological
control may be strikir'ly successful.

3. Biological control is a relatively slow method. In the past an average of
5 years has elapsed between initiation of a project and the importation of the
first enemy insect. In addition the insect enemies have not been imported and
released in large populations, but in what have been termed inoculative numbers
(Andres, 1966b) and therefore, it may require several more years following release
before significant damage occurs. For example, Holloway (1958) reported that
death of St. Johnswort stands occurred in the third year after beetle introduction
and Hawke' (1968) reported essentially complete defoliation of tansy ragwort infes-
tations by the larvae of the arctiid moth, Tyria, acobaeae (L.) in the fifth year
following release. Thus, if there is an urgent nee or-quick control, biological
methods should not be given first priority.

4. It is commonly considered that there are risks involved in importing
plant-feeding organisms and that biological control should be resorted to only if
other methods have failed or the weed covers large areas of land with (1) such low
value, i.e., range land, that chemical treatments are too expensive or (2) such
rough terrain that cultural or chemical treatments are precluded. However,
regarding the risks involved in the introduction of phytophagous organisms, Wilson
(1964) has succinctly said: "No errors have yet been made, and none should be
made." He feels that excessive anxiety has been felt about the matter of risks.
As scientific understanding of the factors involved in host plant specificity con-
tinuss to increase, the danger of introducing insects that will pose a threat to
desirable plants is continually lessened.

5. Biological control cannct be limited in area, like chemical and cultural
treatments, because living organisms will disperse from the areas onto which they
are liberated. Because of this it must be agreed by all agencies and groups
involved that the target plant is a "weed" (defined as any useless, troublesome,
or noxious plant, especially one that grows profusely). Our weedy plants extend
into Canada quite frequently and less sc in Mexico. If the weed does have such
distribution, appropriate agencies in these countries, as well as each state in
which it occurs, should be notified of the intent to introduce alien biological
control agents. In some cases not all parties will agrec that a weedy plant should
be controlled by natural organisms and a conflict of interest arises. For example,
our native pricklypears are used as emergency forage during times of drought in
the southwest. Also, the. fruit and cladodes of several species are used as food
in Mexico and, to a small extent, in the United States. Because of these uses of
Opuntia spp., C. cactorum has not been introduced into she United States. How-
ever, repeated reiliiiIi7Tor Cactoblastis larvae were made up to 1958, because the
insect was desired for SantaniafiriEN, 20-25 miles off the coast of southern
California (Goeden, et al., 1967). Instead, because it was feared that the moths
would reach the main/and, a scale insect, Dactylopius sp., native to southern
California but absent in Santa Cruz, was introduced from Hawaii in 1951 without
its own natural enemies. By 1966, partial to substantial control of the 2 auntie
species has been achieved (Goeden, 1970; Goeden, et al., 1967).
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Domestic Surveys.--Once it has been decided to attempt biological control
of a weed, two surveys should be undertaken: (1) to glean from literature and
specialists as much information pert ining to the target weed and its natural
enemies as possible and (2) to determine the organisms feeding on the target weed
in the area for which control is desired. The first has been briefly outlined:
"Prior to beginning the actual search for biological control agents, the following
basic information on a weed should be established, if possible: (1) taxonomic
position, biology, ecology, and economic importance; (2) native geographic distri-
bution; (3) total present distribution; (4) probable center of its origin and that
of its close relatives (section, genus, tribe); (5) coextensive occurrence of
related species; (6) occurrence of related and ecologically similar species in
regions where the weed does not occur, but where exploration for any enemy agent
seems desirable; and (7) the literature record of the weed's natural enemies."
(National Academy of Sciences, 1968).

The other survey is concerned with determininv what native insects are
already present on the target weed and the extent of their damage. Such a study is
a necessary preliminary and can save time and funds because effective local insects
may be present or some of the natural enemies from the native home of the target
weed may have been already imported with their host. Scotch broom presents a good
example because 4 European phytophagous insects were found naturalized on this
shrub in California (Waloff, 1966). A fifth European insect, an oecophorid moth,
Agonopterix nervosa (Haworth) (.1 A. costosa (Haworth)), was not included (Frick,
unpublished Tat/77 In British CoIumEii7-Wiioff (1966) reported the presence of 10
European species on Scotch broom, and along the east coast of the United States, a
European seed beetle, Bruchidius ater (Marsham) is naturalized on this host
(Bottimer, 1968). In fEriartFi,-aBuld additional insects be desired for the
biological control of Scotch broom, these species could be neglected during
foreign exploration. However, their transfer from one region in North America to
another could prove useful, for example, the release of B. ater in California.

Foreign Exploration.--Based upon the information gained from the litera-
ture and from correspondence or discussions with specialists, one or more geo-
graphical areas are chosen for a survey of the target plant, plants related to
it, and the insects and other natural enemies associated with these plants. The
records in the literature are usually sparse, because, aside from European coun-
tries that have a long history of scientific endeavor, records of insects from
non-crop plants can be assumed to be very incomplete. And even in Europe, bio-
logical control of weeds investigators frequently discover new undescribed insect
species. These discoveries are most encouraging because it indicates that some of
the insects are so intimately associated with their host plants that they have
remained unnoticed by economic entomologists and even by systematists since they
are associated only with non-economic plants. For example, recent studies of the
insects attacking Me6 terranean sage, Salvia aethio is L., broadened naturally to
include several closely related Salvia app. in countries. Weevils in the genus
Phr diuchus were always found associated with species of Salvia in France, Italy,
reece, Turkey, and Iran (Andres, 1966a; Andres and Rizza7791T). When the

weevils were identified, a taxonomic revision of the genus Phrydiuchus became
necessary because 2 new Phrydiuchus species were found (Warner, 1969). (These
were P. spilmani Warner, reared from S. verbenaca L. in France and Italy and P.
tau Witmer, reared from S. aethio is DI Turkey also known from eastern Europe
and Iran. Two other species o Phrydiuchus had previously been known: P.

topiarius (Germar), reared from S. ratensis L., but associated with 3 other
Salvia spp. in central and eastern urope, and P. speiseri (Schultzo) from Salvia
TR-central Europe (Andres, 1966a)].

During the foreign surveys, as much attention as possible should bf given
to plants related to the target weed. The value of such a broad approach is
exemplified by the thistle tribe Cynareae in the family Composites. Cooperative
studies were conducted by the European Station of the Commonwealth Institute of
Biological Control, Delemont, Switzerland, and the U.S. Department of Agriculture

[2121



Frick, K. E. Biological Control of Weeds

Biological Control of Weeds Laboratory at Rome, Italy, on insects attacking Canada
thistle, Cirsium arvense (L.) Scop., and musk thistle, Carduus rutans L. (Zwolfer,
Frick, anaKWEis7TIVIT. A total of 70 species of thilETir;ire surveyed in
western Europe, including the crops safflower, Carthamus tinctorius L., and arti-
choke, C nara scolymus L. A total of 17 speciesTOTIveevisrgenus Larinus
were found to Eiriii3Eiated with these 70 thistles. Some Larinus species were
restricted to a single plant species while others had quitiEFEWN host plant range
attacking thistles in 3 or 4 genera. Expanding the surveys from insects attacking
the 2 target thistles to include 70 species in 13 genera in 4 subtribes, helped
to prevent possible errors that could have been made in estimating the potential
value or specificity of some species.

Areas where the target plant is in low numbers, rather than where the
species is abundant, should be concentrated upon. This is based on the assumption
that effective and/or efficient natural enemies are present where the plant is
relatively scarce. Although there may also be only small numbers of insects pres-
ent, their numbers may be low because of the few host plants available as food.
However, as many geographical and ecological situations as possible should be
surveyed since not all of the natural enemies will be found in every possible
situation that will support the target plant. But, when choices are available,
natural enemies should be sought from climatic zones similar to that in which the
plant is a weed in its new home.

In outlining the early obstacles to be overcome by a newly introduced
insect species, Remington (1968) considered that the severest threat to successful
establishment would theoretically come from oligophagous parasitic, predaceous
or phytophagous insects. In the case of insects introduced for control of a weed,
any potential danger of massive destruction of the target weed by a competing
native phytophagous insect should be known as a result of prerelease surveys.
However, subsequent attack of the introduced insect by native parasites and
predators of native phytophages has been a serious threat to establishment or
effective control in a number of instanc-s. The next most dangerous threat to an
introduced species would be the climate of the new environment into which the
insects are to be released. Biological control workers have given little atten-
tion to the possibility of postliberation adaptation; instead they usually try to
ensure that the individuals to be released are from a population preadapted to the

-new environment. Much emphasis has been placed on the climatological and ecologi-
cal similarities between the native and projected environments. These have been
termed "ecological analogs" (Wilson, 1965).

An example of this is given by Harris, et al. (1969), who correlated the
effectiveness of the introduced insect species attacking St. Johnswort in British
Columbia with aridity and moisture indices. Chrysolina hyperici was generally
effective in the moist subhlmid region and C. qualrigemina in the dry subhumid
region. The different moisture requirements for tnesiripecies compared
favorably with those reported earlier in Rumania. However, neither beetle was
effective in the semiarid region of steppe-like grasslands. Thus, an insect
adapted to attack St. Johnswort in dry situations, such as rocky ground and open
sandy places, was sought in Europe. The moth, Anaitis la iata, appeared to be
suitable and was released in dry, open, grassy iniirn 1y'9 It has not been
liberated long enough to prove its value and ability to survive (Harris, et al.,
1969).

The choice of which organisms to select for further study as potential
biotic control agents is not an easy one to make. However, safety to desirable
plants is the first consideration or, as Williams (1954) put its "The critical
phase of biological control work against weeds is the selection of species that
will not harm other plants, or at least useful plants. All other considerations
are subordinate, and a suitable species for introduction into a country against a
weed is one that is sate to introduce, irrespective of its other characteristics."
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Which kind of insect would eventually prove to be a significant agent of
control is difficult to determine a priori. Insects that have been highly effec-
tive in the biological control of weeds inclt....e a stem-borer (Cactoblastie
cactorum), plant suckers (Dactylopius app.), a leaf-feeder

a gall insect (Procecidochares utilis Stone), ana a seed-feeder
(Eurytoma sp.) (Wilson, 1964). To these shoula-Eridded the root- and rootcrown-
borer, A rilus hyperici, which can be very effective in shaded situations
(Holloway, 87-57-K-Maddox and K. E. Frick, unpublished observations). It is
generally agreed that the ability of an insect to control a plant is not readily
evident, and may require much study for its determination. The fact that no one
anticipated the collapse of vast areas of pricklypear within a few years after
the establishment of Cactoblastis in Australia (Wilson, 1960), is an example of
the difficulty in makirigWEEUFia prejudgments; until Cactoblastie began to
destroy the 2 primary pest pricklypears, plans to establish an insect complex of
many species were continuing.

However, there are 2 criteria of primary importance in choosing candidate
insects for further study: (1) a narrow range of host plants, none of which can
be crop plants, and (2) an attack by the plant-feeding stages (larvae, nymphs,
adults) of growing tissues vital to the plant rather than tissues of little
importance to plant growth, such as senescent foliage or pith.

An additional consideration of importance is the rate of population growth
of the candidate species. This statistic, r, is called the intrinsic rate of
increase and is usually expressed as growth per unit of time (Dingle, 1972).
Factors included in the rate of population growth are survivorship, fecundity,
and developmental rate, which would include the average number of generations per
year. An attempt to effectively measure r should be undertaken for each species
appearing to have potential value in a weed control program.

Another decision to be made is whether to concentrate upon a single species
or to select 2 or more species that might work well together and not directly com-
pete with each other. For example, the defoliation of lantana by Teleonemia during
the warmer months and by H ena during the cooler months has brougErWaiWignifi-
cant suppression of lantana n parts of Hawaii. In another instance, Chrysolina
is primarily responsible for maintaining the low populations of St. Johnswort in
California, but Ayrilua also contributes by attacking plants in the shaded loca-
tions generally snunned by Chrysolina. In a third instance, the flea beetle.
Longitarsus jacobaea (Water ousel chosen to complement Tyria, whose larvae
defoliaate tansy ragwort plants during the summer (Hawkes, Longitarsus
larvae bore in the rootcrown of ragwort in the fall, winter, and spring (Frick,
1970). Longitarsus was released in 1969 and has not had time to show its
potential.

Even though a decision is made to intensively study one or more kinds of
natural enemy, continued survey is desirable. Additional species may be found
and the population trends and significance of damage of the selected insects
should be followed in nature. Also, damage caused by other organisms not selected
for further study shouL: be observed. It is entirely possible that species pre-
viously evaluated as insignificant may be more important than originally believed.

Biological and Host Plant Specificity Studies.--Before a phytophagous
insect is acceptable for importation, a great deal must be known about its annual
life history. In addition, the plants that it selects in nature to feed and/or
oviposit on, and the plants that it will feed and/or oviposit on under stress in
the absence of its host plants, are very important and practical pieces of infor-
mation that must bes obtained. This is because, if successful, an "explosive"
stage is reached in biological control in which hoards of the insect enemy must
either starve or disperse as their feeding causes dramatic collapse or defolia-
tion of their host plants, especially if these plants occur initially in large
"monoculture" situations. This phase has been documented for a number of weeds
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including St. Johnswort in California whore it occurred in the fifth year fol-
lowing initial release of 5000 beetles. During that year (1950), 3 millioa adults
were collected for distribution (Holloway, 1958). Davies and Greathead (1967)
reported that the lantana lace bug reached the "explosive" stage in the sixth
year following release in Uganda. In the case of tansy ragwort, it was in the
seventh year that the population "explosion" of Tyria caterpillars took place;
as many as 100 Tyria larvae per tansy ragwort plant were found near Fort Bragg,
California. When their food supply was depleted, the Tyria larvae crawled away
searching for their host plant, ignoring other plants in their path except for
occasional plants of ornamental florists cineraria, Senecio cruentus DC., in home
gardens, which they consumed, according to reliable TAWEViri7-717W17 larvae un-
doubtedly died of starvation (Hawkes, 1968).

The crucial aspect in host plant specificity lies in the capacity of a
candidate insect to breed on economically important plants. This depends on the
behavioral, including ovipositional, characteristics of the adults, the yearly
life cycle of the insect as it is synchronized to the phonology of its host plants
vs. that of economic plants, as well as the food requirements of the adults and
larvae.

The food plants acceptable to mobile larvae or adults, particularly under
stress, must be determined in order to prevent introduction of a species which will
assume a'peut status by damaging useful plants on which it will not reproduce
(Wilson, 1964). It is the function of the testing program to guard against such
possibilities. Probably the only important damage caused by an imported insect
is that of Teleonemia on sesame, Sesamum indicum L., in Uganda (Davies and
Greathead, 1967). Teleonemia was-IiiiiierlrUganda in 1960 and by 1965 had
reached the "explosiVgwiEiji where there was a massive population buildup;
defoliation of lantana was complete within a radius of 2-3 miles and the lace bugs
were spreading naturally over a wide area. It was then that large numbers, up to
5-10/leaf, appeared on sesame. The plants were defoliated and fewer capsules were
produced than in blocks of sesame that had been sprayed for control of other pests.
Eggs were laid on sesame but nymphal mortality was high. Although some adults
were produced on sesame, no eggs were laid by these individuals (Davies and
Greathead, 1967). Harley and Kassulke (1971) noted that sesame was not among the
50 plants previously tested with Teleonemia in Australia, Fiji, and India. How-
ever, of interest here is the facETEirriatana (family Verbenaceae) and sesame
(family Pedaliaceae) are in the same order Tubiflorae (Fernald, 1970) and there-
fore are somewhat related systematically.

Behavior under stress in artificial laboratory conditions should not be
the sole basis for rejection of a candidate species. For example, in testing
the lantana stem-boring beetle, Plagiohammus spinipennis (Thomson), larvae received
from Mexico were transferred to holes bored in sugarcane stems, in which the lar-
vae completed their development. This species might well have been excluded on
the basis of the larvae completing their development on sugarcane. However, the
female beetles failed to oviposit on sugarcane, which provided a safety factor
that allowed liberation in Hawaii and continued consideration for importation into
Austinia (Waterhouse, 1967). Andres and Goeden (1971) reported that in Hawaii
the feeding of several larvae per plant has frequently resulted in branches
breaking off so that only stumps remain and that prospects for additional control
of lantana by P. spinipennis are excellent.

The techniques used in host specificity studies have been thoroughly
discussed in recent years (Harris and Mohyuddin, 1965; Harris and Zwolfer, 1968;
National Academy of Science, 1968; Waterhouse, 1967; Zwolfer and Harris, 1971).
Such studies require laboratories in 2 locations: one abroad as near the target
plant and its selected natural enemies as possible and the other a quarantine
laboratory in the United States. The studies conducted at each will here be
considered separately.
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Studies Abroad! The overseas laboratory should be near the target weed
and its natural enemies, not only to avoid the problem of crossing political
borders with plants and insects, but to have a ready supply of material for study
and to observe the host-parasite relationships under natural conditions throughout
the year.

There are 2 general types of laboratory tests that can be conducted at the
overseas laboratory: the starvation and the multiple choice tests. In the first,
only a single kind of plant is provided per cage and the insects can either starve
or feed and/or withhold egg laying or oviposit. Should a promising species feed
and/or oviposit on some of the test plants other than the target plant, thus
indicating that a narrow host specificity is in doubt, multiple choice tests should
then be conducted in order to determine the insect's preferences for those test
plants. In the multiple choice type of test, the candidate insects are presented
2 or more kinds of plants to feed and/or oviposit on in the same test cage.
Usually one of the plants is the target plant, and therefore presumably the
natural host of the candidate insect.

Four classes of plants may be included in a testing program: (1) repre-
sentative economic and desirable plants to which the insects would be exposed in
the target weed area so that questions may be answered as to the danger posed to
such plants by the suggested import; (2) a systematically arranged spectrum of
plants related to the target plant; (3) plants that are known to contain chemical
constituents that are similar to those of the target plant; and (4) plants that
the candidate insect has been reported collected from or in association with in
the literature. In testing the host plant specificity of Longitarsus jacobaeae,
Frick (1970) selected 56 plant species in 31 genera, which are in 12 tribes of
the family Compositae. Within the genus Senecio, 18 species were tested, with 5
of the species being in the section Jacebiii7Wich includes S. 'acobaea. A
number of plants are known to contain alkaloids similar to those n Senecio species.
Of these, 4 species of 4 genera in 2 families, were included in the tests. One
plant in the family Cistaceae was tested because it was stated in the literature
that adult Longitarsus fed on the foliage.

Although testing is seldom done outdoors, Waterhouse (1967) has reported
2 techniques that might be used where applicable in order to test candidate
organisms under more natural conditions than can be obtained in the laboratory.
One method utilizes large outdoor cages placed over infested target plants. Then
potted test plants are introduced to the cage so that the insects have a multiple-
choice type of test that approaches field conditions. This technique can only be
used in the country of origin of the candidate insect. The other method involves
the testing of potted economic and ornamental plants outdoors, not in the geo-
graphic area of origin, bu', in a country where the candidate had previously been
introduced for weed control. Thus, the weed might still be plentiful and its
introduced natural enemies in high densities. This method has been successful in
Hawaii, where Australian investigators placed economic plants among dense stands
of lantana to test several tropical American insects that had been introduced
into Hawaii, where they became abundant. These insects were desired for
Australia. This method is most useful where only a few other pest insects capable
of attacking the test plants are present. Otherwise, various polyphagous plant-
feeding insect species might also damage the test plants, making it difficult to
assess which species was responsible.

Domestic Studies: After an insect has been studied sufficiently in its
native location so that its annual life cycle is known anl understood, its
feeding habits have been established, and the damage that it inflict% on its host
plant is found to be significant, permission is requested to import the candidate
species into quarantine in the United States. Quarantine laboratories are designed
to prevent the escape of insects. The laboratory construction and procedures
necessary to assure that imported phytophagous species may be safely studied are
discussed by Fisher (1964).
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In addition to life history studies, much of which can also be made at
the overseas laboratory, the completion of host plant specificity testing is e
major phase of work at the domestic laboratory. Additional test plants are
included that are designated by interested agencies in the country in which the
releases are planned. These test plants invariably include (1) ornamental, crop,
and forage plants that would have been difficult to obtain or grow abroad, (2)

native North American plants that afford browse for domestic and wild animals, and
(3) other native plants that are deemed necessary as food and shelter for wildlife
(Martin, et al., 1951). These plants should be tested in the country where
releases are intended, rather than abroad, so that there is no danger of estab-
lishing North American plants in foreign countries, where they might become weedy.
As an example of native plants included in a quarantine testing program, 3 species
of Senecio considered to have forage value on western ranges were tested with the
Euraiily, Exl:mya seneciella (Meade), whose larvae feed on the seeds of tansy
ragwort (Frick and Andiii7TH7T, and 2 were also included in the Longitarsus
testing program (Frick, 1970). In the case of purple nutsedge, C erus rotundus,
Australian investigators tested 2 Asiatic insects, the weevil At esapeuti71751EFT
Marshall, and the tortricid moth Bactra venosana (Zeller) (= B. truculenta
Meyrick; Diakonoff, 1964), that hiirbiin-liaRaViced into Hawaii or EEFEF61 of
nutsedge. These insects were not introduced into Australia because of the risk
of attack on 2 nutsedges considered to be useful; C. retzii Nees, as an excellent
fodder plant, and C. victoriensis Clarke, in preventing IF5sion of stream banks.
In addition, the insects were considered as unlikely to have a significant effect
on the abundance of purple nutsedge because vegetative propagation below ground
is very rapid and takes place even under adverse conditions (Wilson, 1960).

To date the methods for testing host specificities of insects to be re-
leased against weeds are considered adequate and there has been no example of a
basic change in diet of any kind that would constitute a real challenge to the use
of insects for weed control.

Domestic Release.--When it is believed that sufficient data have been
gathered to be certain that the candidate species is safe to release in the field,
a report, containing all relevant information, is submitted to the "Working Group
on Biological Control of Weeds," part of the Joint Weed Committees of the U.S.
Departments of Agriculture and of Interior, and the concurrence of Canadian author-
ities is solicited on a reciprocal basis (Coulson, 1971). If importation is
approved by this Working Group, permits are sought from the Animal anr' Plant Health
Inspection Service of the USDA and approval from the Departments of Agriculture of
the states in which introductions are planned. If permission is granted, a popu-
lation, usually limited in numbers, is prepared for liberation in the field.

It is seldom advisable to release specimens received directly from abroad
because unwanted parasites and diseases may well be harbored by them. Rather, the
specimens to be taken to the field should be laboratory-reared for one generation
in quarantine, taking all precautions to eliminate their natural enemies so that
as clean a cu:ture as possible is actually released. However, laboratory rearing
should not be relied upon to make mass releases from an initial stock of one or
a few individuals (Remington, 1968). Such a technique could result in a popu-
lation closely adapted to one narrow set of environmental parameters, i.e., labo-
ratory conditions. Wilson (1965) stated that the primary need is to establish in
the field the maximun genetic variability in a species, so that gene combinations
appropriate to each environment may be produced by natural selection. To accom-
plish this Remington (1968) suggested the introduction of "a large, wild sample
from a large, central source population which has an environment most similar to
that of intended establishment." Then Remington suggested a second method that
appears to lend itself to a short period of laboratory rearing before release, a
precaution usually deemed necessary to initially free a colony of its native
natural enemies. Remington would "introduce a closely spaced succession of wild
samples from several source populations from various environments moderately like
the area of intended colonization; this maximizes the relevant genetic variability

[217]



Frick, K. E. Biological Control of Weeds

on which selection can then act to produce an optimal genotype in the new environ-
ment." A succession of samples of moderate size could be handled and reared in a
quarantine laboratory, thus assuring reasonably healthy individuals having, in the
aggregate, a broad genetic variability.

When liberated, the candidate species will be involved in a "colonizing
episode," which has been defined by Lewontin (1965) as the establishment of a
population of a species in a geographical or ecological space not already occupied
by that species. A high potential for population increase (r) is a distinct
advantage to a colonizing species, because the species usually, especially in the
case of insects introduced on alien weeds, enters a new and quite unlimited envi-
ronmental niche that was previously empty. There is, therefore, an absence of
both intra- and interspecific population pressures, and until the available host
plants have been consumed, the population is essentially density independent. In
spite of these opportunities, colonies are not always successful, perhaps because
many involve expansion of area and ecological tolerance (Lewontin, 1965) or because
of biotic resistance, e.g., polyphagous parasites and predators. Because of this,
the selection of optimal. genetic characteristics becomes important and this is
discussed in a theoretical analysis of genetic strategies of colonization by
Lewontin (1965). On the other hand, if the colony is successful, the population
can be assumed to be in the exponential (logarithmic) growth phase with unlimited
resources, at least for a short time (Lewontin, 1965). The exponential growth
phase terminates in an "explosive" stage when great numbers of the insect have
consumed their host plant and must either migrate or starve.

Prior to actual release, several sites should be selected that have an
abundance of the target weed. The sites should provide protection of the plants
and insects from such hazardsas grazing animals, vehicles, farm implements,
pesticides, and, where the insects are large and showy, from man himself. It is
frequently difficult to establish a species from small numbers and every protection
is necessary until the insect is well-established and can safely be distributed
to new areas.

The chosen sites should not all be of the same ecological type but some
should closely conform to the requirements of the candidate species (Huffaker,
1957). If possible, several sites rather distant from each other should be select-
ed if the weed is widespread over a range of geographic and climatic conditions.
The value of using more than one site was shown in the case of Tyria introduced
against tansy ragwort. Because of the abnormally dry conditions prevailing in
1959, 4400 of 4800 larvae were placed in a damp creek bottom at Fort Bragg,
California. However, as a precaution against losing the entire shipment, 400
larvae were also released on a few stunted plants in an open field (Frick and
Holloway, 1964). The creek bottom population disappeared after the 1962 season
because of flooding, trampling by cattle, removal by persons desiring to infest
their own properties, and possibly because of a lack of sunlight. In contrast,
the population in the open field grew steadily until a population "explosion"
occurred in 1965 (Hawkes, 1968). Fortunately, the release in the open field was
not known to the public and it was not pastured, so that site was not disturbed
by man or animals.

Decisions as to the best time of day to make a release, the season in
which to make it, and whether to use field cages will be up to the investigators
who are most familiar with the candidate insect. The conditions to be used will
vary with the behavioral characteristics of each species.

Following release, a population should be observed as often as possible.
Preferably, the introduction should not be publicized, at least until a population
"explosion" has occurred and a "field day" can be held during which interested
persons and agencies may collect larvae for their respective locations. This was
done in August, 1965, at Fort Bragg, California, so that surplus Tyria larvae,
many that would otherwise have starved, could be distributed to new areas infested
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with tansy ragwort. An estimated 50,000 larvae were collected and released in 19
new areas in northwestern California and 28 in southwestern Oregon (Harkes, 1968).

Evaluation of Results. - -Of first consideration in evaluating the results
of successful colonizations is a statistical record of the plant cover and status
of the target weed before the natural enemy is liberated. This record can be
started by selecting release sites several years before release, i.e., as soon
as anticipated that a promising candidate insect will be released in the future.
Following release, detailed description of the numbers of the introduced species
that are present, the amounts of destructive feeding, and the patterns of damage
as the insects disperse, are essential if the results of a successful introduction
are to be evaluated accurately. Meanwhile, the statistical record of any change
in the plant cover and the status of the target weed must be continued.

Direct evidence of the effect phytophagous natural enemies may be having
on the abundance of their host plants, even during the "explosive" phase, is
generally lacking because, unlike herbicide tests that can be confined to certain
plots with provisions for untreated checks, insects and other organisms are
mobile and actively seek out their host plants. In order to provide areas for
comparison, Huffaker (1958) suggested that insect exclosures be established,
using selective insecticides and acaracides. These would exclude, not only
introduced insects from certain plots, but also any indigenous species that may
be grazing on plants in the release area, including the target weed. These may
be quite numerous (Frick, 1964; Frick and Hawkes, 1970; Frick, 1972), and each
will have some effect on the competition between plant species and therefore on
the resulting plant composition. Thus, the results obtained in these exclosures
may not be comparable with real situations.

Introduced natural enemies have a continuing vital role in the determi-
nation of plant cover once they are well established. For example, St. Johnswort
was reduced in 12 years from the status of a primary noxious weed that was an
exceedingly important pest on California range lands to a casual roadside weed by
the action of imported beetles (Holloway, 1958). At the present overall very
low density of Hypericum, the action of the few remaining beetles appears trivial.
But the beetles still hold the key role because their feeding "action alone is so
geared to increase of the weed as to preclude return to the former states"
(Huffaker, 1962), while other factors in the environment influencing local changes
in the abundance of St. Johnswort (rainfall, temperature, fire, pesticide usage,
soil disturbance, soil water-logging) are transitory. A 10-year study has shown
that the beetles continue in a weed-insect mutually density-dependent host-
parasite relationship that keeps Hypericum reduced to a level less than 1% of its
former abundance (Huffaker and Kennett, 1959).

In evaluating results, the degree of weed reduction is of primary impor-
tance. However, the replacement vegetation is likewise of great importance.
(Although it is not the responsibility of the biological control of weeds investi-
gators to reseed an area as it becomes cleared of the target weed, it is grati-
fying to be able to record that plants of greater forage value replace the weedy
species in forage-type habitats (Huffaker, 1951).) Determination of replacement
vegetation can only be made as a result of pre- and post-release statistical
records of plant cover. These may have to be continued for many years, as was
done in the case of St. Johnswort in northern California, the results of which
were published after 4 years (Huffaker, 1951) and 10 years (Huffaker and Kennett,
1959). An additional statistical record of plant cover was made again in 1966,
21 years after the first introduction of Chrysolina quadri2emina, and as a result
it was found that the degree of control of St. Johnswort has been maintained at
more than 99% for 17 years (Huffaker, 1967).

[219]



Frick, K. E. Biological Control of Weeds

Conclusions

Considering the biological control of St. Johnswort as a model, it is
evident that, even if highly successful, biological control is a slow-starting
form of weed control that is self-maintaining and therefore continuing. DeBach
(1964) has estimated the savings (over previous losses plus pest control costs)
of $20,960,000 in the 6 years from 1953 through 1958. This amount includes 8
million dollars in increased land values, 12 million dollars realized from the
weight gain in cattle, and $960,000 saved in the costs of chemical control. In
the 13 years since 1958, the additional amounts realized from cattle weight gains
($2 million/year) and savings from a lack of need for annual chemical controls
($160,000/year), total an additional $28,080,000. Unfortunately, DeBach does not
provide an estimate of the costs of the biological control program; thus a com-
plete cost-benefit statement cannot be provided. However, these monetary gains
have been without additional cost (i.e., other than for the initial program),
since the beetles have continued to control St. Johnswort satisfactorily through-
out California without periodic recolonization or other expenditure of effort by
man.
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BIOLOGICAL CONTROL OF AQUATIC WEEDS

F. D. Bennett
Entomologist in Charge
West Indies Station

Commonwealth Institute of Biological Control
Gordon Street, Curepe, Trinidad

Although the practice of biological control of aquatic weeds.is rela-
tively new and progress on only a few projects has reached the stage where a
meaningful appraisal of the value of introductions can be undertaken, the first
attempt to control an aquatic weed, Alternanthera philoxeroides (Mart.) Griseb.,
by the introduction of insects showsUEirriFEWomise of providing effective
control and has created optimism that this method will provide a satisfactory
solution to numerous othar aquatic weed problems. Similarly, the experimental use
of higher animals, particularly fish, also shows promise. Increasing attention
is also being paid to the possibilities of plant pathogens as control agents
either for classical control (the introduction of self-perpetuating organisms into
a new geographic area) or, if necessary, by routine inoculative releases as an
alternative to the use of chemical herbicides.

Because this field was largely neglected by entomologists until the last
decade overall reviews on biological control of weeds (Huffaker, 1959; Wilson,
1964) did not discuss the topic of biological control of aquatic weeds or were
able to deal with it in one or two paragraphs. This does not hold true today and
as great progress is now being made in this particular field it will certainly be
less true after the next decade.

Reasons for Controlling Aquatic Weeds

Aquatic weeds affect man and his well-being in several ways. The fol-
lowing will suffice to indicate their importance. (1) Agriculture demands that
irrigation and drainage canals flow unimpeded by weed arowth, and that water must
be readily available in predictable amounts and of acceptable quality. (2) Dense
weed mats affect the oxygen level of the water, thereby altering food chains,
affecting fish and fishing and the quality of water for domestic and commercial
use. (3) They impede or completely prevent navigation on river systems and pose
a threat to hydro-electric plants. (4) They may be responsible for flooding or at
times water shortages. (5) They may encourage the buildup of those snails which
are the essential intermediate hosts for bilharzia organisms and liver-flukes,
as well as providing breeding places for certain disease-carrying mosquitoes.
(6) Aquatic weeds may be detrimental to rice cultivation, and in a few instances
may serve as alternative hosts and as a means of spread of pathogens affecting
cultivated crops. (7) They also affect man's recreation, i.e., swimming,
boating, fishing, etc.
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Factors Leading to the Increased Interest in
Biocontrol of Aquatic Weeds

It is obvious that with the growing list of successes in controlling
terrestrial weeds by the introduction of natural enemies, attention would
eventually be turned to aquatic weeds. Just as the first attempts at biocontrol
of terrestrial weeds were triggered by serious repercussions following the intro-
duction and rapid spread of an exotic species, Lantana camara Linn., in Hawaii
and subsequently in many other areas, attention to aquatic weeds was focused on
such introduced aggressive invaders as Alternanthera philoxeroides (Mart.) Griseb.
and Eichhornia crassipes (Mart.) Solms. in the USA and Salvinia auriculata
(nuct. nec. Aubl.) in Africa, Ceylon, etc. The construEETE-Erld-ditViniiiiint of
man-made lakes and the rapid explosive colonization of them by aquatic weeds, e.g.
S. auriculata on Lake Kariba (Rhodesia-Zambia) and E. crassipes on the Brocopondo
take in Surinam, have pointed to the need for urgent and solutions. In
developed countries the increased time for leisure and sport has placed a heavy
demand on the construction and maintenance of recreation lakes, canals, etc., in
a condition suitable for boating, swimming and fishing. In developed countries
the increased use of fertilizers in farming, and of detergents in household use,
as well as many other materials rich in plant nutrients which have ended up in
ponds, lakes, rivers, etc., have led to eutrophication often producing almost
optimum conditions for some of the most aggressive aquatic weeds.

Factors Which May Render Aquatic Weed Problems More
Difficult to Solve than Terrestrial Ones

Considering the vast array of aquatic weed problems throughout the world
and of the organisms being considered as potential control agents it is difficult
to make general statements on this topic. Andres (1968), after mentioning that
there were more than 52 aquatic weeds in the USA belonging to four categories,
i.e., floating, emerged, submersed and algae, raised doubts as to whether host-
specific insects to control many submerged species would be found.

An even more important factor (Bennett, in press) may be the absence of
the effect of competition from other plants. Most terrestrial weeds have to
some extent to compete with crop or other plants for growing space, nutrients,
water, etc.; relatively minor injury inflicted to the weed by a phytophagous
species cr a disease may tip the balance in favor of the other, p.Jssibly allowing
them to outgrow and suppress the competing weeds. By contrast, the only competing
plants in many aquatic situations are frequently other weeds which may or may not
be less desirable. If there are no other desirable species then the important
element of crop competition is lackirg and accordingly the extent of damage or
the feeding pressure required to suppress the weed may have to be very high and
continuous. This is particularly true for floating weeds such as Salvinia spp.
and water-hyacinth, Eichhornia crassipes, which rapidly proliferati-Eig7Flants
by vegetative means.6RFfiFt even postulate that the end results of minor
damage by an insect could .)e an increase in the number of plants if not in their
actual weight. Vogel and Oliver (1969) reported that damage to an apical bud of
E. crassipes by the Noctuid Arzama densa Walker, induced a significant increase
In the number of lateral buds, each-Wing capable of producing a new plant.

While in some terrestrial situations, e.g., poorly managed pastureland,
weeds may increase as fertility levels drop (although selective grazing on the
desirable plants may also be a factor), it is ironic that most of the aquatic
weed problems are aggravated by an overabundance of nutrients.
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Factors Which May Render Aquatic Weed Problems More
Amenable to Biological Control

A larger range of candidate control organisms may be available for
aquatic than for terrestrial weed control. Apart from pasture management pro-
grams and where domesticated animals, cattle, pigs, goats, ducks and geese, etc.,
are occasionally manipulated to suppress weeds, serious consideration is seldom
given to the introduction of vertebrates for the biological control of terrestrial
weeds. On the other hand, several vertebrates are being evaluated for use against
aquatic weeds. Similarly certain groups of invertebrates, e.g., snails, are under
scrutiny as potential agents against undesirable aquatic vegetation, such as would
not be considered for terrestrial weed control because of their omnivorous feeding
habits. As in aquatic situation, certain of these can be manipulated and con-
trolled or eradicated if they prove undesirable at high population levels, and
as there are relatively few avatic crop plants we can at times recommend species
with somewhat polyphagous feeding habits. While increasing concern is being
evinced in the possible detrimental effect on native weeds and a correlated chain
reaction on wildlife systems, the qualification that an introduced control agent
will not feed on the half-dozen or so economic aquatic crops, and is tied by
some stage of its biology to an aquatic environment, is sometimes considered suf-
ficient insurance that certain organisms are safe for introduction. On this
basis, the release of the grasshopper, Paulinia acuminate DsG. in several African
countries was recommended and approved TNIFERE,IngT7Obvioue'4, in instances
such as these, each candidate control agent must be evaluated an6, on the basis
of accumulated data, approved or rejected pending further tes6.1. While P.
acuminate has been cleared for release against Salvinia, another grasshopper,
troW5iron icorne Bruner, attacking E. crassi es which is somewhat less tied to
an aquat c env ronment has not been recommended or release. This species will
also develop from small nymph to adult on Commelina spp., but suitable oviposition
sites are present only in the spongy tissuiFTEHritems of its host. While
ootheca have never been found in the stems of plants other than the
Pontederiaceae either in the field or in laboratory tests, adults have been taken
some distance from E. crassipes and have been observed to feed on Equisetum sp.
under field conditions. While investigators are fairly certain that tre
it unlikely to cause significant damage to any economic crop, it is unlikely that
its release will be recommended, at least until the several other oligophagous
species known to attack E. crassipes have been tried (see below).

It has also been postulated that relatively minor damage by a primary
feeder may render aquatic plants more prone to attack by secondary organisms than
does a comparable level of attack on terrestrial plants other than succulents.
While this generalization is difficult to prove, plants of Pistia stratiotes
frequently collapse rapidly following minor insect damage.

Biocontrol of Introduced Versus Native Weeds

While the concensus of opinion expressed in most review papers is that
introduced weeds are the best candidates for classical biocontrol, Harris and
Piper (1970) argue that the species of Ambrosia native to Canada and the northern
United States may be amenable to biological Their argument is based on
the related paucity of oligophagous or host-specific native natural enemies, to
its resemblance to a well-established introduced pest and to the possibility that
elsewhere there may be natural enemies of related species suitable for intro-
duction. The oft-quoted examples of the decimation of the American chestnut by
the introduced chestnut blight, a pathogen of a related species, and the drastic
mortality of the Bermuda cedar Juniperus bermudiana L., caused by the introduced
diaspine Carulas is minima (Tarlitriiiimgliriiiiiony that plant populations
can be he a in spectacular check by an organism previously unrecorded from the
plant in question (Doutt, 1964).
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While major concern over aquatic weeds deals with introduced species,
e.g., Eichhornia crass es, listed as one of the ten most serious weed pests and
accordIFTTERam (19651

iD
"the most terrible and frightening weed problem I have

ever known" and Salvinia auriculata which caused grave concern when the Kariba
Lake was formed EFTEFTambezi water-system, and is a major problem in the Chobe
River and Lake Naivasha in Africa and several water systems in Asia, problems
with native weeds are also legion. While many of these problems are the end-
product or perhaps an intermediate succession stage resulting from eutrophication,
some form of biological control is desired. E. crassipes is also causing increas-
ing concern in South America where it is endemic. It has been suggested (Bennett,
1970) that biotic agents which have transferred from native Pontederiaceae in
North America and Asia, if sufficiently oligophagc-s, might be introduced into
areas of South America where E. crassipes is a problem, e.g., on Lake Brokopondo,
Surinam (Bennett, and Zwolfer, 1968) or into Guyana on transport and drainage
canals in the sugar plantations. Sankaran, et al. (1966) have reported that the
native Gesonula punctifrons Stal. which attacks the introduced E. crassipes in
India m1'4E7Esuitable for trial in other areas. While it is notHEITE:igicific,
its ecological requirements restrict it to an aquatic or semi-aquatic habitat.
Hence, while introduced weeds are often more logical targets for biological
control, native species should also be considered.

Plant Pathogens as Control Agents

The use of pathogens for control of aquatic weeds still remains a rela-
tively unexplored field. Wilson (1969) has summarized the current state of
knowledge. Progress to date indicates that certain groups of lower plants, for
which little or no hope may be held for control by insects, may be amenable to
control by plant pathogens. Blue-green algae have been successfully controlled
by a virus in large-scale experiments in sewage disposal pools (See Wilson, 1969).
Similarly, it has been suggested that a virus may be responsible for the reduction
of water-milfoil, Myriophyllum s icatum L., in Chesapeake Bay (Bayley, et al.,
1968). The reduction of phytop an ton blooms by the attack of aquatic fungi also
indicates the promise that may lie in the field of plant pathology for aquatic
weed control. A virus transmitted by the aphid Rhopalosiphum nymphae L., has
been suggested as an important cause in the annual die-back of Pistia stratiotes
L. in Nigeria (Pettet and Pettet, 1970). It is probable that other
including fluctuations in nutrient levels are also involved, but if the virus is
the main factor it is essential that additional investigations, including a study
of the host range of the virus as hell as of R. nymphae and other potential
vectors, be carried out before introductions are warranted. R. nymphee is, of
course, known to attack many other aquatic plants. Diseases of several aquatic
weeds have been under study in India (Nag Raj, 1965, 1966; Nag Raj and Ponnappa,
1969a, b; Ponnappa, 1970). Recently, a laboratory aimed to exploit this approach
has been established in Gainesville, Florida (Zettler, et al., 1971).

Vertebrates a:. Control Agents

Fish: Hickling (1965) has summarized the role of fish as well as other verte-
bates in the biological control of aquatic vegetation. While several fish,
chiefly tropical species such as Tilapia spp., have been utilized, frequently with
the aim o2 fulfilling the dual function of weed control and providing human food,
the species currently attracting moat attention is the amur or grass-carp,
Ctero harmgodon idella Val., native to east Asia and one of the few vegetarian
fisi n temperateEn-Rites of commercial interest. Michewicz, et al. (1972a),
provide an up-to-date evaluation of investigations on this species. While not
cleared for unrestricted distribution in the USA it is under study in certain
ponds and lakes (Bailey and Boyd, 1972). It is being stocked widely in Europe
(Krupauer, 1971; Robson, 1971), Asia (Meta and Sharma, 1972), and Fiji (Hughes,
1971), and appears to acclimatize to tropical as well as temperate waters
including those with considerable salinit/ levels. This species has spawned



Bennett, F. D. Biological Control of Weeds

naturally in only a few areas outside its native home. This may offer an advan-
tage initially as it affords an opportunity to study the effect of the fish on
the native fauna and flora in the field with little risk of permanent establish-
ment. It may also permit correct stocking rates to achieve the desired level of
control of aquatic vegetation in water bodies of varying sizes (Michewicz, et al.,
1972a). Once it reaches a length of 2.5 cm., the amur feeds almost entirely on
higher plants and to achieve control of such weeds in some situations simul-
taneous stocking with other species, e.g., Tilapia, may be necessary (Blackburn,
et al., 1971). The use of sterile Fl crosses between two species of Tilapia
should permit considerable latitude fn the level of weed control desires ecause
again given numbers of a non-breeding organism can be stocked. Studies to deter-
mine the effect of the amur on native fish are underway in Europe and at least
certain species continue to exist with it (Stott, et al., 1971).

In view of the changes in chemical analysis of the water in pools stocked
with the amur (Michewicz, et al., 1972b), the overall effects on water quality
resulting from the activities of the fish need to be determined before recom-
mending its introduction into water systems where these effects would be detri-
mental. Probably the greatest stumbling block to permitting a wide distribution
of the amur in the USA is the concern as to the overall effect that it may have
on other desirable components of the aquatic ecosystem.

Other Vertebrates: Domesticated animals including cows, goats, pigs, ducks and
geese are often cited as control agents of aquatic weeds, but while they may be
useful in restricted situations they cannot be satisfactorily manipulated to cope
with most aquatic weed problems.

Similarly many wild animals, e.g., the hippopotamus, play an important
role in weed control in their native habitats, but are not likely to be candi-
dates for release for weed control elsewhere! The manatee, Trichechus manatus L.,
has been under investigation since Allsopp (1960) drew attenETEE65TEs potential
for weed control. More recently he (Allsopp, 1969) pointed out some of its
limitations. While under certain conditions it may be possible to "manage" the
manatee, its widespread use as a weed control agent is unlikely to develop.
While investigations in Florida have also indicated that this animal consumes
impressive amounts of aquatic weed (Sguros, et al., 1965), the difficulties in
securing adequate numbers, due to its scarcity and its low reproductive rate,
coupled with the high costs of moving it from canal to canal militate against its
selection as a control agent. If allowed to roam in large reservoirs it grazes
selectively, often ignoring or avoiding those species which to man are the most
serious weeds.

The South American coypu or nutria, has also been suggested as a useful
animal for control of aquatic weeds. It has been widely disseminated as a fur-
bearing animal in North America and Europe and released in parts of Africa. The
relatively low value of its pelt, the damage caused by its burrowing activities
and its omnivorous feeding habits should raise second thoughts as to its further
deliberate dissemination either for weed control or for fur-bearing.

Invertebrates as Control Agents

Among the invertebrates only insects and mites have been introduced into
new areas for the biological control of terrestrial weeds but these have been
used extensively. As already noted, the choice is wider for aquatic weed control.
To date snails as well as insects and mites have been exploited.

Snails.--Am early attempt at biological control of aquatic weeds involved
the use urtsw snail Pomacea caniculata Lamer to combat a submersed weed, reported
as Anachares dense but-PFEEibITEBNisp., in ponds in Brazil (Silva, 1960).
RecenfMiitrilitrons on snails as weed control agents have been centered in the
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continental United States although intensive investigations have also been carried
out in Puerto Rico, where the value of the Marisa snail, Marisa cornuarietis L.,
as a predator of and a habitat competitor of Biomphslaria--TEEriEi-13377Ehe
snail vector of schistomiasis, has been of greater Importance t an its potential
as an agent of weed control (Seaman and Porterfield, 1964; Ferguson and Butler,
1966). In Florida, pilot trials have indicated that M. cornuarietis can be
manipulated to provide control in certain situations and Blackburn, Taylor and
Sutton (1971) have worked out stocking rates necessary to control Hydrilla
verticillata Presl. and the southern naiad, Naias guadalupensis Morong. Attempts
have also been made to develop mass-production -ticnniques to enable re-stocking
of Marisa in areas where its populations are killed annually by low winter tem-
peratures (Rich and Rouse, 1970). Several aspects of the biology and of the
behavior of this snail have also been investigated in Sweden (Hubendick, 1966)
and Egypt (Demain and Ibrahim, 1969a, b; Demain and Lutfy, 1965a, b) to determine
whether it can be safely released in Africa for the control of schistomiasis and
liver-flukes (by predation on their snail hosts), as well as certain aquatic weeds.

Insects and Mites.--When Wilson (1964) reviewed the topic of biological
control of weeds he noted that at that time no insects had been used for the
control of aquatic weeds and raised the question as to whether in the aquatic
environment phytophagous insects exhibited a sufficient degree of monophagy to
permit introduction from one country to another. Andres (1968) has also sug-
ge,:ted the possibility that water may constitute a sufficient barrier to deter
the exploitation by insects of submersed weeds or submersed portions of emergent
plants. These two factors, if they hold true, would greatly restrict the species
of weeds against which insects might play a useful role. However, in his con-
cluding remarks, Wilson (1964) stated "that research on the biological control of
weeds is in its infancy," and that "extension of research is the general field is
very desirable, particularly in relation to entomological control."

Bennett (in press) has considered that a greater degree of polyphagy is
permitted for aquatic than for terrestrial weed insects as biocontrol agents
provided that they are tied to an aquatic environment by their biology and do not
regularly attack economic or otherwise desirable aquatic plants.

On this basis the semiaquatic grasshopper, Paulinia acuminate, which
must deposit its eggs in ootheca underwater if they are to diViTE177-Eas been
introduced into Africa despite the knowledge that it develops successfully and
feeds in the field on botanically unrelated plants, e.g., the ferns Salvinia spp.
and aroid Pistia stratiotes L. Many of the phytophagous insects whiEFEWW-
given spectUir control of terrestrial weeds seldom achieve the required popu-
lation levels in their country of origin because they are held in check by their
specific natural enemies. Bennett (in press) has suggested that certain groups
of insects attacking submersed weeds may be less prone to attack by parasitoids
than are terrestrial insects belonging to the same groups. If this is so we can
assume that some other factor holds the aquatic phytophagous insects in check
in instances where they do not inflict serious injury to their hosts in the
country of origin. We should perhaps not anticipate the spectacular population
buildup that occurs when terrestrial insects are freed of parasite attack fol-
lowing their introduction into other areas unless of course the other factors
limiting the population of aquatic species are absent in the country where intro-
ductions are contemplated. The absence of attack by specific parasitoids may be
compensated for by the activities of more generalized predators but they may be
just as abundant in the area of introduction as they are in the native habitat of
the phytophage. Difficulties in the laboratory rearing of certain of the
Lepidoptera attacking aquatic weeds have been attributed to a high incidence of
attack by insect pathogens and we may perhaps infer that the microhabitat in
which these develop may be very favorable for certain groups of these pathogens.
Accordingly every possible effort should be made to ensure that disease-free
stocks are available for introduction into new areas.
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While the techniques for rearing and testing insects of aquatic weeds
differ somewhat from those used for terrestrial insects, Bennett (1966) has sug-
gested that these differences may be no greater than those for testing two terres-
trial insects belonging to different orders. Harris (1971)1 Harris and Zwolfer
(1968) and Zwolfer and Harris (1971) have critically reviewed the procedures for
determining the hostapecificity of insects for the biological control of weeds.

Presently, active projects in which insects and mites are under investi-
gations will now be dealt with individually.

Present Projects Involving Insects and Mites

1. Alligator weed, Alternaria,philoxeroides.--Of South American origin
Alternaria philoxeroides was recorded in Florida over 75 years ago and subse-
quent y rrom all of the southern states. Surveys were undertaken in South
America by Vogt (1960, 1961) and based on his findings, studies on promising
organisms were commenced in Argentina and Uruguay. Following field-screening,
three species were cleared for release (see Maddox, et al., 1971, for details).
The first of these, a Chrysomelid, A asicles hygrophila Selman 6 Vogt, was first
released in 1964 in South Carolina an in 1965 in Florida and subsequently in most
states. One site, a small inlet on the Ortega River near Jacksonville, Florida,
where a release was made in early 1965, was practically clear of the weed by July
1966. Similar outstanding control has resulted in many other areas in both
Florida and in other states and natural dispersal of the beetles over distances
of several miles has occurred (Maddox and Hanbric, 1970, 1971; Maddox, et al.,
1971). Amynothrips andersoni O'Neill, the second insect, became established
following its introdUEETENTE 1966 but has not caused spectacular damage (Maddox,
et al., 1971). The third species, the Phycitid stem-borer, Vo tia malloi
Pastrana, was cleared for introduction in 1970 and releases eIZect @G 1E-T971.
Detailed studies to document its progress are currently underway at Gainesville
and it is anticipated that this species, either by itself or in combination with
A. hygrophila, will provide adequate permanent control of alligator weed under a
wide range of conditions (Mr. N. B. Spencer, personal communication, May 1972).

2. Salvinia auriculata.--A floating aquatic fern indigenous to South
America, S. aWiataTFairETan introduced into several countries in Africa and
Asia, as well and has become a major problem in rice paddies
in Ceylon and on several other water-systems in both Africa and Asia. Following
its invasion and rapid spread on the Kariba Lake, a search for potential controll-
ing agents was instigated in 1961. Surveya undertaken in Trinidad and northern
South America were followed by host-specificity and evaluation tests of three
species, the semi-aquatic Acridid Paulinia acuminate, the Curculionid
Cyrtobagous singularis Hulst., and-th-W-F7FaIrrgiWii multiplicalis Guenee. The
Kariba Lake narlaTTng Committee provided a 1 st of only five economic crop-
plants on which host specificity tests with insects known to be restricted by
their biology to an aquatic environment were required. While C. singularis is
specific to Salvinia, P. acuminate is known to feed on several other botanically
unrelated aqUITTEWeds, and S. multiplicalis also develops readily on Pistia
stratiotes and has also been reared from E. crassipes. These three insect species
ElnSIWWshipped for release in Africa and for further study to India. P.

acuminate was released initially in a cage in the Rhodesian side of Lake Kariba
during 1969, and on the Zambian side in 1970. In August 1971, 2000 nymphs and
adults from a tropical climate (Trinidad) and 1500 from a cooler climate
(Uruguay) were released in separate areas on the Rhodesian side (D. J. W. Rose,
personal communication, October 1971). Establishment and minor damage were noted
during a survey in October (author's unpublished notes) and in January 1972 rapid
distribution and population densities ranging from 1.6 to 9.4 adults per square
metre were recorded (J. T. Kabayadondo, unpublished data, 1972). P. acuminate
was released on Lake Naivasha, Kenya, in 1970 but permanent establTshEFErigii
apparently not occurred. The low night temperatures are considered to militate
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against establishment. Releases of P. acuminate and C. sin ularis on the Chobe
River, Botswana, initiated in December Irrin-contauing. it is anticipated
that the release of one or more of these species in India will commence in the
near future.

3. Eichhornia crassipes.--The distribution and pest status of water-
hyacinth, E. crassi s, are too well-known to require elaboration (,'e Little,
1965). As the p an and other members of the genus are native to South America,
initial basic investigations on their natural enemies have been undertaken
(Silveira-Guide, 1965; Bennett, 1968; Bennett and Zwolfer, 1968; Coulson, 1971).
Surveys in India (Rao, 1965) and the USA (Vogel and Oliver, 1968, 1969; Coulson,
1471; Bennett, 1969), areas where the weed has long been a pest, have also been
undertaken to determine what biotic agents already occur in the respective areas.
Detailed investigations on the South American species Aci ona infuscatella (Walk.)'
(- A. ignitalis Hmps.), Pyralidae, Epipagis albiguttalis f ps., Pyralidae, Cornops
spp. (on corns Bruner and acquaticum DeGeer) Acrididae, Neochetina bruchi nuist.
and N. eichhorniae Warner, Curculionidae, as well as the mite Ortho alum a
terebrantis Wallwork, Galumnidae, have been carried out or are in progress, and
BT:Fiairrothese organisms are in various stages of being cleared for release in
the United States; the first species to be released will probably be N.
eichhorniae (N. R. Spencer, personal communication, 1972). O. terebrantis, which
ririaTeTdirpresent in the USA, has been shipped to India for la laboratory
and subsequently to Zambia where it has been released and temporarily established
on the Kafue River. N. eichhorniae and E. albi uttalis were also released in
Zambia in 1971 and N.-eiEr=r7corias now been re eased in Rhodesia.

4. Other aquatic weeds.--The insect fauna of several other weeds is
under investigation 3n several parts of the world. Myriophyllum s icatum L., in
Yugoslaviw, where the Pyraustid Parapoynx strationata L., and the urcu lonid
Litodact'lus leucogaster Marsh are considered to be important biotic agents

; Lekic and Mihajlovic, 1970). In India studies on a broad range of
aquatic weeds, e.g., Myriophyllunt intarmedium, Nymphoides indicum (L.) 0. Kuntz,
Ludwi is adscendeus (L.) Hara, PotaiTUEFEBdosus Poir., etc. have been under-
axen aWRiFiE7-iE al., 1970). e rauna OrRgiopnyilum spp. has also been
studied in Pakistan where the weevils Bagous geniculatus Huchuth, B. vicinus Hust.
and Phylobus sp., as well as the Gelechiid Arrivauirm4., were consi3753-to be
specific to these hosts and hence merit consideration as control agents (Baloch,
et al., 1972). Spencer (1971) has also suggested Parapoynx sp. as a potential
control agent for M. spicatum.

Concluding Remarks

The author (Bennett, in press) has recently summarized certain of his
views on the biological control of aquatic weeds as follows:

1. Workers in the field of biological control of aquatic weeds may have
recourse to a broader spectrum of potential control agents than those
working with terrestrial weeds.

2. Groups of organisms other than insects, which traditionally have been
used for the control of terrestrial weeds, may play a greater role in
the field of aquatic weed control. Conversely, insects, particularly
for submersed weeds and algae, may perhaps be only of relatively minor

. importance.

3. Insects with a wider potential host range may be acceptable for
aquatic weed problems than is permissible for species selected for
terrestrial weeds when by their biology they are tied to an aquatic
environment.
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4. Parasitic insects are less likely to be a limiting factor to population
growth of their phytophagous host in aquatic situations than they are
to be terrestrial ones, although this may not hold true for general
predators and insect pathogens.

5. The field of plant pathology may hold solutions to problems of the more
serious aquatic weeds not amenable to control by invertebrates.

6. Finally, the element of competition existing between cultivated
terrestrial plants and weeds, which may be important in tipping the
balance in favor of a crop, is frequently lacking in aquatic situations.
Hence the intensity of damage required may have to be greater,
particularly in instances where eutrophication of the aquatic environ-
ment is a continuing process.

It should be pointed out that these conclusions are tentative and some of
them based on little factual information. In view of the rapid acceleration of
investigations currently occurring these may require considerable modification or
expansion in the near future.
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HOST PLANT RESISTANCE TO PLANT PATHOGENS AND INSECTS:
HISTORY, CURRENT STATUS, AND FUTURE OUTLOOK
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Abstract

Host plant resistance is a significant aspect of biological control of
insects and pathogens. It may be considered as any characte:: that causes a plant
to have less disease, insect attack, or overall loss than ancther. Its use was
first seriously begun late in the 19th century. Possible classification is into
antibiosis, nonpreference, and tolerance for insects, and escape, exclusion,
inhibitory host-parasite interactions, and tolerance for diseases. Resistance may
also be distinguished as specific or general, and by the mode of inheritance.
Resistance appears best utilized as a rational part of a broad scheme of inte-
grated control, set in an epidemiological context. Some resistance has been long-
lasting; other has been effective but ephemeral; whereas in other cases it has
been difficult to identify or to dissociate from adverse characteristics. Several
strategies are proposed to lengthen the effective lifetime of resistance in its
evolutionary setting. A major factor in these strategies is the avoidance of host
uniformity.

Introduction

Use of inherent resistance of certain plants is a significant segment of
biological control of insects and pathogens as viewed in a broad sense (Dicke,
1972). Resistance may be examined in several contexts. Its use should be con-
sidered in an ecological and dynamic evolutionary system. We propose to manipu-
late resistance through breeding, to our advantage in plant production, but with
the realization of its place in this dynamic system with interorganismal and
environmental constraints which provide evolutionary pressure on the pathogen or
pest. This introductory presentation is to provide general background for the
subsequent considerations of specific crops.

History

Resistance to disease and insects was recognized and reported early in
the 19th century. Obviously, it must have been observed earlier. Painter (1951)
and Walker (1966) have briefly reviewed this history. Painter notes Lindley's
report on an apple variety resistant to the woolly aphid in 1831. Darwin subse-
quently proposed searching for late blight resistance in potato at the time of
the infamous disaster in that crop. Conscious use of resistance as an economic
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factor in disease and insect control was seriously begun later in the 19th century.
Thy grve phytloxora became an important pest in Europe. Resistant American grape
rootstalks were utilized in protection from attack (Painter, 1951). Stem rust was
a:. important problem of wheat in Australia. Cobb (1890, 1892, 1894) began a study
of sL:em rust resistance, and Farrer (1898) included resistance as a breeding objec-
tive in him program about 1890. Orton (1909) in the U.S. began field selection
for cotton plants resistant to wilt about 1900, and this was soon .:ollowed by
similar procedures for watermelon, flax, and cabbage.

Inheritance of resistance to yellow rust of wheat was reported by Biffen
(1905) in England in 1905. He happened to work with a simply inherited character
which easily fit the mathematical model of Mendel, publicized shortly before, and
thus fitted disease resistance into genetic theory. Biffen's work was contro-
versial at first, for the now obvious reasons of differential pathogenicities and
environments. However, it began a long history of determining the genetics of
resistance, to provide background for manipulating it as a breeding character in
plant improvement.

From this early history began the look at resistance as an entity, as a
"something" that could be considered as a unit, that was useful as such an item,
and. which could be recombined as a character with other desired characters in
plant breeding. In this sense, resistance was considered a "thing," as we do
in titles today. Obviously, in total it is not, but represents several phenomena,
is comprised of various components, conditioned by various mechanisms, effective
in varying degrees, and affected by the environment. Thus, some definitions,
categorizations, and analyses are called for to further our understanding.

Definitions and Categories

Resistance, in the broad sense, may be considered a character of the host
plant, ca..4ng it to have less disease, less insect attack, or less overall loss
than another plant, cultivar, or species subjected to the same attack or epidemic.
In order to study it or adequately utilize it, we must consider resistance in
greater detail. Various categorizations may be made, depending on the particular
purpose. Painter (1951) classified resistance to insects as being based on three
possible types of mechanisms: antibiosis, nnnpreference, and tolerance. He des-
cribed these as three interrelated components, one or more of which is frequently
present in resistant cultivars. Antibiosis provides an adverse effect by the
plant on the insect, thus restricting its development. Nonprefurence implies
some characteristic that inhibits use of the plant for oviposition, food, or
shelter. Tolerance represents the capacity to withstand the presence of the
insect with lesser damage than on a susceptible host. Thin, may be due to repair,
recovery, or a less severely damaging response to the presence of insect
infestation.

In turn, disease resistance has been classified various ways. One break-
down is into escape, exclusion, inhibitory host-par,A3lte interactions, and
tolerance (Schafer, 1971). Walker (1941) in 1941 li:Aed the first three and in
1966 (Walker, 1966) the last three. A classical presentation was that of Cobb
(1890, 1892, 1894), in 1894, including rust-proof, rust-resistant, rust-escaping,
and rust-enduring in regard to his work on wheat. By far the most important
category is that resulting from host-parasite interactions. This appears some-
what analogous to Painter's antibiosis. Exclusion and host-parasite interactions
have been distinguished from each other on the basis of a pre-existing barrier
(physical or chemical) on the one hand in contrast to no such initial barrier,
but only a response after infection occurs. Earlier workers expected some
barrier or at least an inhibitory chemical. However, presevce of a genetic basis
for triggering of resistance responses upon infection has been more common (Allen,
1959). Walker (1941) proposed several mechanisms of exclusirit: 1) repellence of
a vector, 2) mechanical (physical), 3) chemical, and 4) physiological. Examples
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include the Lloyd George and other raspberry cultivars, indicated by Huber and
Schwartze (1938) to escape mosaic infection because of resistance to the aphid
vector. Physical exclusion by corn of the smut fungus was found to be effected
by the degree of husk coverage of young ears in studies by Kyle (1929). The
relation of pigmentation of the outer scales of onion to resistance to smudge and
neck rot was shown to be a chemical exclusion by Walker and associates (1930).
A physiological or functional exclusion may be harder to identify, but one
example was reported by Pool and McKay (1916) in which the resistance of sugar-
beet leaves to Cercospora beticola was an age-related phenomenon based on amount
of stomata' movement.

The major grouping of resistance to plant disease is that which involves
the host-parasite interaction upon infection. This may occur with evident histo-
logical responses, or there may be no wich obvious expression. Conant (1927)
showed that in tobacco roots infected by Thielaviopsis basicola resistance was
brought at'ut by a proliferation of cork cells around tfiiTOWaing hyphae.

As the study of the biochemistry and physiology of plant disease has
expanded in recent years, studies of the nature of host-parasite interactions
bringing about resistance have greatly increased. This is now a major field of
endeavor, in a relatively early stage of devclopment, which I shall not attempt
to review. Agrios (1969) includes an extended consideration of how plants defend
themselves against pathogens.

Disease tolerance, like the analogous insect tolerance, is also a useful
category of resistance. Its presence implies less damage to a tolerant cultivar
than to an equally diseased susceptible cultivar. Its conceptualization in regard
to disease, in contrast to relating to the pest or pathogen, depends on differen-
tiating disease from damage ox loss (Schafer, 1971). Some classical measures of
disease include only certain obvious signs and symptoms. If, on the other hand,
expression of disease is considered to include all aspects of damage, there is
no distinction left by ,rhich to measure disease tolerance. However, tolerance to
a given level of the pathogen may be identified. Tolera.Ace has the advantage of
not affecting the reproduction of the pest or pathogen, and thus does not apply
evolutionary pressure for the development of a strain for which tolerance is no
longer effective.

It may be argued whether escape is a bona fide inclusion in the broad
concept of resistance. Nevertheless, when due to a character of the host plant,
and useful in reducing disease, it fits the general scheme. Early maturing
cultivars which replaced older, later maturing types have, in fact, been effec-
tive in lessening losses from the rusts (Caldwell, et al., 1954; Heald, 1937).

It should be noted that the term disease resistance is used in differing
ways. Often, it is used in the broad sense just discussed, encompassing all of
the various phenomena which bring it about, including even escape and tolerance.
On the other hand, resistance may be viewed in a narrower sense, specifically to
describe direct restrictive host-parasite interactions, as the7 are contrasted to
the more compatible interactions, designated as susceptibility. Such variable use
of a word is not unusual, but may confuse and roquire extra explanation. In this
narrow sense, escape ane tolerance would not be included, and might be contrasted
to resistance as distinct possible mchanisms. The glossary of the recent plant-
disease treatise (National Academy of Sciences, 1968) lists "resistance--the
inherent capacity of a plant to prevent or restrict the entry or subsequent.
activities of a pathogenic agent when the plant is exposed to ioculum under
environmental conditions suitable for infection."

I would further note that any of these various phenomena, described
generally as resistance, are comparative to something else which is less resis-
tant. We may consider resistance as a phenomenon or entity and manipulate it as
a character, but as defined, resistance represents a relationship that is
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comparative to a second host-pathogen relation, which by the comparison is less
resistant, or susceptible. When viewing disease or insects in a crop production
situation, we start from an existing condition of disease or insect attack. Any
host characteristic that lessens this is a form of resistance (whatcv,..,r its degree
or mechanism) and is comparative to the initially found condition. Whether we
exploit it depends on a judgment as to whether is economically useful, compared
to costs of development. We may thus be interested in high types (possibly
immunity) or much more limited degrees if they show value and can be identified.

There are other useful ways to classify resistance. Van der Plank (1963)
has developed a valuable classification, which he calls vertical and horizontal.
I prefer more descriptive terms, such as specific and general (Caldwell, 1968;
Thurston, 1971). Specific resistance is effective against some races of a patho-
gen or pest but not others. This is found in the case of those organisms which
also have a high degree of specificity, and frequently are obligate parasites.
Examples are the resistances to the rust, powdery 'ildew, and apple scab fungi,
and to the hessian fly of wheat. Occurrence of specific resistance implies races
of the pathogen, and vice versa. ''nera. resistance, in contrast, is that which
is equally useful against all .ion.; or isolates of the pathogen. This total
distinction of specific and gene nay break down as a biological possibility
when examined closely (Aslam, l97k), as do almost all categorizations when pressed
to their limits. However, it is a useful, practical distinction for disease and
insect resistance breeding applications. It is important to know if resistance
is broadly effective or will break down to race development. General resistance
may often be found to be of A lower degree. Thus, it is sometimes identified
and searched for on this basis, and intermediate resistance is initially assumed
to be general (Poehlman, 1952). This may be a useful procedure, but is not neces-
sarily true. Van der Plank (1968) and Caldwell (1968) have provided examples of
specific and general resistance as can also be done in the specific crop areas to
follow.

Resistance may also be separated into monogenic and polygenic (Shay, 1960;
Van der Plank, 1968). The sepa) ttion may again not necessarily be sharp, but the
distinction is important for exploitation through plant breeding, in the handling
of progenies. Identification and reassembling of resistance requires smaller
breeding populations for monogenic or oligogenic (Van der Plank, 1968) resistance
and usually a less precise test. The association of monogenic and polygenic
resistance with specific and general resistance, respectively, is frequent enough
that the numerical situation may be used to search for or identify the general
resistance (Nelson, 1972; Shay, 1960). One may even describe a resistance as
polygenic, and fully infer that it is thus general rather than specific, or vice
versa. Although such a particular conclusion may be valid, I believe this usage
is to be avoided, as the relation is not obligatory (Simons, 1972).

Utilization

I would like to turn to the utilization of resistance and some of the
factors that bear on this. No matter how intricate and interesting the details of
an individual program become, we must focus on what I would choose to call the
"big picture." Entomologists have used the phrases pest management and integrated
control. Previous presentations bear on these. I believe the use of resistance
is one of the most effective and economical means of control, possibly the least
well exploited in relation to its potential. Nevertheless, it should be fitted
into the best, net mix of practices. The ecological and epidemiological relations
of these should be understood. Resistance is a means to an end, not a cure-all
or objective of its own. I would cite some examples from previous work in our
programs at Purdue. Late fall planting of wheat is a cultural practice used to
avoid severe infest.cion by hessian fly. With Dual wheat in 1955 (Caldwell, et
al., 1957), we had fly resistance and could now plant earlier, violating the
previous cultural practice, but achieving advantages of reduced potential
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winter-kill and increased economical potential from cattle grazing. We, of
course, found that planting after the "fly-free" date had not only assisted in
avoiding attack by hessian fly, but also avoided seedling infection by leaf rust,
stem rust, and powdery mildew fungi, and yellow dwarf virus. Thus, resistance
was obviously narrower in its effect than late planting. The broad ecological
picture and its dynamic nature must be understood. Progress occurred with the
exploitation of hessian fly resistance, but numerous problems remained.

Apple scab has been limiting to apple production in Indiana. As many as
13 sprays may be needed for adequate control. An aggressive scab resistance
program was generated (Williams and Kith, 1969). This will be valuable, but it
will not totally eliminate spraying of apples in Indiana, as is evident to those
familiar with the scope of production problems of apples.

These examples point out a broad picture of pest management of which
resistance is an important, but not necessarily the only, part. Progress is real,
but total or permanent success from use cf resistance is not always the result at
a given point in time.

A second, different, broad picture is that of overall plant improvement
through breeding. Again, resistance is important, but not the only part. A
disease or insect resistant cultivar is of little use unless it is also produc-
tive, possesses proper quality, and other essential characteristics. Priorities
must be determined, and set, in a plant breeding program. The place of resis-
tance, and which resistance, should be ascertained, and a sensible program imple-
mented, without either undue emphasis, nor ignoring of real needs. The efforts
at attaining resistance should be integrated with,those aimed at other improve-
ment goals. Suitable organization or cooperation is vitally needed to achieve
these ends (Painter, 1951).

Results from Resistance

Use of resistance for different crops and for different insects or dis-
eases may vary greatly. Following early skepticism, yet when resistance exploi-
tation was still a relatively new endeavor, it was thought by some to be a final
solution to end many problems. With the development of differentially pathogenic
races of some pathogens and insects, which attacked previously resistant cultivars,
considerable pessimism set in (Walker, 1959). Van der Plank (1968) suggests that
this in turn should pass. We now know that some resistance has been long lasting
and very valuable. It may be general in the sense of Van der Plant (1968) and
Caldwell (1966), or it may merely relate to an epidemiological pattern that has
allowed it to remain functional over a long period. For example, resistance to
certain soilborne pathogens has persisted many decades. Although races of some
of the Fusaria causing the wilts have been identified (Walker, 1941), many of
these have not spread, and the resistances found early by Orton (1909) and Jones
(1915), and others have remained valuable for 60 years or so. The example I know
best is the soilborne mosaic of wheat, apparently spread through soils of much of
the Eastern soft wheat area, but not now of economic significance because of the
continued effectiveness of resistance for many decades. Year after year resis-
tant cultivars are effective, whereas, in areas where susceptible cultivars are
grown, they may be severely damaged (Sill, et al., 1960).

On the other hand, the airborne, highly specialized, variable, and
relatively wide ranging agents such as the rust, mildew, and late blight fungi
and the hessian fly remain as important threats. I would note that resistance to
these, over the years, has been extremely valuable, and surely paid its way many
times over, but nevertheless has often been ephemeral.

There would appear to be a third situation in addition to those twc in
which resistance has been effective and long lasting on the one hand or effective
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but ephemeral on the other. This is illustrated by the stalk rot diseases of corn
and sorghum. There are differences between h7brids or lines of these crops. Yet
they are not easily measurable. Cultivar differences cannot be readily separated
from the effects of normal maturation of the crop, nor can they be readily sepa-
rated from adverse physiological aspects related to resistance such as the lack of
translocation of metabolites from stalks to grain. These problems appear to be a
common situation of the "low level" parasite in contrast to the highly specialized
one. More research is needed on resistance to this nature of disease.

Plant Rust Example

Let me briefly trace the rust picture to summarize this example of history,
status, and outlook of the ephemeral type of resistance. In 1894 Eriksson (1894)
showed that the stem rust fungi on various cereals did not cross-infect but were
independent formae s ecialis. From an epidemiological point of view this was good,
as the sourci767-inocu um would be more limited. With this optimistic outlook,
exploitation of resistance was initiated. In 1917 Stakman and Piemeisel (1917)
extended Eriksson's finding to show specialized races not only on the different
grain species, but on cultivars within these crop species. Isais was not so good
as these were now the entities that overcame resistance within a crop. A race
attacking one cultivar and not another would be resisted by the second.
Another race attacking that cultivar would be the source of the transient quality
of such resistance. In the years following Stakman and Piemeisel's work effec-
tiveness of many resistant cultivars has, in fact, sooner or later been negated
by selection and increase of the specifically pathogenic races. Ceres wheat with
stem rust resistance from Kota was removed in 1935 by race 56 (Waldron, 1935).
Important durum wheats were decimated in 1953 and 1954 by race 15B (Stakman and
Harrar, 1957). Clinton and related oats with Bond resistance were severely damaged
in the crown rust epidemic of 1957 (Endo and Boewe, 1958).

Flor in writing since 1942 (1971) has best demonstrated this host:parasite
relationship in what has come to be called the gene-for-gene theory. Person
(1959) has arranged Flor's proposals into a highly organized, logical system.
Interestingly, this showed that.to some extent the "race" concept as widely
envisioned had gotten in the way in our thinking. What we are concerned with are
specific virulences overcoming specific resistances, rather than the logari-
thmically based numbers of races. Races are merely packages of the characters of
virulence and avirulerIce as measured by cultivars possessing arbitrarily chosen
resistance genes. The decimation of a resistance is not brought about necessarily
by the presence of a single new race, but by a new virulence, which may be packaged
in several possible races. Interestingly, certain ones of these may predominate.
The biological basis for such a particular packaging rather than for other combi-
nations of virulence is currently of great interest. Such possible occurrence
was reviewed in 1972 at a Discussion Session of the American Phytopathological
Society.

Basically, what we have is a step-wise evolutionary sequence in which we
start with disease. The host plant provides usually rare resistance to this,
which we select and multiply, thus speeding evolution. The common population of
the pathogen can not now propagate on this host. Thus, there is pressure on the
pathogen to provide a variant which can survive, if it has the biological capacity
to provide such a variant (Person, 1959). If this does occur, the new strain has
little competition and spreads quickly and wide, forming a new population which
can attack the previously resistant cultivar. Obviously, such parasites need
this capacity of variation to survive such a situation. In that they have sur-
vived many centuries, it is equally obvious that they are adapted to face such
probleMs placed before them by the host plant. The major difference we have
provided in manipulation of resistance is one of timing.
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Otir big challenge, it seems to me, is how to increase the length of time
of the functioning of resistance in this sort of system that we have now identi-
fied. The answer would appear to be based at least partly in diversity. There
are several possibilities (Nelson, 1972). Careful hoarding of resistance genes
and slow use over time would be one. This would need regulation and still does
not appear too promising. It would be a slight improvement presumably over our
present random usage. Alternatively, we could systematically arrange for inter-
regional diversity (Browning, et al., 1969; Caldwell, et al., 1957; Knott, 1972).
This will take more organization than we have been able to generate so far, but
appears promising. There could also be local or intraregional diversity. A
little of this has been achieved with use of several differing resistant culti-
vars (Caldwell, et al., 1957), but mostly we haven't been this far ahead of the
diseases or insects when races are a problem to develop a systematic plan. A
current example is the soft winter wheat, Redcoat, with leaf rust resistance
from Surpresa, as a variant resistance, when most cultivars of the area possess
that from Chinese. We could have intravarietal diversity, the multiline concept
of Jensen (1952); Borlaug (1959); and Browning and Frey (1969). Finally, there
could be combined resistance, more than one gene per plant, to pile up the
genetic barriers to selection of virulence (Nelson, 1972; Schafer, et al., 1963;
Watson and Singh, 1952). These latter two types of approach are in preliminary
developmental stages or in trial runs.

The main point I would leave is the plea to avoid wide areas of uniformity.
This is the lesson of the oat Victoria blight of 25 years ago (Wallin, 1948) or
the southern corn leaf blight of 1970 (Hooker, 1972). Be sure there is vari-
ability. Even when we can't foresee our problems, as in those two cases, when
variation is present, those problems which do occur should result in small fail-
ures rather than in vast, widespread ones. Communication and transfer of
materials, as now practiced, could actually present a worse situation than that
faced with more limited, smaller, random efforts if the communication leads to
uniformity. Thus, once we move to our current level of sophistication of activity
and communication, we should also take the next step of sophistication, that of
planning and implementing to avoid those pitfalls, which have now become obvious,
and which may have been made worse by our first steps in utilizing resistance.

Summary

In summary, for the future, I would state: 1) Use resistance because it
is effective, cheap, and non-contaminating, 2) Fit use of resistance into the
overall epidemiology of disease and pest attack, 3) Integrate resistance with
other means of control, 4) Integrate resistance with other phases of plant
improvement, 5) Clap your handsin glee when resistance appears permanent, and
6) Continue the effort to develop more effective systems, which should be
possible, where the biology makes the problem more difficult, and we don't get it
all solved before lunch on the first day out.
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UTILIZATION OF BIOLOGICAL AGENTS OTHER THAN HOST
RESISTANCE FOR CONTROL OF PLANT PATHOGENS

Thor Kommedahl
Department of Plant Pathology

University of Minnesota, St. Paul

Interest in the biological control of plant pathogens has deepened con-
siderably in the past decade or so. Papers have been published, symposia held,
and review articles written on this topic, suggesting a wealth of examples for
controlling plant diseases. Yet clear-cut, commercially applicable instances
where biological agents are in use are hard to find. Many writers and speakers
allude to promising leads for biological control but the investigations reported
stress the biology but only suggest hope for control.

As investigators pursue research to control pathogens by biological agents
they become aware of the fact that this is a control measure based on certain
ecological relationships and that little is known about the relationships among
microorganisms that inhabit surfaces of plants. It has become clear that there
are resident microorganisms on leaves, buds, and other aerial parts of plants as
well as in the better-known rhizospheres of roots. There are a number of general
works that treat the ecology of leaf surface organisms (Preece and Dickinson,
1971), and root-infecting fungi (Baker and Snyder, 1965; Griffin, 1972). Thus my
presentation will not be an attempt to review the literature on this topic, since
this has been done in many review articles (Baker, 1968; Curl, 1963;Starkey, 1958).
Instead, I will present kinds of search attempted with selected examples of each
kind, and suggest directions that seem likely to be explored to successfully attain
a measure of biological control. Sufficient research has been done to show that
many pathogens are held in check biologically in nature and that the plant
pathologist's aim should be to augment the biological control that already exists.

Investigations on pathogen control can be grouped into topics where micro-
organisms antagonistic to pathogens are applied to (i) seeds or fruits, (ii)
transplants, (iii) foliage, or (iv) where growing plants are used as catch or trap
crops, and their residues as substrates for antagonists, to reduce or eliminate
inoculum of pathogens in soil.

Organisms Applied to Seeds

Seedling blight of corn.--Work done at Minnesota will be used to illus-
trate this method of biological control (Chang and Kommedahl, 1968; Mew and
Kommedahl, 1972). Fungi are frequently found on kernels of corn (Zea mayl); some
of these are storage and some are field fungi. Field fungi can cause iiialing
blight under adverse weather and soil conditions. Some of the storage fungi may
serve as antagonists to field fungi (Mew and Kommedahl, 1972).

After some fungi and bacteria isolated from both root and leaf surfaces
were tested in the laboratory for antagonism to one of the most common root
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pathogens of corn (Fusarium roseum), two of the best were selected for further
study. These were ENTITmguirEEITitomium lobosum and the bacterium Bacillus
subtilis. Results with these organ ems een published in part (Chang and

1968; Kommedahl and Chang, 1970).

The application of C. lobosum to corn kernels suppressed Fusarium spp.
on germinating corn in culture as we as the storage fungi, excepE7K6677
Bacillus subtilis was less effective. When Aspergillus flavus, A. nlier, and four
isolates 3FFiErEillium (present as storage fungi on keraTirwere used coat
corn kernels717Fiiirand three of four isolates of Penicillium suppressed growth
of Fusarium app. on the corn kernels.

When either of these two organisms were used in greenhouse or field trials
they gave generally as good results in improvement of stand and yield of corn as
the fungicide captan did, as reported previously (Chang and Kommedahl, 1968).

To treat kernels, they were either dipped into a cell suspension of
Bacillus subtilis and stored in a refrigerator 1 month before planting, or,
diWU-into a vessel containing a culture of Chaetomium globosum; by agitating
kernels they became coated with spores of thisFEEP77TERToW7656 can be stored
for a month or so before planting.

In one seed lot of corn, in which kernel infection was high (mainly
Fusarium moniliforme), the application of either of the two coating organisms
suppressed growth of Fusarium spp. on culture media, and in other lots heavily
infested with storagi-Ergiii-they too were inhibited by the coating organisms.
The action of the coating organisms may not be antibiotic since Chaetomium
globosum does not form zones of inhibition on agar although BaciiniiiTEErlis
a-6417700n tested against Fusarium roseum.

The purpose of coating kernels is to protect the kernels during germi-
nation, and therefore the seminal root system before the secondary (adventitious)
root system emerges. Hopefully the organisms may grow further and become estab-
lished in the rhizosphere before penetrating root epidermis.

In the laboratory, Chaetomium effectively suppressed mycelial development
of F. roseum in soil contain ng grow corn seedlings. The experiment was done
also at-TRgreenhouse with similar results. When plants were dug from soil,
perithecia of Chaetomium were firmly established on kernel surfaces and gave
better root syVaii37Eorn than nontreated kernels. Seedling stands were
improved from a 50% stand in soil containing the pathogen to 75% when kernels were
coated with C. globosum, in the greenhouse at 18 C.

Bacillus subtilis also improved stands in the greenhouse in both sterile
and nonstililiioli-M7-50 to 824 in autoclaved soil and from 40 to 60% in non-
autoclaved soil. The improvement in root systems was apparent when plants were
dug from soil. Results were similar to those obtained by treating kernels with
captan, a common seed treating fungicide.

The trials were made also in the field. Captan gave earlier stands of
either organisms or a nontreated control. However, at the end of the season, the
results were that there was no difference in stand or yield between the organism-
coated and the fungicide-coated kernels; however this depended on year and variety.
In general, when captan was effective, the organisms were also. Field trials were
made in 1968-70. In 1970, with three varieties and nine replicates per variety,
and 100 plants/replicate, grain yield was significantly higher for Chaetomium and
captan over the control or Bacillus for the one of the varieties. WRERF7Fine-
fits occur depends on weathil7Bantions for the critical period after planting,
between the times that seminal and adventitious roots form. When corn was
planted earlier than normal, the period of time of plants in cooler soil was
longer, and response to treatment was better than when planted later. This
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corresponded with earlier gretnhouse experiments where control was obtained at
18C but not at 30 C.

When either B. eubtilis or C. globosum was applied to kernels, subsequent
investigation showed thirriiii organisms multiplied on the root surface of
germinating seedlings and could be reisolated from them. Moreover, it was found
that in addition to the coating organisms, more organisms antagonistic to the
Fusarium pathogen were present in the rhizosphere than where chemical seed treat-
ment was used. Thus there is a 3hift in the ecological balance of root surface
organisms that tends to inhibit pathogens by encouraging antagonists.

Other examples could be zited such as the one by Liu and Vaughan (1965)
in which they coated .beet seeds with spores of Trichoderma viride or Penicillium
frequentans to protect them from seedling preemiFPWEF7NapiETRI. Also,
Mitchell and Hurwitz (1965) reported that tomato seeds inoculated with rhizosphere
bacteria (Arthrobacter sp.) suppressed damping off caused by Pythium debaryanum.
Other similar reports have been published by Tveit and Moore (1954) and Kommedahl
and Brock (1954).

Inoculum Applied to Transplants and Soil

Sclerotial blight of tobacco.--Corticium rolfsii causes a sclerotial blight
of tobacco in Japan and biological control for this disease have been
described by Oshima (1966) working at the Okayama Tobacco Experiment Station. At
first, he applied spores of Trichoderma lignormat to tobacco seedlings of trans-
planting age at the dosage oiriiiiEFis7PliNETind planted them in the greenhouse
at 28 C at high humidity for 7 days. The success with this method led to field
trials. Spores of T. lignormil were collected from a medium, air-dried at 35 C and
stored for 1 month In paper ags, 2 kg spores/bag (about 2 million conidia/gram).
Experiments were planned so that spores were applied at one or more of the fol-
lowing times: (i) at the time of transplanting, (ii) at the time of the last
cultivation (about 1 month later), and (iii) at the time of pruning of leaves from
plants. Spores were mixed with soil, and with ground rice bran to make a powder
which was applied to plants by hand at the times indicated. This powder was some-
times mixed with soil around tobacco plants, and when this was done the application
rate was 2 kg/are. Disease ratings were made 3 months after the time of
transplanting.

In four trials in the field in which T. limEAR spores were applied twice.
once at transplanting and again 1 month later, thiiiiFige percentage of infected
plants was 13.8 in nontreated plants and 0.5 for treated plants. In trialr in
which spores were applied to plants only once in the field 1 month after trans-
planting (May), the average percentage of infected plants for seven trials was
7.1 for nontreated plants and 0.3 for treated ones. Where spores were applied
only at leaf cut (June), the average of six trials was 11.1% for nontreated
plants and 4.7% for treated ones. Thus it appears that application of spores
could reduce incidence of disease in tobacco transplants in Japan. The effect
of T. lignorm appears not to be an antibiotic one since no zones of inhibition
were siiiir-57tulture. It was established by Oshima that T. lignorum digests and
destroys sclerotia of C. rolfsii, and causes malformations of hyphae.

Tomato blip
by Wells, Bell and
probably a synonym
stage of Corticium
in the griTIFEBEFF7

ht.--A similar study was made in Georgia on tomato transplants
Jaworski (1972). They used spores of Trichoderma harzianum,
of T. liqnorum, to control Sclerotium rolfsii,
rolTsii (Aycock, 1966) on bruiraimis, peanuts and tomatoes

on tomatoes in the field.

Wells, et al. (1972) planted tomatoes in a field where S. rolfsii had
been a serious problem during the 1970 tomato transplant production season. In
a trial of five replicates, spores of T. harzianum (mixed with soil and ground
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ryegrass grains) were applied by hand at the rate of 1.5 g/cm of row over about a
10 cm band on different dates. Plants were about 4 cm tall at the first
application.

Nontreated plots had the highest disease ratings and the lowest yield of
healthy tomato plants, and the differences were statistically significant. One
application of T. harzianum increased the percentage of healthy plants from 22 to
90. Plots recerviEFFRWapplications in May, produced 99.5% plants that were
healthy.

It is likely that Oshima (1966) and Wells, et al. (1972) were using the
same fungus species. Both of them applied, to plants and soil, spores of
Trichoderma in a packaged mixture of spores, soil, and freshly ground plant
material. The addition of plant material would ensure a supply of readily avail-
able substrate for a food base and thereby enhance the biological acti,ity of
Trichoderma. Both workers found that zones of inhibition were not produced in
cu ture media and that Trichoderma can kill Sclerotium rolfsii by destroying
sclerotia. Antagonism 3UWWNRiiquire that antibiosisEiESierved in cultt:e.

It is necessary now to establish whether either of these diseases can be
controlled biologically and economically on a commercial scale it the field. It
may be more feasible to control diseases of high-income crops than low-incom ones
in the way described by these workers.

Bacterial wilt of alfalfa.--Alfalfa is not an example of a plant that is
transplanted as a commercial practice. However work by Carroll and Lukezic (1972)
illustrates a possible method of control by inoculated roots of seedlings and
mature plants. Six-week-old seedlings were inoculated first with avirulent cells
of Corynebacterium insidiosum, by wounding roots with a needle, then dispensing
2 mi of bacterial ciIiTWEEElum into soil around roots. After 24 hr., virulent
cells of the same bacterium were introduced to roots. A similar procedure was
used for mature plants except that 10 ml of inoculum were applied. The presence
of avirulent cells protected plants from infection by virulent ones, in plants
grown in a gnotobiotic environment.

Organisms Applied to Foliage

Northern Corn Leaf Blight.--Microorganisms were washed from the leaf sur-
face of corn and tested for their effects on spore germination, appressorium for-
mation, and lesion development of the Northern leaf blight pathogen,
Helmie.thosporium turcicum, in Minnesota (Asare-Nyako, 1965).

The application of these organisms, tested singly, to detached corn leaves
where H. turcicum conidia were present resulted in lower percentages of germi-
nation, sHERW7ierm tubes, and fewer appressoria of H. turcicum on leaf surfaces.
Where spores of H. turcicum germinated 56% in the contraNMWater added to
leaves), they germii and 51% for each of two bacterial species, 1 and 74%
for each of two yeast species, and 26% for Penl,illium sp. Germ tube length of
H. turcicum averaged 17.8 4 for the controliirragii3 from 5.3 to 10.2 4 for the
Tivi37471Wisms added singly to leaf surfaces.

Where all 63 spores of H. turcicum in the control produced appressoria on
corn leaves, only 15 of 103 germiaTiaWores produced appressoria when one
bacterial isolate was sprayed onto leaves; all germinated spores produced
appressoria when another bacterial isolate was applied. Of three yeast isolates
applied singly, none of the 100 to 180 germinated spores of H. turcicum examined
produced appressoria. For an application of Penicillium sp. to eaves, 8% of the
germinated H. turcicum spores produced appressoria.
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When one of the most antagonistic bacterial isolates was sprayed onto
leaves from three corn hybrids, inoculated previously with H. turcicum, the area
of leaf surface infected with H. turcicum ranged from 0.1 to 5riE0714-the three
hybrids; however the area of learligiaid ranged from 63 to 65% for the pathogen
alone. The addition of some nutrient broth with the inoculum enhanced the disease
control.

In another trial, a mixture of leaf-surface resident microorganisms (9 spp.
bacteria and fungi) was sprayed simultaneously with inoculum of H. turicicum onto
leaf surfaces of corn. The area of the leaf surface infected with 117-EUFFTEum
ranged from 29 to 46% among the three hybrids of the control, but 2-to -Trriliang
the hybrids where mixed residents were applied. Thus some reduction in area
infected was achieved by the presence of leaf-surface organisms. Application, of
resident organisms prior to application of inoculum of H. turcicum gave complete
control of leaf blight in one trial but about 50% control IFIEBITer trial.

This example represents one in which antagonistic organisms are sprayed
directly to leaves of a plant prior to or after inoculation by a leaf pathogen.
The next example represents control by application of organisms to leaves after
leaf fall which can control a disease that overwinters and completes its life
cycle during the winter and spring, namely apple scab.

Apple scab, Venturia inaequalis.--the causal organism of apple scab, must
survive on leaves for-i=3-MUnths after leaf fall. During this time, the fungus
produces a perithecium which, at the end of the overwintering period, contains
mature ascospores ready to infect Amrging leaves of apple.

In the first 20-30 days leaf fall, numbers of bacteria and yeasts
increase rapidly, according to wo , )ne by Burchill and Cook (1971) at East
Mal'Ung, England. Numbers of these organisms increase up to 40-50 days and then
hold relatively constant. Some of these bacterial isolates citused a partial
reduction in numbers of perithecia when leaf discs were inoculated with these
bacteria within a month prior to inoculation with V. inaequalis. One isolate, a
yellow peritrichous rod, inhibited ascospore produEtion on leaves naturally
infected with the apple scab fungus. Also, Fusarium tricinctum (F.
sporotrichioides) was found to significantly (P=.001)7071EiFierithecial formation
when applied to leaf discs taken from naturally infected leaves. It was not
ascertained whether the microorganisms known to inhibit perithecial development
on leaves were present on the leaf surface at leaf fall, or whether they colonized
leaf surfaces from soil after leaf fall. They also reported that the addition of
5% urea to leaves stimulated microorganisms antagonistic to perithecial develop-
ment by V. inae ualis. This is an example of biological control that would pre-
vent infect on instead of curing or arresting it in infected leaves.

A third example is that of bacterial wilt of alfalfa in which avirulent
cells of the pathogen can protect plants from virulent cells of the same pathogen.

Bacterial wilt of alfalfa.--Carroll and Lukezic (1972) have reported that
it was possible to apply avirulent cells of Corynebacterium insidiosum to alfalfa
leaves of four susceptible varieties and thereby protect tbeEFFERER virulent
isolates. This was done by infiltrating leaflets of intact plants first with the
aviruledt cells then with virulent ones. If infiltration with avirulent cells
occurs 12 hr before inoculation with the pathogen, protection is induced, and
remains unchanged for 36 hr. Unfortunately, the protection induced in one leaf
does not give protection to another, i.e., the factor providing protection is not
translocated.

Other examples.--Examples similar to the one on bacterial wilt are
described by ms."-a (1971). Another source of examples where nonpathogenic
organisms can .4,vade leaves and block infection by foliage pathogens is the volume
by Preece and Dickinson (1971).
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Interactions between bacteria in leaf diseases are fragmentary and more
work is needed to explore possibilities of biological control (1971). It will be
necessary to maintain an antagonistic organism at high populations on a leaf sur-
face for extended periods of time before control is possible.

Catch and Trap Crops to Reduce Inoculwn

Biological control might be achieved by using catch or trap (decoy) crops.
A catch crop is one with plant roots that exude one or more substances that stimu-
lates the propagule of a parasite to germinate and infect that plant in lieu of
the wanted host plant. This reduces inoculum available to the wanted host since
the infected catch crop could be plowed as green manure and the parasite reduced
in amount or destroyed.

A trap or decoy crop is one with roczs that release one or more substances
to stimulate germination of the parasite propagule but the parasite is not capable
of parasitizing or infecting the host or if so only to a limited degree.

White root disease of rubber plants.--An example of a trap or decoy crop
might be the creeping legumes used in control of the white root disease of rubber
plants (Hevea brasiliensis) in Malaysia. As explained by Fox (1965), it is
necessary to plant rubber after rubber without benefit of crop rotation for dis-
ease control. Thus creeping legumes are sown in drills between young rubber trees
so that these cover plants occupy all the ground except for a 6-font clean-weeded
planting row of rubber trees. Fomes li nosus is one of the most important patho-
gens causing white root disease-BriU oer an the legumes provide conditions that
encourage epiphytic growth of F. 3i nosus. The effect of the trap or decoy crop
is to (i) hasten the wastage eTlect o inoculum by the formation of fruiting
bodies and rhizomorphs, (ii) speed up the succession of saprophytes which denies
food potential to the pathogen, and (iii) enhance microbial antagonisms in soil.
This use of legume cover is not as effective for F. noxius or Ganoderma
pseudoferreum. Since the effect of the legume as a EFFIF-Erop lic-srdirect one,
it could be argued that this is not biological control; however a biological agent
has been used to obtain control even though indirectly.

Powder scab of otatoes.--A more direct example of the use of trap crops
for disease control is cite by White (1954) in Australia. He found that resting
spores of Spongospora subterranea, the cause of powdery scab of potatoes, was
stimulated to germinatiEFFERiof the decoy crop, Jimson weed. With no galls
formed, resting spores were not produced. This led to field trials in which
Jimson weed was sown in a field heavily infested with resting spores of the
powdery scab fungus. When Jimson weed came into flower, it was plowed down for
green manure and to prevent seed set. Next year potatoes were planted and tubers
were subsequently examined for incidence of scab. Where 37% of the control tubers
were infected with S. subterranea, only 7% of the tubers were infected in plots
following imson weed.Waiih7 control tubers showed a mean disease rating of
4, tubers from Jimson weed plots showed a mean disease rating of 1. Thus the use
of Jimson weed as a decoy or trap crop reduced inoculum of the scab fungus in soil
and thereby yielded fewer infected potato tubers. Perhaps with further tests,
crops instead of a weed could be found to control scab since Jimson weed is not a
desirable crop plant.

Nematodes affected by marigolds.--Suatmadji (1969) summarized work on this
topic as well as present data to confirm or substantiate the nematicidal effect
of marigolds ('Pa e spp.) on certain nematodes, principally Pratylenchus spp.,
Meloidogyne spp., an Tylenchorhynchus dubius. Other nematodes such as
Ditylenchus dipsaci and Aphelenchoides FITREabosi were not affected.

Root extracts were shown to contain nematicidal thiophenes, but their
production varied with species of Tagetes. Use of Tagetes spp. can increase
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yields of crops that follow, but the lack of value of a crop of aletes is its
main drawback. Fall planted marigolds are more effective in nematode control than
spring planted marigol6m. If marigolds could be more extensively grown and valued
as an ornamental crop, it might be useful in agriculture although its prospects
may be more promising in tropical and subtropical than in temperate zone
agriculture.

Witchweed.--Sunderland (1960) in England suggested that use could be made
of nonhoii-gants to rid soil of parasite seeds by stimulating their germination
but not ttAr parasitism. Robinson and Dowler (24) in the USA describe a field
study from 195$ to 1964 in which both catch and trap crops were used to reduce
seeds in sea of the parasitic seed plant, witchweed (Stri a asiatica). Soybeans
and field peas were the trap crops and corn, millet and Borg a7;i7e-Tile catch
crops for witchweed. Over a 5-year period, there was an increase in yield of
corn, the indicator crop, attributed primarily to the decrease in population of
witchweed. Catch or trap crops were about equal in value for witchweed eradi-
cation; however, complete eradication was not achieved during the 5-year period.

Soybeans, field peas, and sorghum were grown for 3 years before accept-
able corn yields were obtained. Two years of millet and 4 years of corn were
needed to get acceptable corn yields. On a practical basis, trap crops can be
grown to maturity provided grassy weeds are eliminated but catch crops must be
destroyed before witchweed reseeds, either by hand weeding, hoeing or herbicides.

Crop Residues in Relation to Inoculum

Whether the addition nr removal of crop residues constitutes biological
control depends on the nature of the relationship. Residues may improve the
physical conditions of the soil and promote plant growth without there being a
direct relationship between microorganisms, although there may be secondary effects
that aid in disease control (Cook and Watson, 1970; Kelly and Curl, 1972). Work
on the influence of crop residues on fungus-induced diseases has been summarized
for western states by Cook and Watson (1970). Many papers also appear in a
rymposium volume edited by Baker and Snyder (1965). A few examples will be given,
however.

Grape replant problem.--Deal, et al. (1972) have recently shown that
amending vineyards with fragments of old grape roots suppressed populations of
Penicillium spp., increased populations of Trichoderma viride, and improved growth
57FiFi-iiedlings, Such amendments gave better of endophytic phyco-
mycetous mycorrhizae than soil lacking these amendments., However this is only
circumstantial evidence that the change in populations or organisms in soil
altered the disease problem.

Seedling blight of wheat.--In work done at Minnesota (Warren and Kommedahl
1973), in plots in which wheat has been grown for a decade, the removal of residue
but addition of fertilizer resulted in a drop in percentage infected roots from
56% to 20% in plots where residues were removed. The removal of residues probably
reduced the population of antagonists which would have suppressed the organisms
that infect roots; the two pathogens present in roots were Helminthosporium
sativum and Fusarium roseum (mainly 'Graminearum.). Further studies snowed that
even from faIT-FriFirEi77. roseum made up about half the population of Fusarium
app. in spring than the previaa-Till. Our experience shows that much of-En--
inoculum was removed with the residue and that the residue that escaped being
collected deteriorated rapidly to increase the proportion of antagonist to patho-
gen. A search among rhizosphere microflora showed Fusarium roseum to be less
abundant in the rhizosphere where residue was retaiRirEEE were removed and thht
addition of fertilizer following removal of residue meant that Fusarium was more
abundant in the rhizosphere than in nonrhiwsphere soil.
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In another experiment where Fusarium roseum and Rhizoctonia solani were
compared on wheat (Kommedahl and Young,IBT),Egiaddition of cornaiWirtn soil
increased the incidence of Fusarium-infected wheat roots, whereas it reduced th..
incidence of Rhizoctonia-in liaiaFoots. Plant roots frequently contact roots of
previous cropi71RWWEave frequently seen corn roots, for example, growing into
and through old cornstalks.

Crop Rotation in Relation to Inoculum

Wheat after oats.--Wheat was planted in plots following wheat, co'n, and
oats, in work done at Minnesota (unpublished data). Only the results with wheat
after oats will be reportad, although results were similar for the other two
crops. The difference in these experiments from others tried was that resistant
and susceptible oat varieties were compared for their effects on wheat. A root
rot resistant wheat variety following a root rot resistant oat variety gave a low
infection rating of wheat and a full stand. However, a susceptible wheat variety
after a susceptible oat variety had double the infection rating (from 3 to 6 on
a scale of 10) and reduced the stand by ,ne- third. Similar results were obtained
for wheat after resistant and susceptible varieties of either wheat or corn.
Varieties vary in the antagonistic and pathogenic organisms present in the
rhizospheres, e.g., one corn hybrid harbored mainly Fusaritha roseum isolates while
a resistant variety hybrid had mainly antagonistic Penicillium spp.

Organisms were more abundant in the rhizosphere of oats of a root rot
susceptible variety than a resistant one, as one would expect, but it was also
possible that antagonists to the common root rot fungi (Fusarium roseum and
Helminthosporium sativum) were most numeams in oat soilWaaliheres than in
other cereal cropMiEipheres.

Conclusions

Although only a small sample of papers on biological control have been
reviewed, there are some generalizations that might be made regarding this kind
of 'control.

1. There is no one method that is effective in disease control by using
biological agents. The method should be investigated that gives the
best combination of pathogen and host for a given locality.

2. Application of antagonists to seeds or transplants has proved to be
more successful and economically feasible than application of
antagonists to foliage or soil.

3. Organisms selected for application to plant parts must be those that are
normally present on those parts; otherwise they will not become
established.

4. In screening organisms for possible disease control agents, one should
not rely on the appearance of a zone of inhibition around the test
antagonist as a criterion for further experimentation. Some organisms
are antagonistic because they physically occupy the substrate and
thereby exclude the pathogen.

5. Addition of nutrients with the antagonistic organisms applied usually
enhances its effect whether applied to seeds or leaves, mainly because
it builds up the inoculum potential of the antagonist.

6. Application of antagonistic organisms to soil usually ends in failure,
mainly because the nutrients available in soil are so low and homeostasis

12551



Kommedahl, T. Resistance to Plant Pathogens and Insects

keeps a microbiological balance to nullify the effects of a sudden
increase in populations of a given organism.

7. Trap crops, catch crops, or decoy and cover crops might be used with
more success than at present. There are not many instances where this
has been tried.

8. Where rotation of crops is not always a way for disease control, rotation
of varieties can be used and may be effective in keeping the incidence
of disease to minimum levels.

Literature Cited

Asare-Nyako, A. 1965. The role of leaf microflora on epidemiology of the
Northern leaf blight of corn. University of Minnesota Ph.D. thesis. 92 pp.

Aycock, R. 1966. Stem rot and other diseases caused by Sclerotium rolfsii. North
Carolina Agr. Exp. Sta. Tech. Bui. 174. 202 pp.

Baker, K. F. and W. C. Snyder (eds.). 1965. Ecology of soil-borne plant patho-
gens. University of California Press, Rqrkeley. 571 pp.

Baker, R. 1968. Mechanisms of biological control of soil-borne pathogens.' Ann.
Rev. Phytopathology 6: 263-294.

Burchill, R. T. and R. T. A. Cook. 1971. The interaction of urea and micro-
organisms in suppressing the development of perithecia of Venturia
inae ualis (Cke.) Wint. pp. 471-483. In T. F. Preece and C7-17---
Dic inson (eds.). Ecology of leaf-surface microorganisms. Academic Press,
New York.

Carroll, R. B. and F. L. Lukezic. 1972. Induced resistance in alfalfa to
Corynebacterium insidiosum by prior treatment with avirulent cells.
Phytopathology 62: 555-564.

Chang, I. and T. Kommedahl. 1968. Biological control of seedling blight of corn
by coating kernels with antagonistic microorganisms. Phytopathology
5L: 1395-1401.

Cook, R. J. and R. D. Watson (eds.) 1970. Nature of the influence of crop resi-
dues on the fungus-induced root diseases: a summary of contributions of
the Western Regional Project W-38. Washington Agr. Exp. Sta. Bull. 716.
32 pp.

Crosse, J. E. 1971. Interactions between saprophytic and pathogenic bacteria
in plant disease. pp. 283-290. In T. F. Preece and C. H. Dickinson
(eds.) Ecology of leaf-surface microorganisms. Academic Press, New York.

Curl, E. A. 1963. Control of plant diseases by crop rotation. Hot. Rev.
29: 413-479.

Deal, D. R., W. F. Mai and C. W. Boothroyd. 1972. A survey of biotic relation-
ships in grape replant situationE. 1.!wtopathology 62: 503-507.

Fox, R. A. 1965. The role of biological eradication in root-disease control in
replantings of Hevea brasiliensis, pp. 348-362. In K. F. Baker and W. C.
Snyder (eds.). -1BOToiTa-MT=Eorne plant pathogens. University of
California Press, Berkeley.

[256]



Kommedahl, T. Resistance to Plant Pathogens and Insects

Griffin, D. M. 1972. Ecology of soil fungi. Syracuse University Press, New
York. 193 pp.

Kelly, W. D. and E. A. Curl. 1972. Effects of cultural practices and biotic soil
factors in Fomes annosus. Phytopathology 62: 422-427.

Kommedahl, T. and T. D. Brock. 1954. Studies on the relationship of soil myco-
flora to disease incidence. Phytopathology 44: 57-61.

Kommedahl, T. ai.d I. Chang. 1970. Biological seed coating for control of seed-
ling diseases--a principle for the future? Proc. Ann. Corn and Sorghum
Conf. Publ. 25: 84-89. American Seed Trade Assn., Washington, D.C.

Kommedahl, T. and H. C. Young. 1956. Effect of host and soil substrate on the
persistence of Fusarium and Rhizoctonia in soil. Plant Dis. Reptr.
40: 28-29.

Liu, S. and E. K. Vaughan. 1965. Control of P thium infection in table beet
seedlings by antagonistic microorganisms. ytopathology 55: 986-989.

Matta, A. 1971. Microbial penetration and immunization of uncongenial host
plants. Ann. Rev. Phytopathology 9: 387-410.

Mew, I. C. and T. Kommedahl. 1972. Interaction among microorganisms occurring
naturally and applied to pericarps of corn kernels. Plant Dis Reptr.
56: 861-863.

Mitchell, R. and E. Hurwitz. 1965. Suppression of _tythium debaryanum by
lytic rhizosphere bacteria. Phytopathology 65: .i.12-I58.

Oshima, S. 1966. Antagonisms of Trichoderma lignorum (rode) Harz. to Corticium
rolfsii Curzi and their apfrRITIBEito control the fungus. Okayama
to EWEE6 Exp. Sta. Bull. 27. 56 pp. (English summary).

Preece, T. F. and C. H. Dickinson (eds.). 1971. Ecology of leaf-surface micro-
organisms. Academic Press, New York.

Robinson, E. L. and C. C. Dowler. 1966. Investigations of catch and trap crops
to eradicate witchweed (Striga asiatica). Weeds 14: 275-276.

Starkey, R. L. 1958. Interrelationships between microorganisms and plant roots
in the rhizosphere. Bacteriol. Rev. 22: 154-172.

Suatmadji, R. W. 1969. Studies on the effect of Ta etes species on plant
parasitic nematodes. H. Veenman and Zonen, . ., Wageningen. 132 pp.

Sunderland, N. 1960. Germination of the seeds of angiospermous root parasites.
pp. 83-93. In J. L. Harper (eds.). The biology of weeds. Blackwell Sci.
Publ., Oxfora7 England.

Tviet, M. and M. B. Moore. 1954. Isolates of Chaetomium that protect oats from
Helminthosporium, victoriae. Phytopathoni7477786-689.

Warren, H. L. and T. Kommedahl. 1973. Fertilization and wheat refuse effects
on Fusarium species associated with wheat roots in Minnesota.
Phytopathology 63: 103-108.

Wells, H. D., D. K. Bell and C. A. Jaworski. 1972. Efficacy of Trichoderma
harzianum as a biocontrol for Sclerotium rolfsii. Phytopathology
62: 442-447.

White, N. H. 1954. Decoy Crops. Australian J. Sci. 17: 18-19.

[257]



BREEDING FOR DISEASE RESISTANCE IN CEREALS

E. G. Heyne
Professor of Plant Breeding

Agronomy Department
Kansas State University, Manhattan

Effective cereal breeding programs generally are the result of cooperative
efforts of breeders with geneticists, pathologists, entomolgists, chemists,
statisticians, and others. Every problem dealt with in breeding is a special one
often requiring new or modified techniques to carry out the work.

Control of plant diseases by breeding long has been used as an example of
how effectively diseases can be controlled by host resistance. However, many
pathogens can be controlled economically and effectively by use of fungicides and
cultural practices. An effective procedure is to utilize all those approaches- -
host resistance, fungicides and cultural practices--to control or reduce losses
due to plant diseases.

Thus, we need to recognize that all problems related to host-pathogen
relationships cannot be solved by plant breeding. Source of resistance, herita-
bility of the trait and adequate facilities should be available before the
breeding program is started. Research in the area of host-pathogen problems to
learn as much basic information may lead to control measures other than breeding
for resistance.

For convenience of discussion, I will consider breeding for protection
against pathogens under pathogen escaping; tolerance to pathogen attack; and
host resistance (Heyne and Smith, 1967). All are real but appear different to
various individuals.

Pathogen escaping. The pathogen responds to the environment as does the
host. Management can aia in escaping or retarding disease development. Late
seeding of winter wheat increases the possibility of bunt infection because the
pathogen develops better under cooler temperatures and increased available mois-
ture. On the other hand, hard winter wheat in the Southern Great Plains seeded
too early (soil temperature over 65F) encourages certain root rot organisms.
Timely seeding of winter wheat helps avoid these optimum infection periods of the
pathogen. This is a cultural approach but is an important aspect of disease con-
trol. Breeding earlier maturing wheats also aids in avoiding excess damage from
leaf and stem rust in the Southern Great Plains and is a character that can be
manipulated by breeding. Triumph wheat is susceptible to both stem and leaf rust
but often escapes damage because it matures before sufficient inoculum is built
up to cause damage. This is especially true with stem rust which requires warmer
temperatures to develop than does leaf rust. The breeding of early-maturing
cultivars is of some assistance in rust control but should be combined with other
control measures, when possible.
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Tolerance. Use of this term has been controversial but I use it to mean
that the pat develops normally on the host, but the plant suffers less damage
than other cultivars that have similar development of the pathogen. Actually,
these plants are susceptible, but because of "vigor" the plant produces more grain,
forage, etc. than a nontolerant cultivar in spite of the pathogen being present.
Another explanation of tolerance is that the response of the host is such that the
plant continues reasonable growth and development without retarding the development
of the pathogen. Blackhull-type wheats are fully susceptible to leaf and stem
rust but suffer less damage than other cultivars growing under similar infections.

Host-resistance. This category also has several different definitions.
I use it as a relative term referring to any retardation in the development of the
attacking pathogen, whether it is due to a metabolic deficiency of the pathogen or
some character attributed to the host. This will vary from only slight retardation
of the pathogen to complete limitation of growth and reproduction.

The broad definition of host-resistance covers any of the responses that
retard pathogen development that have a host-parasite genetic relationship. Terms
as specific or vertical and general or horizontal resistance are used (Caldwell,
1968; Van der Plant, 1968). As long as any resistance can be transferred by
breeding, it really is immaterial as to what the genes are called. Resistance of
Hussar wheat to leaf rust often appears as general resistance in the field but
under specific environmental conditions in the greenhouse it is clearly race-
specific and monogenic in inheritance.

Plants vary in their response to pathogen attack and in some cases the
plant is so sensitive to infection that the surrounding area becomes necrotic very
soon and the pathogen is isolated in an island of dead tissue (Luke, et al., 1960).
This sensitivity can be readily transferred from one parent to another and becomes
a useful means of plant protection against certain pathogens.

The basic principles for breeding pathogen resistant cultivars are similar
to other plant characters except that we must be aware we are working with two
genetic systems and their interrelationships. Disease resistant breeding programs,
to be most effective, need to be cooperative efforts between the plant pathologist
and the plant breeder. The following items should receive careful consideration
in planning and conducting a disease breeding program.

1. Obtain a thorough knowledge of the pathogen on etiology, distribution, eco-
logical relationships, epidemiology, range of the host plants, and genetic varia-
tion. mhis is primarily the responsibility of the plant pathologist and he should
be the leader of this phase of the project.

2. Survey of germ plasm (Creech and Reitz, 1971) for sources of resistance
is a joint effort. At the present time there are good collections of various
cereals throughout the world, for example, rice at International Rice Research
Institute in the Philippines, maize in Mexico, and the small grains in the United
States. Domesticated cultivars, as well as related species of the economic crop,
should be screened for resistance. Occasionally, resurveys of wild germ plasm is
valuable. The recent collections of Avena sterilis in the Mediterranean area
yielded new genes for resistance to crown riiiiErvirus (Murphy, et al., 1967).

3. Inoculation techniques and creation of a.:ificial epidemics are neces-
sary so large populations of breeding material can be studied. In some cases this
is relatively easy, such as soil-borne mosaic virus of wheat or dwarf bunt of
wheat where the organisms live in the soil. Relatively simple techniques of inocu-
lating large numbers of oat kernels as developed by Wheeler and Luke (1955) for
Victoria blight in oats illustrate how large populations can be handled efficiently.
They isolated the toxin (victoxin) from the fungus and applied this to germinating
seed. They treated 100 bushels of oat seed (about 45 million oat seedlings) of
two susceptible cultivars, Victograin 48-93 and Fulgrain. There were 973 seedlings
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which survived the test and after further screening for crown rust resistance and
plant characters, 72 selections were obtained that were essentially the same as
one or the other parent. Such effective screening tests are not common but many
have been developed that are useful and efficient. Frey and Caldwell (1961)
discuss in detail techniques for use in breeding disease resistant oats which are
applicable to other cereals.

The development of equipment for the inoculation of numerous breeding lines
and different cultures of the pathogen are described in considerable detail by
Browder (1971) for studies in leaf rust of wheat. The sophisticated equipment
and procedures he developed for studies of pathogenic specialization in cereal rust
fungi are readily adapted to screening and testing of breeding lines.

4. Sources of inoculum should be representative of the pathogen in the area or
region where the new cultivars will be used. Most studies of the pathogens include
the variation within the organism and should provide this information. Be sure to
have a representative sample of the parasite preferably made up of a number of col-
lections. However, in a number of instances it is desirable to study race-
specific situations. This is generally conducted under controlled conditions in
a greenhouse or growth chamber. Creating "epidemics" in the field allows agronomic
as well as disease response evaluations of the breeding material. Thus, both field
and laboratory techniques are needed for a complete program.

5. Plan a breeding program using the sources of resistance found and the
techniques developed or borrowed. A practical breeding program does not lend it-
self to accumulation of data satisfactory for publication. Random samples of
breeding populations are not available, the size of the population generally
limits note taking and often subjective instead of objective notes are recorded.
However, plant breeding material can be used for detailed study, for example,
inheritance of disease resistance, but such studies must be planned at the time
the crosses are made.

Notes taken should describe the disease response readily and quickly.
Subjective or response categories can be set up such as resistant (R), inter-
mediate response or moderately resistant (MR) and a susceptible class (S). Three
such categories generally are sufficient but easily can be expanded into more
classes such that the R class could include some better than usual (1, or HR),
R becomes (2) and sligEtly below R becomes (3). This would give nine classes, 1-9,
easily divided into three major groups.

(1 (HR)) This group of plant responses is the most desirable and often
R(2 (R) ) monogenic and race-specific.

(3

(4 ) This group of responses is effective in reducing damage of the
MR (5 (0)) pathogen and may serve as an example of horizontal resistance.

(6

(7 (MS)) Generally such responses are of no value but slight retardation
S(8 (S) ) of disease development may be useful if no other sources of
(9 (VS)) resistance are available.

In some cases more objective notes may be taken. Percentage of bunted
spikes of wheat in a plot can be arrived at quite accurately by estimation and
accomplished rapidly in the field. Whatever scheme is used, keep it simple.

Breeding Procedures

Every time a cross is made the parental combinations are broken up and
many new recombinations result. The breeding objective is to find new
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recombinations that are superior to the parents not only for disease resistance
but all other characters that make a cultivar accepted for production. A cultivar
that resists . disease, has.good quality, or the proper maturity does not assure
that its performance will be satisfactory. For disease resistance to be useful as
a means of control it has to be combined with the present good cultivars and
transferred to new improved cultivars (Walker, 1959).

Breeding procedures are outlined in numerous plant breeding texts and will
not be discussed in detail. The pedigree and bulk approaches are the two major
procedures, both with many modifications. In some cases the backcross approach is
the fastest and may be the method to use. On the other hand, the bulk approach
may be the most efficient and practical procedure. Improved cultivars have been
developed by many procedures and the choice often is decided by the whim of the
breeder but generally dictated by funds and facilities available.

Mutation breeding for disease resistance has received considerable
emphasis the past two decades (Frey, 1968; Knott, 1971). A number of instances
have been reported where new genetic sources of disease resistance have been
obtained. Mutation should be used as a supplement to other procedures of breeding
and in some cases may be a last resort in trying to locate genetic resistance.

Early workers suggested that breeding for resistance would be easy as they
experienced success with single gene transfers and were not cognizant of the
variability of the pathogen. The terms monogenic and polygenic are in common use.
Van der Plant (1968) suggests the use of oligenic (meaning few) resistance to
contrast with polygenic (many) resistance. Whether it is one or more has some
relation to breeding procedures used. Monogenic resistance for some host-parasite
interactions has been short-lived as demonstrated by the changes in wheat rust
plant and pathogen genotypes. However, in bunt in wheat the Oro gene for resis-
tance has been effective for control of this disease in Kansas since 1930.

In leaf rust studies of wheat, twenty different genes for resistance to
leaf rust have been described (Heyne, 1972). Many of these have lost their value
because they were used one at a time. Knott (1971) stresses the point that such
resistant genes should never be used singly. Those that have lost their present
value may be removed from the present host population and if the virulence of the
leaf rust fungus is lost, in time these resistant genes could be used again,
preferably two or more resistant genes in one cultivar. This has been demonstrated
even though virulence to LR 1, LR 2 and LR 3 are still present in the leaf rust
populations in Kansas. Neither gene by itself shows resistance in the field in
Wichita lines but with a combination of any two there is some reduction in amount
of infection and when all three are present the amount of infection is much
reduced. Judicious use of such genes are required. There appears to be enough
genes to go around if their use is deployed intelligently (Browning, et al., 1969);
Knott, 1971).

Widespread use of a source of resistance or genotype has resulted in a
rapid turnover in cultivars, especially in oats (Browning and Frey, 1969), and
wheat. The recent experience (1969-1971) of the extensive use of Texas cytoplasm
in maize illustrates how serious a problem the use of one genotype can be (Plant
Dis. Reptr. 1970). The ineffectiveness of leaf and stem rust genes, wh n used
singly, has resulted in similar losses.

Singly used genes in homozygous lines in mixtures have been suggested as a
means of using monogenic sources of resistance. The Iowa research workers
(Browning and Frey, 1969) are doing this in their oat disease breeding program.
The common term for this approach is "multiline cultivars." A multiline cultivar
is a mixture of lines of the same basic genotypes but each line carries a specific
gene for resistance not found in the other lines. A mixture of these lines
includes as many sources of resistance as can be found or adequately handled. This
mixture does not serve as a screening -Jultivar for virulent.genes in the pathogen.
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Browning and Frey (1969) refer to multilines as instant synthetic horizontally
resistant cultivars.

We do not seem to learn too well from psst experiences for at present (1972)
the Agent gene (Plant Dis. Reptr. 1970) for leaf rust resistance is being used in
most wheat breeding programs in North America. The cultivar Agent was first
released in Oklahoma in 1967. The source of resistance is an alien transfer of
genetic material from Agropyron to common wheat. No leaf rust cultures attacked
this source until several years ago. Fox (Gilmore, et al., 1971) has been released
in Texas and Blueboy II (Murphy, 1972) in North Carolina and a number of hard red
winter wheats are being increased for distribution in the Southern Great Plains.
Virulent collections were common on Agent-derived wheats in 1972 (Browder, L. E.,
personal communication) and it could be possible that the usefulnmss of this source
of resistance could be lost before the cultivars carrying the resistance are exten-
sively grown. Browning, et al. (1969) urged that a "planned gem: deployment, as
part of an integrated continental program of use and conservation of resistance
genes against continental pathogens, should undergird other programs, whether those
utilize generalized resistance, specific resistance, tolerance, or combinations of
them possibly with fungicides." This will require local and wide-spread coopera-
tion among plant research workers and needs the active participation of all
involved in breeding disease resistant cereals that involve pathogens that can
spread readily in an area or region.

I have tried to point out and to emphasize the following points:
1) Breeding for disease resistance is a cooperative team effort.
2) Check the literature for details on techniques used in creating artificial

epidemics using the procedures directly or as guides to developing your own.
3) Basic information of host and pathogen are essential for successful

disease breeding programs.
4) There is no one way to conduct a disease breeding programs the techniques

and procedures used need to be adjusted to the local problems and facilities.
5) Consider and use more than one means of control whenever possible.
6) Judicious use and deployment of resistant genes must be done on a regional

or continental basis, to conserve the resistant resources now available.
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The first efforts to develop disease-resistant cultivars of vegetables
were undertaken to protect crops against loss in yield, or destruction by patho-
gens that could not be effectively controlled by chemicals or by other practical
means. At the turn of the century, methods of vegetable production and market
requirements were such that the objective of the plant pathologist-breeder was
essentially that simple. As the science and art of plant breeding has developed,
and the economics and technology have changed radically in the production, handling,
and processing of vegetables, the vegetable breeders' objectives and methods have
become vastly more complex. This paper briefly sketches the salient features of
these developments and changes.

Techniques

Evaluations: Breeding of vegetable crops specifically for resistance to
disease ;iiEiglinrn the United States in the late 1800's by Orton (1911) of the
U.S. Department of Agriculture. He crossed a wilt-resistant (Fusarium oxysporium
f. Niveum (E. P. Sm.) Snyder and Hansen), nonedible citron mel5EEthe wilt-
susEiglEle watermelon cultivar 'Eden.' By subsequent selection of wilt-resistant
plants growing in heavily infested soil and backcrossing these to edible types, he
developed the wilt-resistant cultivar 'Conqueror.' Orton also found cowpea culti-
var 'Iron' to be highly resistant to both the Fusarium (F. oxysporum f.
tracheiphilum (E. F. Sm.) Snyder and Hansen) wilt disease and root-knot nematodes
(Meloidogyne spp.). Although the resistant cultivars of watermelon and cowpea
developed by Orton did not make a major direct impact on the vegetable industry,
their genes for resistance have been invaluable in subsequent breeding programs.
Moreover, his successes in developing disease-resistant vegetable cultivars demon-
strated certain principles which were basic to future progress by others. These
principles are: 1. useful resistance to a major disease may be found in advanced
cultivars as well as among their wild relatives; 2. progeny evaluation for resis-
tance to disease must be done under conditions which will minimize the chance of
susceptible escapes; and 3. resistance factors transferred by crossing can be
incorporated into types with superior horticultural properties.

The next major advance in breeding vegetable crops for disease resistance
occurred at the Agricultural Experiment Station, University of Wisconsin. During
the development there of cultivars of cabbage with resistance to yellows caused by
F. ox s orum f. conglutinans (Wr.) Snyder and Hansen, an attempt was made to move
Urton s method of evaluation for resistance to disease from the field to controlled
conditions in the greenhouse. Tisdale (1923), using young plants of the 'Wisconsin
Hollander' cabbage cultivar, found that plants which were resistant to yellows in
the field, except during warm growing seasons, showed little resistance when young
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plants were grown in infested soil in the greenhouse. Later Walker and Smith
(1930) developed cabbage lines which were completely free of symptom, under
similar greenhouse conditions, that were highly favorable for disease development
in susceptible plants. They found that young susceptible and "field"-resistant
plants of 'Wisconsin Hollander,' dipped in washed, macerated mycelium and grown in
quartz sand at 24°C, became diseased while plants with the higher type of resis-
tance did not. Above 24°C, the highly resistant plants succumbed to a cortical
root decay. Below 24C, some of the plants of 'Wisconsin Hollander' survived.
This illustrated the critical effect of temperature of the growing medium on the
development of this disease.

The basic principles used for assaying progenies for resistance to yellows
in cabbage have been adapted to the development of resistance to other major vege-
table diseases. IAoculum levels, age of plant, manner of timing of inoculation,
moisture and nutritional levels of the growing medium, temperatures of the growing
medium, and of the air and the relative humidity of the air for optimum disease
development of foliar pathogens have all been manipulated and controlled to meet
the requirements for efficient and rapid assays in the greenhouse (see Walker,
1965; 1966). For example, when seeds of the garden pea (Pisum sativum L.) are
planted directly into sand infested with F. oxysporum f. 1171-(Eliar3Fd) Snyder
and Hansen (race 1), and maintained at 22TC, susceptible see lings are wilted or
killed within 21 days. Resistance to pea near-wilt (F. oxysporum f. pisi (race 2)
requires root wounding for optimum infection and diseise development. ere the
seedlings are removed 10 days after seeding; the roots are clipped while immersed
in inoculum; and the seedlings are replanted in sand where the temperature is main-
tained at 21C. The susceptible and resistant seedlings are readily discernible
20 days after inoculation.

Because field evaluations proved unreliable, Wellman (1939) introduced a
greenhouse method for evaluating young tomato plants for resistance to Fusarium
wilt caused by F. oxysporum f. lycopersici (Sacc.) Snyder and Hansen. Young tomato
plants were pulled rrom t e seed fiat, roots washed in running water, dipped in
the inoculum, and transplanted in the steam-sterilized soil maintained between
25-28C with electrically controlled heating elements. With this method he could
distinguish susceptible, moderately resistant, and highly resistant types. This
evaluation method was largely responsible for the discovery of the monogenic domi-
nant resistance in an accession of the'Red Current tomato cultivar by Bohn and
Tucker (1940). Presently breeders routinely use a slightly modified steam sterili-
zation, soil temperature-controlled method for assaying tomato seedling progenies
for resistance to Fusarium wilt. Essentially the same procedure is used to assay
large populations of tomatoes for resistance to Verticillium wilt ( Verticillium
albo-atrum Rinke and Berth. and V. dahliae Kleb.), Fusarium wilt in watermelon,
FaIrirti7;ilt or stem rot (F. oxyspERT577 battatas (Wr.) Snyder and Hansen) in
sweetpotato, and the root-knot nematode comgliirlirsome crops (Harrison, 1960;
Steinbauer, 1956; Walker, 1965).

Resistance evaluations of several vegetable crops to foliar, stem, and
fruit pathogens, including the viruses, are now done in the seedling or young plant
stage under controlled conditions in the greenhouse. Resistance to gray leaf spot
(Stem h lium solani G. F. Weber) of tomato can be readily detected in segregating
popu ations birWisting relative humidity to 100 percent foi 12 to 14 hours after
inoculation with a spore suspension. Relativl humidity is unimportant in disease
development after the infection period. Similar methods are used to assay for
resistance to downy mildew (Phytophthora haseoli Taxt.) of lima baan (Thomas, et
al., 1952) and downy mildew (Peronospora e use Grw. and Desm.) Ces.) of spinach
(Webb, 1955) except that intermittent nigEFiritive humidity is necessary after
the initial infection period for maximum disease development on susceptible types.

Resistance to spinach blight caused by the cucumber mosaic virus is con-
ditioned by a single dominant gene, and resistance is complete at and below 24C
(Pound and Cheo, 1952). Webb (1955), using seedlings grown in thumb pots in the
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greenhouse, reported a method of inoculating spinach plants in the fully expanded
cotyledonary stage. Because mosaic symptoms developed in the first true leaves,
these young blight-resistant plants, without repotting, can be subjected to an
assay for resistance to the downy mildew organism (P. effuse).

Resistance to bacterial canker, caused by Corynebacterium michi anense
(E. S. Smith) Jensen, is determined by cutting through the petioles of young
greenhouse-grown plants with a sharp knife which has been dipped in an inoculum
suspension (Thyr, 1968). Infection of young susceptible plants has been successful
with as few as 9 bacterial cells/ml of inoculum (Strider, 1970).

Some greenhouse evaluations for resistance to diseases have been adapted to
the laboratory to shorten further the test period, avoid possible contamination
with other organisms, and to improve reproducibility of tests. Among such tech-
niques are: evaluation of tomato seedlings growing in test tubes (Dropkin, et al.,
1967) and tomato and cantaloupe seedlings growing in clear plastic seed growth
pouches (rassuliotis and Corley, Jr., 1967) for resistance to root-knot nematodes;
resistance to anthracnose fruit rot (Colletotrichum phomoides (Sacch.) Chester) in
tomato (Robbins and Angell, 1970); and studying the host pathogen relationship of
pea wilt (Roberts and Kraft, 1971).

Assays to detect "field" or polygene resistance and to separate susceptible
plants from those showing slight resistance under greenhouse conditions have been
developed. "Field" resistance to late blight in potato, caused by Phytophthora
infestans (Mont.) DBy, is conditioned by such a polygene system. Whole plants,
eaves, or leaf discs inoculated with a standardized spore suspension have been

used to find a greenhouse assay that correlates well with plant reaction to infec-
tion under field conditions. Resistant and susceptible ratings are based on
susceptibility of plant part to infection, rate of lesion development after infec-
tion, and extent and intensity of sporulation (Hodgson, 1961, 1962).

Root rot, caused by Aphanomyces euteiches Drechs., is a serious disease of
the garden pea, and despite numerous intiFir71-ifudies no significant resistance
has been found. However, Lockwood and Ballard (1959) developed a sensitive tech-
nique which can detect low levels of resistance among cultivars and breeding lines.
They used a sand substrate and maintained the temperature at 24C. They found
that by adhering precisely to the following assay procedure variability in host
reaction could be minimized. Their procedure is: apply 4-6 pounds of water to each
36 pounds of sand; plant seed 2 cm deep; apply inoculum when plants are 2-5 cm
high; use 45 to 5-day-old cultures as inoculum; standardize zoospore suspension
at 1.5 x 10 per ml: apply zoospores 2-14 hours old in a suspension at a rate of
10 ml to each 10-inch row as close to the plants as possible; and saturate the
sand once after inoculation. Differences in susceptibility among stocks could be
evaluated after 12 days.

Greenhouse techniques have not yet been developed that will yield highly
valid disease evaluations of breeding lines and progenies for polygenic resistance
to some major diseases such as Alternaria leaf spot (Alternaria cucumerina (Ell.
and Ew.) J. A. Elliott) of cantaloup; white rust (AlbUiVOEUTaintalis G. W. Wilson)
of spinach; downy mildew (Pseudosperonospora cubenis (Duk. and Curt.) Rottow) of
cucumber; early blight (Alternaria solani (E1I77iErMart.) L. R. Jones and Grout.)
of tomato; and to other iseases. NUEEivaluations must be obtained by growing the
crop where the disease occurs naturally in epidemic proportions or where artificial
epidemics can be produced. Spreader rows of susceptible types, interplanted among
test lines and inoculated at the proper time, have effectively spread and intensi-
field disease incidence in assaying for resistance to early and late blight of
potato, early blight of tomato, and to other diseases.

How resistance is inherited: Van der Plank (1968) has proposed the term
"oligogenic" resistance for host resistances which are conditioned by one to
several genes, often called major genes, whose individual effects can be easily
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detected. Effects of such genes may be dominant, incompletely so, or recessive.
Linked and allelic genes for resistance may differ only in their reaction to spe-
cific races of an organism and may be difficult to identify. Where genes are not
allelic or closely linked, a breeding test will show they are inherited indepen-
dently (Day, 1972).

Most "vertical" resistance (genes which are effective only against certain
specialized .aces of the pathogen) is generally also oligogenio although this may
not be entirely so (see Van der Plank, 1963, 1968). And not all oligogenic resis-
tance is "vertical." Several vegetable cultivars have major genes for resistance
which have remained stable for many years; among them are resistance to Fusarium
yellows in cabbage, to scab and mosaic in cucumber, and to gray leaf spot in
tomato.

Cultivars of potatoes which possess a generalized (polygenic) resistance to
late blight respond similarly when infected with any or all races that may arise
in a given season. Van der Plank (1963) labels this type of resistance "horizontal"
resistance in con;:rast to "vertical" resistance. The degree of expression of
resistance in those cultivars possessing polygenic (horizontal) resistance is
dependent upon environmental conditions during the growing season.

Hare (1965) has recently reviewed the work on inheritance of resistance to
parasitic nematodes among crop plants. Resistance is inherited in ways similar to
the inheritance of resistance to other pathogens that attack crop plants.

Variability in the pathogen: Some plant pathogens possess almost infinite
variability. Sexual reproduction, mutation, aid heterocaryosis are means by which
variability may be enhanced among plant pathogens. The presence of different host
genotypes providing for selection and survival of pathogenic variants among large
populations is a major force tnat influences the degree to which physiologic races
of an organism may beccele predominant on a crop. P. infestans, the cause of 14te
blight on potato, is an example of such a highly variagraijinism. Shortly after
the hypersensitive resistance (due to R genes) to late blight found in Solantm
demissum Lindl. was introduced into the S. tuberosum L. types, bictypes-atHe
pates were found which would break the dEariii7Eli inherited resistance. A
series of 9 differentials have since been synthesized which differ only by a single
gene based on their reaction, to specific races of the late blight organism. With
these it is possible to ideltify 512 races of late blight (see Van der Plank, 1968)
Not all of the possible races have been identified in the laboratory, and a much
lesse,.. number have been found in the field, probably because host genotypes are
not present in cultivated types. Those cultivars with 1, 2, and 3 genes for
resistance, that are widely grown, are frequently attacked by the appropriate
race(s) specific for those genotypes. Monogenic resistance to leaf mold
(Cladospolium fulvum Cke.) in tomato has suffered a fate similar to that of resis-
tance to late blight in potato. Almost as soon as a new leaf mold-resistant culti-
var of tomato is developed, a pathogenic race attacks it. To date, 6 resistant
genes have been postulated, and 1! pathogenic races of leaf mold have been
identified (see Walter, 1967).

Resistance breaking races or biotypes have been found in other organisms
that cause serious diseases in vegetakqcs. Original resistance in each case was
controlled by a major gene system. Resistances in vegetable crops which have been
nullified by an appropriate gene(s) change for virulence in the pathogen include
resistance to anthracnose (Colletotrichum lindemutheanum (Sacc. i. Magn.) Briosi

Cay.) of beans, anthracnose (C. is enarium (Pass.) Ell. i Halst.) of water-
melon, downy mildew of lima bean, dc*/17-Wirffew (Bremia lactncae Reg.) of lettuce,
rust (Cromx221 phaseoli typica Arth.) of bean, antria roaTnasmodio kora
hrassicae wor.) of cabbage. Resistance breaking strains in boa to acco etch
virus n potato virus Y have delayed the development of multiple virus - resistant

cultivars in pepper.
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Natural race formation among the nematodes affecting vege6......`"Te crops
occurs in the golden nematode, Heterodera rostochiersis Wollenweber. Resistance
in potato was initially derived from S. tuberosum spp. andiena (Juz. i Buk.)
Hawkes and is inherited as a monogenic dominant Nine years after
golden nematode resistance was found, a resistance breaking physiologic race
appeared in England (see Kehr, 1966). Subsequently additional such races have
since been found and potato breeders have turned to a source of polygenic resis-
tance found in S. vernei Bitter & Wittm. ex Engl. In general, natural physiologic
race formation HasRRSparse in nematode species controlled among crops through
host resistance. Race fo.Thation and survival in a competitive environment have
been reported under experimental conditions (Winstead and Riggs, 1963). Herein
lies an imminent danger as good vegetable land becomes more intensively cropped.

Accomplishments

Prior to the discovery of monogenic resistance to Fusarium wilt (race 1) of
tomato, serious losses to this disease occurred in all production areas each year.
Beginning in the 1930's, when resistant cultivars became available that were highly
acceptable commercially, losses from Fusarium wilt have practically disappeared.
The same is true with respect to the Verticillium wilt. This latter disease
seriously limited productivity in the Western United States until cultivars with
monogenic resistance became available in the 1950's. Both Verticillium and
Fusarium wilt resista.ce. tre incorporated into cultivars adapted to the West.
Now, neither wilt is P 11 ..ting factor in producing tomatoes commercially in that
area. Shortly aftr:. Fusarium wilt was brought under control through resistance in
the Midwest and East, Verticillium wilt began to appear in these areas as well as
in a localized area in southern Florida. Breeders rapidly transferred resistance
to Verticillium wilt into Fusarium wilt-resistant breeding stocks and developed
acceptable cultivars with resistance to both diseases for those regions.

Gray leaf spot was a very serious foliar disease of the tomato in the
humid areas east of the Rocky Mountains until resistant cultivars became available
during the 1950's. Resistance is easily transferred to commercially acceptable
types possessing resistance to both Verticillium and Fusarium wilts. Consequently,
tomato cultivars grown east of the Rocky Mountains are resistant to at least two
serious diseases and most are resistant to three.

Resistance to cabbage yellows is of inestimable value to the cabbage
industry. Since the first cultivars-with the high types of monogenic resistance
Jere released from Wisconsin in the 1920's, numerous resistant cultivars and
hybrids hay. been developed which have rendered yellows insignificant in cabbage
production. Monogenic resistances to pea wilt (races 1 and 2) have been incor-
porated into numerous cultivars adapted to freezing, canning, and the fresh market.
Pea wilt is no longer a threat to the industry except in a localized area in north-
west Washington (Haglund and Kraft, 1970). Blue mold and mosaic resistances in
spinach have brought this crop up from a Ieriously threatened status to a highly
satisfactory one.

Scab causes necrotic lesions on cucumbers, and mosaic infection results in
malformed and discolored fruits. Resistance to each disease is now available in
a large number of cultivars and hybrids adapted to areas where one or both dis-
eases are production factors. Pink root of onion has been brought under control
in most areas of production through host resistance.

Lettuce breeders have managed to keep ahead of changes in physiologic
races in the downy mildew organism (B. lactucae). Currently used resistance is
inherited as a monogenic dominant, and swans with resistance to a new race
have been rapidly developed through the backcross method. There is, however, the
danger that 1.- the future breeders may not have available major genes for resis-
tance to new physiologic races as they arise (Sleeth and Leeper, 1966).
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Host resistances, "ontrolled by polygene systems, have been generally most
significant in alleviating losses to diseases. Their effectiveness is, however,
conditioned by prevailing weather conditions. Occasionally, in an adverse season,
resistance must be supplemented with some applications of a fungicide or the crop
must be grown in rotation with nonsusceptible crops.

Resistance to Fusarium wilt of watermelon, in combination with resistance
to races 1 and 3 of anthracnose, has been of untold value to the watermelon
industry. 'Charleston Gray; a cultivar with such resistances, accounts for almost
95 percent of the watermelons produced east of the Rocky Mountains. Resistant
cultivars adequately control Fusarium wilt in the West. Resistance to downy mil-
dew of both cantaloup and cucumber in the East and South, anthracnose cucumber,
and early blight of tomato gives growers a real measure of assurance of profitable
crops, particularly if fungicides are applied during prolonged periods of weather
favorable for disease development.

Mc.ny of the host resistances mentioned above are combined in single culti-
vars of the respective crops. Some widely grown cultivars of tomatoes are resis-
tant to Fusarium and Verticillium wilts, gray leaf spot, nailhead spot
(Macrosporium tomato Cke.), and early blight. Some cucumber cultivars are resis-
tant to TIEWEC773FWEy and powdery mildews, anthracnose, and angular leaf spot
(Pseudomonas lachrymans (E. F. Sm. & Bryan) Carsner).

Future Outlook

Breeders and pathologists have done a creditable job in breeding vegetable
cultivars for resistance to diseases since the turn of the century and particu-
larly so during the past 3 decades. During this latter period many vegetable
crops had to be rather markedly redesigned to meet the requirements for harvesting
by machine and handling the produce in bult, or to meet requirements of changes
in processing, or marketing practices. The productivity and the fresh-market and
processing qualities of the old varieties had to be retained insofar as possible
or, fetter yet, improved. And the spectrum of resistance to both parasitic and
physiological diseases had to be broadened. The challenge o: developing these new
cultivars has been met without sacrificing resistance to disease. The job was not
an easy one. I will use the tomato for processing as an example: the vine had to
be made compact with a profuse fruit bearing habit. Flowering an fruit setting
had to be completed in about 3 weekz; maturity had to be medium to medium-late.
Fruits were desired that average 4 ounces in size, round to slighLly oblong in
shape, and highly resistant to circular and radial cracking and to bursting fol-
lowing unseasonable rains. Sixty percent of the fruits had to ripen to full
ripeness within 3 weeks with the remaining fruit ripening at the rate of about
3 percent per pay. Ripe fruit must "store" well on the vine for weeks, remain
firm, and detach readily at the calyx but not so easily as to shatter onto the
ground when vines are cut by the harvester. The fruits must also be highly
resistant to breakage during .2assage through the harvester and whe% el:4ced to a
depth of 30 inches in bulk and finally transported up to 150 miles to a factory.
Qualities to meet the requirements (pH, solids, flavor, texture) of whole-pack
tomatoes, juice, soup, paste, and various other products had to be retained.
Resistance to Fusarium and Verticillium wiIts, gray leaf spot, nailhead spot, and
tolerance to early blight, some forms of the blotchy ripening complex, certain
uit rots, and seedling diseases had to be added. Before release of a variety,

adaptability and acceptability for commercial production had to he courirmed.
This was accomplished over a 2-year period. This new combination of properties
was achieved all within 12 plant generations, granting, of course, that most of
the basic work on inheritance of certain specific properties had been done over
a much longer time. Similar progress can be cited for cucumber, cabbage, cowpea,
lima beans, spinach, and other crops (Barnes, 1966; Crill, et al., 1971; Hare,
1967; Wester, 1967; Williams, 1968; Walker, 1966). I don't mean to imply that all
the disease problems of these reengineered vegetable crops have been solved.
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Nor have we solved the "quality" problem. Actually, we Plume just mule e. good
beginning.

Because of the frequency in the failure of resistances controlled by some
major genes, there is a strong upsurge of feeling that we need a change in our
current approach to breeding vegetables for resistance to disease. The rapid
appearance of physiologic races of late blight on potato cultivars, golden nema-
tode on potato, leaf mold on tomato, mildew on lettuce and lima bean, and others
is a strong signal that in some instances we should strongly consider an alternate
approach to control of these diseases through breeding. Currently used resistance
to many vegetable and other crop diseases is of the monogenic vertical type
(Person and Sidhu, 1971; Robinson, 1971), and resistant cultivars have been
developed largely by the backcross method. Stringent evaluation procedures for
this high type of resistance have tended to eliminate the "field" or horizontal
type of resistance from breeding stocks and cultivars. Consequently, when a new
resistance breaking race appears, often the resistant cultivars are more susceptible
to the disease than currently grown susceptible ones. This hes been the case in
potato breeding for the hypersensitive type of resistance to late blight. Breeders
now are trying to eliminate the "R" genes from their stocks in favor of horizontal
resistance to late blight. Horizontal resistance to the highly variable golden
nematode of potato appears to be the best approach to control of that organism in
some areas. Some breeders struggling to control the leaf mold organism through
vertical resistance are giving some serious thought to the horizontal route.

Resistances to a number of diseases of vegetable crops, each of which is
controlled by a single major gene, have remained remarkably stable over a long
time. These include resistances to Fusarium and Verticillium wilts of tomato,
yellows in cabbage, scab and mosaic of cucumber, pink root of onion, Fusarium wilt
of garden pea, blue mold of spinach, gray leaf spot of tomato, and other orga-
nisms. One or more of the above-named pathogens was a limiting factor in produc-
tion of the respective host crop over wide areas before acceptable resistant culti-
vars became widely grown. New races affecting most of the stable monogenic host
resistances have rarely appeared. Single gene resistances developed against two
such races (race 2 of pea wilt and race 2 of spinach blue mold) have remained
stable for a long time under commercial conditions. Race 2 of F. oxysporum f.
lycopr.sici has been reported from three widely separated locations (Alexander
and Tucker, 1945; Jones, 1966; Miller and Kanenen, 1968) and may become a real
menace over a broad area unless the monogenic resistance to it is rapidly incor-
porated into commercially acceptable tomato cultivars. Race 5 of pea wilt is
known to occur in northwest Washington (Haglund and Kraft, 1970), and major gene
resistance against the pathogen is being sought.

I do not expect breeders to change their major gene, including vertical,
resistance approach to disease control in vegetables except where circumstances
dictate a change to the horizontal type. Major gene resistance is relatively easy
to manipulate in a breeding program, and the results are usually dramatic.
Breeding for field or horizontal resistance can be frustrating, costly, and time
consuming. No doubt, this is the tnavoidable long-range approach to most success-
ful control of some diseases through breeding. Perhaps, in some instances, both
major and polygene resistances can be incorporated into ccmoercially accepted
cultivars (Abdalla and Hermsen, 1971; Day, 1972), to delay the onset of disease
and reduce inoculum potential onc the disease has appeared.

We have a wealch of materials in vegetable crops at many points in this
country, collected by the Plant Introduction Investigations of the U.S. Department
of Agriculture, having potential as sources of disease resistance. This material
is being screened for resistance to numerous diseases on a regular basis, and new
resistances, both major and polygene, are reported frequently in leading agri-
cultural journals (see Walker, 1965; Cook, 1968; James and Leeper, 1971; Kraft
and Roberts, 1'170; Natti, et al., 1967; Strider aLd Konsler, r967; Sowell, et al.,

1965; Wester, 1972). Also, many breeders develop and maintain germplasm 'ith
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major and polygenes for resistance to many of the diseases of concern in their
respective areas. As new breeding stocks with new or increased resistances are
developed, it has become customary to share such materials with plant breeders
domestically as well as internationally. Such resistances enter the germplasm
pool of the breeder, and he uses the characters as his circumstances dictate.

Much time can be spent in speculating on the probability of the appearance
and subsequent effect of resistance breaking races which will nullify vertical
resistances now used to control major diseases of vegetables. No doubt, there will
be additional such instances, particularly with those pathogens which are distri-
buted through airborne inoculum. I believe both breeders and pathologists have
such breeding stocks available, adequate teeinical expertise, and communication
with coworkers to be able to respond adequately to a potentially dangerous disease
situation which might develop among vegetable crops now protected by major genes.
In most instances, newer fungicides, nematicides, and adjustments in cultural
practices will provide the necessary lead time while new resistant, acceptable
cultivars can be developed.
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SOME ASPECTS OF DISEASE RESISTANCE IN COTTON

A. B. Wiles
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For many years world production of Upland cotton (Goss ium hirsutum L.)
has relied on host resistance as a primary means of disease contro .--RiTitince to
the Fusarium wilt - root knot nematode complex (Fusarium oxysporum f. sp.
vasinfectum (Atk.) Sny. & Hans. - Meloidogyne inEria(kafoid & White) Chitwood);
res stance to bacterial blight (Xanthomonas ma vacearum (E. F. Sm.) Dows.); and
greatly increased tolerance to Verticillium wilt (Verticillium albo atrum Reinke
& Berth.) are notable examples of host reactions that nave been successfully
utilized in developing practical disease control measures. Indeed, disease resis-
tance combined with various cultural practices such as sanitation and rotation
have been our chief weapons against pathogens that attack cotton. The uses of
chemical measures for controlling cotton diseases have been almost Entirely limited
to seed and soil treatment matarials for seed- and soil-borne pathogens and soil
fumigants for nematodes.

Because of our rapidly expanding knowledge of the various aspects of this
subject, future advances in plant disease control by means of host resistance can
be expected to .ome at a more rapid rate than it has in the past. Time does not
permit an examination of the many inoculation techniques and evaluation methods
that have been and are being used in disease resistance studies concerning cotton.
Therefore, I shall first make a few general observations concerning plant inocu-
lations and then use Verticillium wilt of cotton to illustrate some of the tech-
niques of inoculation, methods of evaluation, and problems that arise in disease
resistance studies. Later I will review some past accomplishments in disease
resistance in cotton and then discuss some resistances that may be utilized in the
future.

Plant Inoculation

While several concepts have been advanced concerning the term inoculation,
the following practical definition is proposed: the process of introducing the
inoculum (the pathogen) within or onto the surface of host plants. Inoculation of
host plants is needed to obtain proof of pathogenicity; this is required by Koch's
postulates. Inoculation is also needed for making plant selections in breeding
programs, for making host range determinations, for studying life cycles of patho-
gens, and for such purposes as the development of supplementary control measures.

The method of plant inoculation that is employed will depet.0 on a number
of factors and considerations. Some of these are: the nature of the pathogen, the
mode of host entry, the part of the plant involved, the nature and site of host
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resistance, and the effects of various environmental factors on disease development.
Additional factors that must be considered are type of available equipment, the
size of the f4xilities, and the amount of labor required. In screening for dis-
ease resistance in plants, seedling inoculation techniques are often used because
large plant populations can be inoculated and rapidly evaluated using a minimum
amount of space. Whether the disease reactions of seedlings and those of mature
plants are sufficiently comparable to obtain the desired information must be
determined by the researcher.

When screening for disease resistance, the techniques employed and the pre-
and post-inoculation environments should simulate natural conditions as closely as
possible. All types of host responses--susceptible, tolerant, resistant, and
even immune--are subject to the effects of the environment on the pathogen, the
host, and their ultimate interaction in disease development. Therefore, failure
to obtain visible symptoms cannot be regarded as proof of resistance or of non-
pathogenicity, since some influencing factor might have been overlooked. Other
items that require consideration will be mentioned later. General descriptions of
inoculation techniques for plant pathogens have been presented by Riker and Riker
(1936); Altman (1966); Waterston (1968); and Tuite (1969).

Verticillium Wilt of Cotton

Now I shall examine some specific methods of plant inoculation that have
been used in studying Verticillium wilt of cotton. It should be remembered that
this destructive disease of cotton is incited by a soil-borne fungus that in
nature enters the plant by direct penetration of the roots. Thus, it was a rather
normal development that field nurseries were the earliest method of evaluating the
reaction of cotton plants to this pathogen. Field nurseries are normally located
where Verticillium wilt has regularly occurred, where susceptible plants are
rotated with the nursery strains, or where fungal inoculum can be added to the soil.
Such disease nurseries are still extensively used in both the U.S. and the U.S.S.R.
In the U.S. field selection in wilt nurseries has played an important role in the
development of our present commercial varieties with higher tolerance to
Verticillium wilt.

Beginning about 1950, attempts were initiated to develop seedling inocu-
lation techniques for breeding programs that would give critical differentiation
of resistance and susceptibility. A "solution-culture method" was utilized where
cotton seedlings were grown on excelsior in shallow tank.; of nutrient solution
and subsequently inoculated by placing measured amounts of a spore-mycelium sus-
pension in each tank (Presley, 1950). Later a seedling inoculation method that
had been found satisfactory for testing tomato seedlings for resistance to
Verticillium wilt was adapted for use on cotton (Virgin and Maloit, 1947; Wiles,
1952). This was termed the "root-dip method" of inoculation. The seedlings were
inoculated in the 4-leaf stage by lifting them with a spatula from flats of soil,
washing the roots in tap water, and then dipping the roots in a liquid spore-
mycelium inoculum. The plants were then reset in the soil and disease symptoms
occurred 7-8 days after inoculation. Another seedling inoculation technique
termed the "root-ball method" utilized 6-week-old potted plants that were gently
removed from their pots and sprayed with a conidial suspension using an aerosol
spray. The plants were then returned to the pots and disease readings were later
made (Garber and Houwr. 1966, 1967; Schnathorst and Mithre, 1966a, b).

During thi, perict: still another method of plant inoculation was being
employed (Erwin, et 4965). This was termed the "stem-puncturc method" of
inoculation and util',P, a hypodermic syringe to inject measured amounts of liquid
inoculum into the hypocotyl of field-grown seedlings. This method.produces very
high percentages of infection. Later this same technique was used except that the
center of the cotyledonary node was punctured to a controlled depth with a hypo-
dermic needle which had been dipped in a spore suspension of V. albo-atrum
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(Bugbee and Presley, 1967). Others (Schnathorst and Mathre, 1966a, b) have used
slight modifications of this method.

Inoculation of the roots and hypocotyls of cotton plants have also been
made by placing blocks of potato dextrose agar (PDA) containing conidia of V.
albo-atrum on selected sites of the plant (Garber and Houston, 1966). Other
Eriaodi-employ the placing of fungal microsclerotia in soil prior to seeding
(Schnathorst and Mathre, 1966a, b), or using liquid inoculum applied to the growth
medium after root pruning (Ranney, 1962).

Now let us briefly examine some factors that may influence the results of
these inoculation studies. Plants for such studies may be grown in fields, green-
houses, or growth chambers but as already noted, the environment should closely
simulate the conditions favoring natural infection. It should be remembered that
inoculation procedures themselves may exert an influence on the host plants.
Lifting of young plants for inoculation causes some root injury that may facili-
tate fungal entry. The same situation is true to some extent where the root-ball
is sprayed. Hypodermic injections tend to produce more severe infections than
natural infections. Another factor to consider is that the fungus causing
Verticillium wilt of cotton varies in virulence due to numerous factors, thus
different isolates may give different experimental results. The amount of poten-
tially infective material in a given environment (inoculum potential) largely
determines the probability of successful infection. Thus a standardization of
inoculum density (spores/ml) must be made, using some type of instrument such as
a hemacytometer or a colorimeter. Temperature is an important factor that influ-
ences the host, the pathogen, their interactions, and disease development. It is
critical in the development of Verticillium wilt of cotton, and a recentetudy
showed that accurate classification of genetically tolerant and susceptible cotton
plants was dependent upon carefully controlled temperatures (Barrow, 1970).

Difficulties often arise in assessing the results of plant inoculations.
In field nurseries plant breeders and pathologists have often encountered diffi-
culties in relating disease severity and yield. Significant yield differences
have been recorded between strains of cotton that appeared nearly eque.l in regard
to disease symptoms. Various field grading schemes have been proposed. In con-
trolled environments, assessments of host reaction have been made on the basis of
wilting plus internal discoloration, plant death, and by measuring the downward
bending of petioles of healthy and inoculated plants (Presley, 1950; Wiles, 1953,
1960, 1963). Another difficulty arises when it is noted that resistance or
tolerance may be related to root structure or function (Garber and Houston, 1967).
If this be the case, stem puncture inoculations might preclude or bypass and pre-
vent expressions of resistance to Verticillium wilt by plants inoculated in this
manner. Finally, if we assume that resistance is a function of the total plant
then this alone gives sufficient reason for some type of field evaluation. A
plant that shows severe disease symptoms but maintains a high yield is far more
desirable than an immune, non-productive plant.

Most of the early research objectives were directly related to finding
sources of resistance to Verticillium wilt in cotton and then attempting to
utilize them in breeding programs. In more recent years many of the objectives
have been more basic in nature. Thus, the objectives of the researcher and his
available facilities still have a bearing on the type of inoculation technique he
will use and the ultimate choice of techniques is a question that he must decide.

Past AccomplishmeLts

There are notable past accomplishments in developing disease resistance
in cotton and some of these have already been cited. Fusarium wilt is among the
oldest recognized cotton diseases in the United States, and in former years caused
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heavy losses. It is closely interrelated with the activities of certain plant
parasitic nematodes, most commonly the root knot nematode. Therefore, field
studies on the inheritance of resistance to Fusarium wilt have been complicated
by the presence or absence of nematodes. Early workers (Smith and Dick, 1960)
reported that a single dominant gene controlled Fusarium wilt resistance in Upland
cotton and additional genes determined root knot nematode resistance. A later
study that involved resistant and susceptible parents as well as Fle, F2 and Fl
populations, indicated that resistance may be a quantitative charadte(Jone,'et
al., 1967). Kappelman (1971) recently reported that additive, dominance, and
epistatic effects were involved in the inheritance of resistance of cotton to
Fusarium wilt. At any rate, by means of recurrent selection and pure line
breeding techniques plant breeders and pathologists have successfully incorporated
the Fusarium wilt resistance that occurs in Upland cotton into some highly resis-
tant commercial cotton varieties (Kappelman, 1971). Since Fusarium wilt is caused
by a soil-borne fungus, artificial inoculation techniques that are used in resis-
tance studies for this disease are similar to t'Aose employed by Verticillium wilt.

Resistance to the root knot nematode hi,s been reported in such Upland
cottons as Clevewilt-6; in a primitive strain of G. hirsutum, Louisiana Mexico
Wild; and in Gossypium barbadense var. darwinii (Watt. Hutch. (Jones, et al.,
1958; Smith, 1941). In Clevewilt-6, resistance was found to be inherited as a
quantitative character and probably controlled by two or more genes (Jones, et al.,
1958). Resistance in G. barbadense var. darwinii was reported to be controlled by
a pair of recessive geWesTTUFFEEEI, e t a T771TrY). The resistance that is cur-
rently being utilized in commercial cotton varieties has been derived from Upland
types such as Clevewilt-6. A greenhouse method of determining the reaction of
cotton plants to the root knot nematode would consist of planting seed in con-
tainers of soil previously infested with a known population of root knot larvae.
After about 3 months, a count of the nematode population in each container would
be made and the roots of the plants rated for nematode injury and egg mass
production (Jones, Birchfield, 1967).

Resistance to bacterial blight in cotton has been the subject of intensive
study and investigation. In 1950 Knight and Hutchinson (1950) listed 5 major genes
for resistance to blight: Bi, Bl, B1, BA, and B. He further noted that minor
genes occurred but their value tag quite limited when used alone. In 1963 Knight
(1963) reported the occurrence of 10 major blight resistance genes. The influence
of minor genes and the influence of genetic background on major genes appear to be
of considerable importance in blight resistance. The occurrence of biotypes or
races of the causal organism has been demonstrated and has further complicated
the development of resistant varieties. Many of our present cotton varieties con-
tain some of the major or minor genes for blight resistance. In blight breeding
programs, plants are usually inoculated by spraying a standardized bacterial sus-
pension ontc the lower surface of the leaves and forcing the inoculum into the
substomatal cavities. Disease evaluations are then based on the extent of disease
development on the inoculated leaves.

As already noted, tolerance to Verticillium wilt has been substantially
increased in our commercial cotton varieties, primarily through thu use of recur-
rent selection in field nurseries. Sappenfield (1963) reported that genetic
interrelationships may exist among factors which condition resistance to the
Fusarium wilt - root knot nematode disease complex and verticillium wilt. Vari-
eties highly resistant to the Fusarium wilt - root knot disease showed some degree
of tolerance to Verticillium wilt, but some strains tolerant to Vertirillium wilt
were not resistant to the Fusarium wilt - root know complex. While resistance to
Verticillium wilt has not been found in Upland cottons, high levels of tolerance
most likely of multigenic nature, do occur and this has been incorporated in a
number of commercial varieties. Resistance to Verticillium wilt does occur in
Gossypium barbadense L. and appears to be inherited as an incompletely dominant
?actor (Wilhelm, et al., 1969). This type of resistance is not present in com-
mercial varieties of Upland cotton.
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Future Outlook

The future outlook for the continued use of resistance as a major disease
control measure in cotton appears favorable. This seems particularly true regard-
ing the development of strains with multiple disease resistances that are adapted
for use in specific areas of the cotton belt, but we must remember that disease
resistance in crops must be combined with high levels of production. Another
favorable factor is that sources of resistance to other diseases of cotton are
still being reported. In some cases this resistance has already been incorporated
into usable breeding stocks.

Recently, it was announced that 3 strains of cotton resistant to South-
western cotton rust (Puccinia cacabata Arth. i Holw.) were developed by isolating
resistance from 2 seerIZTFZITrEailiecific origin, and breeding stocks have been
released. Plants fro!, these 2 sources which were resistant were crossed with
Acala lines to produce the 3 resistant strains. Nanking (Gossypium arborum L.)
has been reported to be a source of resistance to the cotton anthracnose organism
(Glomerella gossypii (South.) Edg. (Bollenbacher and Fulton, 1967).

Certain boll characteristics such as the absence of nectaries, tightly
closed sutures, and tightly closed apices have been shown to lessen boll rot losses
by altering the mode of entry of boll rot pathogens (Bagga, 1970). These plant
characters, together with the okra leaf character which tends to reduce boll rot
by reducing leaf canopy, might be termed disease escape mechanisms. They could,
however, contribute to the overall disease control picture in cotton.

In short, there have been some notable achievements and progressin the
control of cotton diseases by host resistance, but, obviously, there is room for
additional progress.
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Abstract

Texas male sterile corn seed infected with race T of H. maydis were soaked
in benomyl, embryos excised and studied histologically. Mycoplasmic oodies if
H. maydis were found in the scutellar cells immediately adjacent to the endosperm.

the corn seed began to germinate these bodies increased in length in the scu-
tellar cells giving rise to intercellular mycelia. The scutellar cells that gave
rise to the H. maydis mycoplasma appeared to be female in origin which could
account for the re iElonship between male sterility in corn and susceptibility in
race T of H. maydis. No mycoplasmic bodies were found in seed of normal cytoplasm
corn. ThethiEEiris proposed that male sterility is due to mycoplasmic bodies
functioning as genes in the cytoplasm producing estrogenic compounds as reported
for F. moniliforme.

Introduction

The epiphytotic of southern corn leaf blight caused by race T of
Helminthosporium maydis Nisikado i Miyake gave us the possibilities of new
approaches in studying resistance in corn, Zea may: L. Male sterility is
female inherited and the gene that controls this isrEcate in the cytoplasm. In
1851 Eriksson (1922) postulated that plant diseases could be female inherited.
This was part of his mycoplasm theory. Most plant pathologists of that era were
too busy criticizing Eriksson to really take a good look at what he was theorizing.
His original theory (1897) was set forth with stem rust of wheat in 1897, and by
1921 he had shown that twenty-one other species of fungi could live a symbiotic
life in the cytoplasm of host plant cells. A very minute quantity of fungal life
lives in the cytoplasm of the host cells and win be transmitted from one generation
to the next by female inheritance and then, at the opportune time and under the
proper s*imulation, it bccomes parasitic on the host cells. The fungal mycoplasma
in the cytoplasm are probably in the range size of genes.

What stimulation could cause a submicroscopic gene to become parasitic?
One possibility is a similar gene outside the host in a spore, bacterium, virus,
etc. This type of infection process supports Flor's gene for gene (Eriksson, 1922;
Flor, 1942) theory of disease development. Person, at al. (1962) further applied
the gene for gene theory to include two organisms living together as symbiotic
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partners. These workers pointed out that there is no distinct dividing line be-
tween mutualistic and antagonistic symbiosis. The gene for gene concept comes
into operation only when one organism becomes parasitic on the other. This appears
to be what is happening between the corn plant and Fusarium moniliforme Sheldon.
The fungus appears to be present in most corn planti7EUEEnITUaiitain con-
ditions does it become parasitic. Lucado (1970) and Naqvi (1971) found mycoplasmic
stages of F. moniliforme in the corn plant or in the corn seed at varying stages
of development. Futrell (1972) showed that benomyl and thiabendazole applied to
corn seed will prevent the fungal mycoplasma of F. moniliforme from developing
into mycelium.

New data are presented in this paper showing that H. maydis has a myco-
plasmic stage in corn seed.

Materials and Methods

Texas male sterile corn seed known to be infected with E. ma
soaked in 200 ppm of benomyl for 18 hours. This was done to prevent
from developing in the corn seed. The embryos were then excised and
Randolph-Navashin fixative (Johansen, 1940), embedded, sectioned and
a safranin-fast green double stain. Photomicrographs were made with
camera.

checks.

yttis were

. moniliforme

stained with
a 35 mm

Normal cytoplasm corn seed were treated in the same manner and used as

Results

An example of corn seed infected with race T of H. ma dis typical of that
used in this experiment is shown in klgura 1. The internal n ection of H. maydis
was first found as mycoplasmic life inside the scutellar cells adjacent to the
endosperm (Figures 2 and 3). These cells were either female in origin or were
aft cted by the 3N female endosperm cells. These mycoplasmic bodies inside the
ct s begin to elongate at both ends inside the cells as shown in Figure 3. The
ca. walls at the end of the cell then break down and the mycelium moves out of
the cell into the intercellular spaces (Figure 4). At this stage of development
and not before can the mycelium be found in the intercellular spaces (Figure 5).
When the intracellular mycoplasmic life becomes active inside the cell and gives
rise to intercellular mycelium a toxin is produced and embryonic cells in the root
tips begin to die (Figure 6). This causes seedling blight and death of corn
plants.

No mycoplasmic bodies or internal H. maydi 4 dection were found in normal
cytoplasm corn seed.

Discussion

Eriksson (1897, 1922) described mycoplasm (also mycoplasma) as a form of a
fungus body which may be merged with the protoplasm of the host in the seed or
other dormant structures and later gives rise to a typical mycelium. This work was
published in 1897. The presentday authoritative classification (Breed, et al.,
1957), used for the order Mycoplasmatales completely ignores Eriksson's work. The
presentday classification of the Mycoplasmatales includes a group of organisms
between the viruses and bacteria. They use the pleuro-pneumonia organism
(Mycoplasma m coided as the form species of the order Mycoplasmatales. In 1935
Turner (1935 aescr bed a mycelial stage of the pleuro-pneumonia organism which
would make this organism fit into the description given by Erikkson in 1897 for
mycoplasma. Turner's description is shown in Figure 9. Instead of "mycoplasma"
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being a group of organibms, it appears the word describes a stage in the develop-
ment of a pathogen probably fungal in nature.

Let's compare the internal infection of H. maydis and F. moniliforme in
corn seed. Both fungi are carried internally in the seed as mycogrilECTile
inside the cells of the scutellum lying near the endosperm. The mode of develop-
ment of the mycoplasmic body inside tl.e cells to form a mycelium differs with the
two species of fungi. In the case of P. moniliforme, Naqvi (1971) showed that
from one to three mycoplasmic bodies can develop in a cell (Figures 7 and 8).
These may develop in the center of the cell (Figure 7) as a proliferation around
the primary nucleus, or they may develop throughout the cell and proliferate out
as a mycelium as shown in Figure 8. When the mycoplasmic bodies reach the size
shown in Figure 8 the cell wall disintegrates and the mycelium grows out into the
intercellular spaces producing toxin and destroying other cells. By use of a crude
extract of toxin produced by F. noniliforme Lucado (1970) was able to get the same
damage to the embryonic root celIias EREproduced by the fungus. The toxin
action caused by F. moniliforme appears to be similar to that shown for H. maydis
given in Figure 6.

What is the relationship between H. maydis race T infection and male
sterility? Race T of H. maydis is highly patespathogenic on Texas male sterile corn
and less pathogenic on norms iUytoplasm corn. This gives strong evidence that the
male sterile gene in the cytoplasm has more control over susceptibility to race T
than does nuclear genes. Further evidence of this close association is given by
the fact that the mycoplasmic bodies in the seed are located in the outer cells of
the scutellum. These cells may be female in origin, but if they are not they could
be influenced by the 3N female endosperm cells adjacent to the scutellum. In this
way, both male sterility and susceptibility to race T of H. maydis is female
inherited. Eriksson (1922) proposed in his mycoplasma theory that susceptibility
to some diseases in plants was female inherited. The 1970 epiphytotic of Southern
corn leaf blight on Texas male sterile corn in the United States suggested that
Eriksson was right because susceptibility to this disease was female inherited.

F. moniliforme has been reported to affect estrogen activity in animals.
Mirocha, et al. (1969) described the estrogenic syndrome of female dominance in
swine. They point out that the biosynthesis of the fungal estogrens F-2 and F-3
by F. moniliforme is the primary cause of the estrogenic syndrome. They further
point OUrEREEEese estrogens are important sex regulating hormones in many fungi.

Mycoplasmic material of F. moniliforme in the corn cell cytoplasm could
bring about the synthesis of estrogenic substances which could inhibit pollen
formation.

Virus infection has been associated with male sterility in pepper,
Ca sicum annuum L. (Ohta, 1970). Duggar and Armstrong (1923) postulated that a
virus wasriine that had gone wild in the cytoplasm. When corn plants are in-
fected with maize dwarf mosaic virus the incidence of F. moniliforme increased in
virus infected plants (Futrell, 1971; Futrell and Scott, 1969).
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Figure 1. Corn ears infected with H. maydis; L. to R. healthy
ear, apical tip infection, base infection, severe base infection and
spot infection.
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Figure 2. Scutellar cells lying next to the endosperm.
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Figure 3. Elongation of mycoplasmic bodies and breakdown of cell
walls in scutellum cells next to 3N endosperm tissue.
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Figure 4. The cell walls have broken down (especially at the
ends of the cells) and the nycoplasmic bodies have given rise to

intercellular mycelium.
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Figure 6. Breakdown of meristematic cells (probably caused
by H. maidis toxin) in the root tip.
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Figure 7. Mycoplasmic bodies of F. moniliforme near the
nucleus of scutellar cell of a corn embryo--after Naqvi (1971).
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Figure O. Three mycoplasmic bodies of F. moniliforme in a
scutellar cell. Note the cell wall breakaawn anrthe formation
of a mycelium from the top mycoplasmic body--after Naqvi (1971).
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THEORETICAL ASPECTS OF HOST PLANT SPECIFICITY IN INSECTS

Stanley D. Beck
Department of Entomology
University of Wisconsin

Madison, Wisconsin

Why is it that larvae of the northern corn rootworm, Diabrotica
longicornis Say, will feed on the roots of only corn, but the corn earworm,
Heliothis zea (Boddie), will inflict serious damage on cotton, tobacco, tomato, and
177oriither plants as well as corn? And why can the pea aphid, Acyrthosiphon
pisum (Harris) live successfully only on legumes; whereas the green peach aphid,
nyztl: assicae (Sulzer), does very well on a wide range of hosts, including
dec uous trees, shrubs, and garden plants? The question of host specificity might
be posed for each of the hundreds of thousands of plant-feeding insect species and
their multitude of hosts.

On the basis of what is currently known about insect-plant interactions,
it should be possible to develop a reasonable theoretical basis for dealing with
the factors determining insect-plant relationships. A good understanding of this
subject is of great importance to the whole effort of developing resistant crop
plants for use in pest management systems. When entomologists and plant breeders
develop insect-resistant plant varieties, they are directing an accelerated plant
evolution of adaptations to minimize insect damage and maximize plant survival
and reproduction. For it must be appreciated that the plant is an active evolving
participant in every insect-plant relationship.

It is a common observation that phytophagous insects are usually special-
ized as to the parts of the host utilized. Some insects consume flower struc-
tures, or seeds, or leaves, or roots, or they bore in the stem. Thus the range of
insect specificities possible is much larger than the number of plant species
available. As an insect develops, its feeding behavior may be different from one
stage to the next. The European corn borer, Ostrinia nubilalis (Hubner), as just
one example, is a leaf-feeder when newly hatched becomes a stalk borer only
in the last twoinstars. The food habits of the adult of a given species may bear
little resemblance to those of the larvae. The northern corn rootworm was men-
tioned above as a virtually monophagdus form in the larval stages; but the adult
of the species will feed on a large number of different plants.

The insect's requirements and behavior may change during development, but
the plant, too, is a dynamic biological system. The plant undergoes developmental
changes that exert considerable influence on its suitability as a host for many
insects. Very young corn plants are highly resistant to European corn borer and
the corn leaf aphid, Rhopalosiphum maidis (Fitch), but become more susceptible as
the plant reaches the tasseling staii-Tlick, 1956, 1957). With concurrent
developmental changes in both insect and plant, the synchronization of the two
becomes an important factor in the insect-plant relationship. The developing
insect lives in a microenvironment that is unstable, being determined by the
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developmental and phenotypic state of the plant, which in turn is an expression
not only of genotype but also of the effect of the environment in which the plant
is growing. It is not surprising, therefore, that genetic varieties showing
insect resistance in one agricultlral area may be more susceptible when grown in
another area--soil type, water relations, ddylength, temperature patterns, etc.,
may all influence the phenotypic expression of resistance (Isaak, et al., 1965).
Similarly, biological variability has been frequently observed among insect popu-
lations; biotypes of aphids and European corn borers, for example, have been
shown to differ in their abilities to utilize resistant and susceptible genetic
lines of their preferred host plants (Cartier, et al., 1965; Sparks, et al., 1966;
Chiang, et al., 1968). Both of these effects--geographical variability of both
plant and insect--post important problems to those who would develop and employ
resistant crop plants.

If one were to ask the naive question, "Why do corn borers eat corn?", an
appropriate answer would be, "Borers eat corn because they like it and it's good
for them." Although undeniably anthropocentric, the answer is not facetious,
because the host plant must meet the insect's requirements in respect to both
behavior and general dietetics. A rather simplistic depiction of this idea is
shown in Figure 1. The relative effect of the plant on the insect's growth
and well-being is represented on the ordinate, in which the arbitrary range is
from very good (+) to quite deleterious (-). The relative scale on the abscissa
expresses the insect's behavioral responses to the plant, ranging from avid
acceptance (+) to complete avoidance (-). Plants that would fall in the (++)
quadrant for a particular insect would be those that are very attractive, offer
good feeding and orientation stimuli, and are both nutritious and nontoxic; these
would be acceptable or preferred hosts. Conversely, plant species that are un-
attractive, repellent, physically unmanageable, and toxic would be nonhosts under
all circumstances, and such plants would fall in the (--) quadrant.

The (+-) and (-+) quadrants are of more interest to our subject, because
these quadrants describe at least roughly, the two principal categories of plant
resistance as formulated by Painter (1951). A plant which would be suitable for
growth and survival of the insect, but t.;) which the insect responds negatively in
some aspect of behavior--either orientation, oviposition, or feeding- -would fall
i; the (+-) quadrant and would be an example of resistance of the nonpreference
type. On the other hand, a plant that met the behavioral requirements of the
insect, but was inadequate for normal larval growth and survival would also be
characterized as resistant. This resistance would be of the antibiosis type, and
the plant would be of the (-+) characteristic.

In respect to the evolution of defenses against insect depredation, plant
evolution tends to be in the general direction of (--). Insect evolution toward
successful utilization of its host plants is in the form of adaptations that
enable the incorporation of its host plants into the (++) quadrant. Because every
plant has individual characteristics that tend to fall in different quadrants, the
assignment of a given plant to a set of coordinates is at best a rough approxi-
mation of the resultant of positive and negative characteristics. Although both
axes--behavior and growth--are involved in an insect's host plant specificity and
in insect-plant interactions, they are experimentally separable 'put usually
inter acting. There is a voluminous body of literature covering experimental
investigation of these two aspects, with the greatest emphasis on the behavioral
axis, and seldom any detailed consideration of interdependence between the two.
The comprehensive reviews of Dethier (1954), Thorsteinson (1960), Schoonhoven
(1968), Fraenkel (1969), and Dethier (1970) should be consulted for detailed
studies; only a generalized overview will be attempted here.

Insect Behavior and Host Plant Specificity

Recognition and Orientation.--The first requirement of a host plant. is that
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Figure 1. Postulated relationships of plant characteristics with degree of

success of host utilisation by plant-feeding insects.
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it be locatable by the insect. It must not only be present in the insect's
environment, but it must also evoke an appropriate orientation response. Most
phytophagous insects deposit their eggs on or very near the host plant that will
he utilized by their offspring. Except for the more mobile insects, such as cut-
worms and grasshoppers, this progeny are committed to survive or succumb on the
plant selected by their female parents. At the behavioral level, the 5reatest
proportion of host plant specificity is a function of the ovipositing female; the
larvae may be much more polyphagous than the adult. The European corn borer is
a good example, as the larvae are quite polyphagoun and will feed on any plant
tissue that is not too physically resistant. We have found that the larvae were
attracted to extracts of widely diverse plants, such as apple, gingko, and corn
leaves (Beck and Smissman, 1960), and we have reared the larvae on a wide variety
of plant tissues. The fact that the adult moths prefer to deposit their eggs on
corn leaves accounts for the host plant preference of 4.he species. A similar
dependence of host preference on adult behavior has been observed in many species
(e.g., Force, 1966a, b).

Orientation of a gravid insect to a prospective host plant may involve
visual as well as chemical stimuli. Two phases of moth orientation to the plant
were observed in the tobacco hornworm, Manduca sexta (Johan.;-the approach and
the landing (Yamamoto, et al., 1969; Spar cis 1970). The approach
appeared to be based on visual clues, and the landing was in response to olfactory
Atimuli. Visual responses have also been demonstrated to be involved in the
orientation of aphids (Kennedy, et al., 1961), corn earwcrms (Callahan, 1957), and
others (see Beck, 1965).

The importance of plant-borne attractants in insect orientation is un-
questioned, having been demonstrated in a large number of species (see reviews by
Thorsteinson, 1960; Schoonhoven, 1968). What effects might be exerted by nonhost
plants occurring in the insect's environment? Odors from nonhosts may simply fail
to evoke any orientation response, or they may elicit a negative response in which
the insect moves away from the odor source (deWilde, et al., 1960; Maxwell, et al.,
1969)., suggesting that the insect is repelled by volatile chemicals emanating
from nonhosts.

Host plants may also be encountered during the course of random, undirected
locomotor activity. In such cases the insects tend to resume locomotion after
encountering a nonhost, but to remain or display a behavioral change upon con-
tacting an acceptable host. Young oinged aphids are evoked into flight by visual
stimuli from blue sky and are not attracted to foliage. After a period of flight,
however, plant foliage provides visual stimuli that cause the aphids to land on
plants (Kennedy, 1965). Having landed on a plant at random, chemosensory responses
determine whether the aphid will remain or resume flight (Muller, 1958; Wensler,
1962). Goeden and Norris (1965a) reported a similar host finding behavior in the
bark beetle, Scolytus quadrispinosus Say.

Feeding and Oviposition.--Arriving at the prospective host plant, the
insect is responsive to stimuli releasing subsequent components of the oviposi-
tional or feeding behavioral sequence. Oviposition it not usually indiscriminant,
but is typically confined to selected plant parts. Specific oviposition sites are
selected in response to physical -nd chemical stimuli, which may vary with leaf
maturity and the physiological st:il of the plant (Goeden and Norris, 1965b;
Miller and Hibbs, 1963; Gara, et 1971). Specific stimulants may be involved,
as has been demonstrated in the carrot rust fly, Psila rosae F. (Beruter and
Stadler, 1971) and onion maggot, Hylemya antique 7RITeRT-TRatsumoto and Thor-
steinson, 1968; Matsumoto, 1970).

Tactile and proprioceptive stimuli also influence oviposition. Leaf
pubescence may affect egg deposition in several species; the cereal leaf beetle,
Oulema melanopus (L.) is deterred from oviposition by dense pubescence (Schillinger
10-Cillun, 1968), but both the soybean pod borer, Grapholitha glicinivorella
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Matsumura, and the green cloverworm, Plathypena scabra (F.) oviposit more readily
on pubescent than glabrous leaves of their host Fria7 (Nishijima, 1960; Pedigo,
1971). Relatively pubescent wheat varieties tend to be more resistant to the
cereal leaf beetle than do glabrous varieties, and because a behavioral response
is involved, the resistance is considered to be of the nonpreference type. How-
ever, of the eggs deposited on highly pubescent wheat, fewer than 10% hatched,
and 80% of the hatching larvae succumbed within three days (Schillinger and Gallun,

1968). This effect is clearly one of antibiosis, and illustrates the necessity of
considering both behavioral and survival parameters of the effects of plant charac-
teristics on host specificity. Proprioceptive stimuli associated with specific
oviposition sites, such as stalk, leaf, petiole, etc., are important in releasing
egg deposition behavior in many species.

The feeding beha;rior of both relatively sessile and highly mobile insects
involves a stereotyped behavioral sequence: (1) host recognition and orient,Ition
to whole Slant or plant part; (2) initiation of feeding (exploratory biting or
piercing); (3) maintenance of feeding; and (4) cessation of feeding, followed by
disocrsal of more mobile forms (Dethier, 1954; Thorsteinson, 1960). Each of these
steps is manifested in response to appropriate stimuli.

Feeding specificities have been associated with specific chemical stimuli
in a number of cases, and the list of such chemicals grows steadily as more research

is reported. Factors that induce the initiation of feeding (feedin incitants)
include beta-sitosterol in the case of the silkworm, Bombyx mor . (RiEEEYET7
1965); sinigrin and related mustard oil glycosides for the diamondback moth,
Plutella maculi ennis (Curtis), and a number of other crucifer-feeding insects

TTEFFEWinson, Myer and Thorsteinson, 1963); and the alkaloids phaseolunatin
and lotaustrin for the Mexican bean beetle, 'pilachna varivestris Mulsant (Nayer

and Fraenkel, 1963a).

The distinction between a feeding incitant and a feeding stimulant (evokes
continued feeding after the exploratory bite) is not always clear, and many sub-

stances may hare both effects. Some feeding stimulants have been shown to be
host-specific substances, but others have proved to be common chemicals of uni-
versal botania,1 distribution, such as glucose, sucrose, ascorbic acid, a number
of amino acids, and some phospholipids (Beck and Hanec, 1958; Thorsteinson, 1960;

Gothilf and Beek, 1967). Examples of the more specific feeding stimulants include

factors in cotton that stimulate the feeding of the cotton boll weevil, Anthonomus
randis Boheman (Keller, et al., 1962; Maxwell, et al., 1963); catalposiaWriErEU=
at ng larvae A the catalpa moth, Ceratomiae catal ae (Boisduval) (Nayer and
Fraenkel, 1963b); a series of relatedeMEIal olls from Umbelliferae that
attracted larvae of Papilio ajax and stimulated their feeding (Dethier, 1941).

A series of related plant species may all contain similr arrays of attrac-

tants and stimulants. Host specificities of insects utilizing members of the
plant group may then be determined by repellents and deterrents present in some of

the plants. The Colorado potato beetle, Leptinotarsa decemlineata Say, is con-
fined almost exclusively to plants of the genus Solanui7Tonnum species differ
in their suitability as hosts, however, with the common poatE77. tubersosum
being the most efficiently utilized. S. luteum foliage contains a power

deterrent (inhibits feeling afterTETTiploratory bite), and larvae that

are confined to its foliage die of starvation. S. lycopersicum also contains
feeding deterrents, but the larvae will feed if no other foliage is available

(Bongers, 1970).

Adult Scol tus multistriatus (Marsham) feed almost exclusively on bark of

two-to-four year-oi twigs of American elm, Ulmut, americana (Loschiavo, et al.,

1963; Baker and Norris, 1968). Extracts of Ei-SaFF-EF-FEhosts, such as poplar,
oak, and hickory were found to contain feeding deterrents. Hickory bark was shown

to contain juglone (5-hydroxy-1,4-naphthoquinone), which strongly deterred feeding
by S. multistriatus, but not that of the hickory bark beetle, S. quadrispinosus.
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When juglone was chemically removed from bark extracts, both species fed readily
(Gilbert and Norris, 1968). These workers postulated that deterrents may be an
important basis for bark beetle distinction of host from nonhost trees.

Feeding deterrents may play a part in the feeding behavior of even the most
polyphagous insects. The desert locust, Schistocerca gregaria Forsk, will not feed
on seeds of neem, Azadirachta indica. ThilEZEWarwas snown to be caused by the
presence of a terpiEET37-ifiaiNEETTn, which acted as e potent feeding deterrent
(Butterworth and Morgan, 1971).

Gossypol, a volatile chemical produced by gland cells in the leaves of
cotton, is apparently a minor attractant but otherwise has no effect on the host
plant relationships of the boll weevil (Maxwell, at al., 1966; Parrott, at al.,
1969). The development and use of glandless varieties of cotton has resulted in
damaging attacks by blister beetles, E icauta spp., that will not feed on glanded
varieties (Maxwell, et al., 1965). Apparent y gossypol is a repellent or deterrent
to blister beetles, preventing tr,ir feeding on glanded cottoL.

It is apparent from these s. 'oral examples that host plant specificity is
determined by both positive (acceptance-evoking) and negative (rejection-evoking)
stimuli (see also Ishikawa, at al., 1969). The problem of host plant specificity
becomes even more complex, however, as it is now known that the plant produces a
multiplicity of stimuli to which the insect may be sensitive. And some of these
stimuli tend to evoke conflicting responses. For example, cotton buds contain a
boll weevil attractant (Keller, et al., 1963), but also two volatile substances
that act as repellents (Maxwell, et al., 1963), The anthers of the cotton plant
produce an oviposition stimulant (Everett, 1964), but an oviposition deterrent has
also been identified (Buford, at al., 1968). Similarly, both feeding stimulants
(Keller, et al., 1962) and feeding deterrents have been demonstrated (Maxwell, at
al., 1965). The insect, then, is buffeted by a complex of physical and chemical
signals, and its resultant behavior must represent a central nervous system inte-
gration of the stimuli received. The relative strength of each of the several
stimuli is variable, depending on the anatomical and physiological state of the
plant, and the effect of the complex of signals on the insect's behavior will also
be variable, depending on the growth stage and physiological condition of the
insect.

Experimental alterations of either the plant or the insect might be
expected to alter the specificity of the insect's behavior. Maxillectomy is a
case in point. Removal of the maxillary sense organs from feeding larvae has been
shown to cause changes in the feeding behavior, the usual effect being a reduction
in food plant specificity. Maxillectomized larvae of the tobacco hornworm, Manduca
sexta, would feed on dandelions, burdock, and a number of other plants; whereas
ERNormal larvae would feed only on Solanaceae (Waldbauer and Fraenkel, 1961;
Waldbauer, 1962). Similar loss of some feeding specificity following maxillectomy
has been reported in Bombyx mori and Leptinotarsa decemlineata (Torii and Morii,
1954; Chin, 1950).

Chemoreceptors of the maxillae include both olfactory and gustatory recep-
tors, with the latter consisting of two sensilla each containing four chemo-
sensory cells (Schoonhoven and Detheir, 1966). The response spectra of the several
cells differ, with some responding to general feeding stimulants (sugars, amino
acids, inositol, etc.); others are sensitive to feeding deterrents; and still
others to host specific stimulants (Schoonhoven, 1969). Information from these
receptors as well as from other sense organs (eyes, tarsi, antennae, labium, etc.)
feed into the central nervous system, from which motor control of behavior emerges.
Removal of the maxillae changes the input information and results in a change of
behavior.

The observation that maxillectomized larvae may feed on some plants not
normally accepted has led some workers to postulate that host plant specificity is
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principally determined by repellents and feeding deterrents, so that the insect
utilizes only those few plants that it does not find to be repellent or distasteful
(Jermy, 1966). But such an interpretation is both unwieldy and unnecessary, if it
is remembered that the insect is constantly receiving much more information about
the plant than merely the presence of absence of one or more inhibitors
(Schoonhoven, 1969).

In considering the input of sensory information, it must be remembered
that the anatomical characteristics of the plant contribute to this information.
The Frego mutant of cotton displays a rolled bract, and such a flower structure
disrupts boll weevil oviposition (Jenkins and Parrott, 1971). The gravid weevils
are exposed, and they do not remain on the plant long enough to complete ovi-
positon. Similarly, physical characteristics of different varieties of rice
strongly influence their utilization by the striped rice borer, Chilo suppressalis
Walker (Pathak, 1971).

The role of the host's anatomical development in determining insect feeding
behavior may be illustrated with the seasonal development of the European corn
borer on corn. The larvae are relatively polyphagous, but corn is the preferred
host of the ovipositing moth. Despite their lack of specificity, the larvae dis-
play a well-defined pattern of feeding behavior on the growing corn plant. Borer
eggs are deposited on the underside of the leaves of the young corn plant; upon
hatching, the larvae move immediately into the whorl where they feed on the basal
leaf tissue. As the tassel forms and pushes up through the whorl, the larvae
transfer their attack to the tassel, invading that structure while it is small and
tightly enclosed. As the stem elongates and the tassel emerges and opens, the
larvae move down the plant to invade leaf sheaths. As these structures mature,
the borers invade the plant stem and become stalk borers. Bioassays of aqueous
extracts of corn plant tissues for larval attractants and feeding stimulants
demonstrated that all were equally attractive and stimulating. The pattern of
feeding behavior could not be accounted for on the basis of tissue-specific factors.

Experiments on the behavior borer larvae showed that they were negatively
phototactic and positively thigmotactic. Feeding behavior experiments demonstrated
a high sensitivity to sugars, especially fructose and sucrose, both of which
greatly stimulated feeding. The larvae were capable of discriminating relatively
small differences in sugar concentrations. Analyses of plant tissues revealed
that sugar contents of leaves, tassel, sheaths, and stem were different and changed

as the plant developed. It was then shown that the seasonal pattern of borer
feeding was the result of the insect's phototactic, thigmotactic, and saccharo-
trophic characteristics in response to the anatomical and chemical (sugar) develop-
mental pattern of the host plant (Beck, 1956a, b, c, 1957; 1961). On the other
hand, plant-borne feeding stimulants may vary in different parts of the plant and
at different developmental stages, and such effects were found to be important in
the feeding pattern of corn earworm, Heliothis zea on corn (McMillian, et al.,

1970).

Host Specificity and Insect Growth and Survival

In turning our attention from the behavior axis to the growth and survival
axis (Figure 1), it should again be points out these are not completely
independent aspects of host plant specificity. A feeding deterrent, for example,
may have a measurably important effect on the insect's behavior, but its action
may also jeopardize growth and survival, in that food intake may be reduced,
growth slowed, and exposure to other deleterious factors prolonged. The same
considerations apply to physical characteristics of the plant insofar as they may

limit or alter the insect's behavior.

An acceptable host plant must provide the insect a suitable physical
environment and a nutritional substrate that is adequate, nontoxic, and utiliz-
able from the standpoint of digestion, assimilation, and conversion into insect
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tissues. Even the best host plants are suboptimal in some of these characteristics,
and mortality among young larvae tends to be very high. We have observed that our
best laboratory methods for rearing the European corn borer and cabbage looper,
Tricho lusia ni (Hubner), using meridic diets and standardized conditions, promote
Tarii an more uniform larval growth, better survival, greater body weight, and
better adult longevity and reproduction than do the insects' normal host plants.
Plant: hosts to which the insect is adapted contain phenols, flavonoids, alkaloids,
and various glycosides that are basically deleterious, and which must be degraded
metabolically. The insect's ability to metabolize such plant components consti-
tutes an important aspect of its adaptation to a particular plant as a host (Self,
et al., 1964; Krieger, et al., 1971). Inasmuch as different plant species or
populations may differ either qualitatively or quantitatively in respect to these
substances, an insect that is metabolically adapted to one type of plant may not be
able to meet the metabolic demands posed by another plant, and consequently will
not be able to survive on it.

Physical Characteristics.--The role of physical characteristics has been
studied mainly in relation to host plant resistance, including characteristics
such as pubescence, spacing of vascular bundles, tissue silica content, etc. Litt
emphasis has been put on clarifying the role of physical characteristics in insect
utilization of hosts to which they are well-adapted. The previous discussion of
the seasonal feeding behavior of European corn borer larvae illustrated the impor-
tance of physical form of the plant to successful host plant utilization. Growth
and survival as well as behavioral patterns are involved, as developmental changes
in the borer larva's nutritional requirements were also found to be coordinated with
the feeding pattern (Beck, 1956b1.

Tissue proliferation in response to injury is a physical defense against
invading insects, and is known to be a reaction of cotton against boll weevil
(Hinds, 1907; and of some plants against leaf miners. Gall midges, however, have
taken advantage of such a wound reaction in their host plant adaptations, thereby
overcoming and exploiting the plant's defense mechanism (Dieleman, 1969; 1970;
Miles, 1969). Glandular hairs on the leaves of several Solanum species discharge
a sticky substance that entraps aphids and prevents their on the
plant (Gibson, 1971). Hook-like trichomes on the leaves of Passiflora adenopoda
tend to entrap small caterpillars, effectively preventing their survival ana
feeding (Gilbert, 1971).

Biochemical Characteristics.--Many of the so-called 'secondary' plant
chemicals exert metabolic effects on plant-feeding insects; as discussed in a
previous section, a number of these substances are important attractants, deter-
rents, etc. In the long-run, however, plant chemicals affecting metabolism and
thereby the insect's survival and development are at least as important as those
affecting behavior in determining host plant specificity. For example, the
senita cactus, Lophocereus schotti, contains a number of toxic alkaloids. Of eight
species of desert orosophiliTEEZalkaloids killed both adults and progeny of all
except D. pachea, and only D. achea breeds in the tissues of the senita cactus
(KitcheF, it al., 1967). TEe nsect's ability to detoxify the alkaloids is
critical to its utilization of senita cactus tissues.

Solanaceous plants are well-known for their rich and varied content of
alkaloids, and the host specificity of insect parasites of Solanaceae appears to
be determined largely by the insects' ability to metabolize the alkaloids of their
host species. The host ranges of the Colorado potato beetle, Leptinotarsa
decemlineata Say, the three-lined potato beetle, Lema trilineata daturtphila K 6 G,
and hornworm, Manduca sexta (Johan.) are aNiFiRTYdeterminea on this
basis (Kogan and Goeden, 1377ffil77iE al., 1964; Bongers, 1970). Host plant
tissues may vary in concentration of secondary chemicals, depending on the develop-
mental stage of the tissue as well as on the plant organ. Such variability may
influence the feeding activity and developmental success of the insect. Colorado
potato beetle larvae were observed to feed more readily and to grow more
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satisfactorily when fed young potato foliage than when given older tissues;
senescent foliage of either potato or tomato tended to retard growth. These effects
may be partly nutritional and partly the reflection of developmental differences
in tissue concentrations of deleterious substances (Bongers, 1970; Cibula, et al.,
1967). Similarly, larvae of the winter moth, Operphtera brumata (L.), consume oak
leaves early in the growing season, but not later, appareRIFSicause of a high
concentration of tannins in the older leaves (Feeny, 1968).

Todd, et al. (1971) tested the toxicity of flavonoids and phenolic com-
pounds found in the tissues of the host plants of the greenbug, Schiza his raminum
(Rondani). Many of the normal constituents of the plant (barley were oun to
reduce the insect's growth, survival, and reproduction when incorporated into a
standard synthetic diet. These workers concluded that small varietal differences
in the tissue concentrations of such chemicals might be responsible for varietal
resistance to the greenbug.

Tissues of young corn plants have been shown to contain benzoxazolinone
compounds that are deleterious to growth and survival of European corn borer lar-
vae, and also to exert a mild feeding deterrent action. The compounds were iden-
tified as 6-methoxybenzoxazolinone and 2,4-dihydroxy-7-methoxy-2H-1,4-benzoazin-
3-one; the tissue concentrations of these compounds decline as the plants mature,
as well as vary among different plant parts (Bock, 1957, 1960; Beck, et al., 1957;
Beck and Smissman, 1960; Klun and Brindley, 1965; Klun, et al., 1967). Reed, et
al. (1972) showed that borer larvae grew poorly and few completed development when
reared only on leaf tissue containing high concentrations of the benzoxazolinone
analogs; the insect's normal feeding. pattern on corn plants is such that the lar-
vae feed on such tissue for only a short time early in larval life, as was dis-
cussed above.

Some plarzs have been found to contain analogs of the insect hormones
ecdysone and juvenile hormone. The role of plant-borne hormone analags in insect-
plant interactions has not been determined, but the subject is of current research
interest. Juvenile hormone (JH) is the methyl ester of epoxyfarnesoate (Roller,
et al., 1967). A few closely related molecules have been shown to occur in insects
and to have comparable hormone activity. Slama and Williams (1966) found that
some commercial papers contained a JH-mimic that would prevent the metamorphosis
of the plant bug P rrhocoris a terus L. The source of the factor was shown to be
pa:er -pulp conifers, espec ally ba sam fir, Mies balsamea. The hormone analog
W.s identified as methyl todumatuate and givin-TEe-Ennir name 'juvabione'
(Bowers, et al., 1966). A second, closely related JH-mimic was also found in
conifer tissues; it proved to be the dehydro analog of juvabione (Cerny, et al.,
1967). Bowers (1968, 1969) reported that compounds containing a methyl-enedioxy-
phenyl grouping are common plant constituents, and that many display JH activity.
Compounds with JH activity were found in bark and wood samples of red cedar, spruce,
hemlock, and pine as well as balsam fir (Mansingh, et al., 1970).

The insect molting hormone, ecdysone, is a complex steroid, of which a
number of active isomers.are known to occur in both arthropods and plants. They
have been found in high concentrations in many species of ferns of the family
Polypodiaceae, and in nearly twenty families of gymnosperms and angiosperms (Slama
1969). Ecdysone analogs from plant tissues were shown to be feeding deterrents for
the larvae of Pieris brassicae L. (Wei-Chun, 1969). Working with the southern
armyworm, Prodaii7Wridania (Cramer), Soo Hoo and Fraenkel (1964) reported that
fern tissues contagliTT-Fatent feeding deterrent. Ehrlich and Raven (1964) point-
ed out that few insects feed on ferns. In view of the high ecdysone concentrations
known to occur in ferns, the feeding deterrency may have been related to tissue
concentrations of the hormone.

Digestion and Conversion.--The feeding insect must not only ingest the
tissues of its host, but the material ingested must also be suitable for conversion
into the energy and structural substances required for insect development.
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Digestibility is one factor determining the utilizability of plant tissues.

Protease inhibitors occur in some plant tissues as part of the plant's
defense mechanism against herbivores. Such inhibitors have long been known to
occur in legumes and grains (Borchers, et al., 1947; Vogel, et al., 1968), and
have recently been reported in solanaceous plants, at least tomato and potato
(Green and Ryan, 1972). Green and Ryan found that feeding activity of larval and
adult Colorado potato beetles induced the formation of a protease inhibitor;
within a few hours the inhibitor that was formed at the wound site had been trans-
located to other parts of the plant. The factor was found to be a powerful inhibi-
tor of the major intestinal proteases of animals; including insects. Applebaum
and Konijn (1966) demonstrated the presence of a specific Tribolium-protease
inhibitor in wheat seeds. Applebaum (1964) studied the efraTrErsoybean potease
inhibitor on the digestive processes of two bruchid beetles, Callosobruchus
chinensis L. and Acanthoscelides obtectus Say. Proteolytic activity of the di-
ilitiVrEracts was very low in both and the protease inhibitor did not
inhibit digestion in Callosobruchus. Applebaum postulated that the antiproteases
of legumes are defense mechanisms, and that the bruchid beetles have overcome this
barrier to host specificity.

r.

Assimilation and conversion into insect tissues must follow digestion and
plant tissues differ in the degree to which they meet this requirement. Because
maxillectomized larvae will feed on a wider than normal host range, this technique
has been used to determine differences in digestibility and conversion of host
and nonhost plant tissues. Using maxillectomized fourth-instar larvae of the
tobacco hornworm, Manduca sexta, Waldbauer (1962, 1964) investigated the effects
of solanaceous and-REWIETanaceous plant foliage on feeding rates, growth rates,
digestion, and efficiency of conversion. Tomato, Lycopersicon esculentum, was used
as the normal solanaceoup host; two other Solanaceae, Solanum tiNiFEWIETTpotato)
and S. dulcamara; one Scrophulariaceae, Verbascum tha sus; oneIT4EBETiceae,
cataIpt-ii7Taii; two Compositae, ArctiuM7EIEUIburaocx and Tarazacum officinale
Mande ion were tested. In terms-37-TOWaiggron Index (g eaten/g body weight),
dandelion was as acceptable as the solanaceous plants; Arctium minus was slightly
inferior, but Verbascum tha sus and Catalpa speciosa weRTNEiFFET7 inferior.
The latter two-FriEti-iupporte poor larval growth. Coefficients of Digestibility
((g ingested - g feces)/g ingested) x 100) indicated that the solanaceous foliage
was most digestible, with dandelion and burdock nearly as good, but Verbascum was
poorly digested (Catalpa was not tested). Conversion of ingested foaITITTTody
weight was carried out most efficiently with potato foliage, and nearly as effi-
ciently with the other two Solanaceae. Dandelion and burdock were only slightly
inferior, but again Verbascum was poor. With the exception of Verbascum, which
appeared to be both poorly and nutritionally inferioi,TEFTEwer con-
version efficiencies of the nonsolanaceous plants were attributed to lower
digestibility.

Digestibility and convertibility varies among plants fed upon by poly-
phagous insects. The southern armyworm, Prodenia eridania, was studied on 18
different plant species representing 13 prarliiialeiTEO Hoo and Fraenkel,
1966a, b). The larvae utilized 10 of the plants quite efficiently, but the others
supported suboptimal or poor larval growth. Poor host utilization was caused by
low feeding rate, poor digestibility, or inefficient conversion. Digestibility
ranged from 76% down to a low of 36% in the poorest host tested. Efficiency of
conversion ranged from 16 to 56%. Beenakkers, et al. (1971) also reported
significant differences among food plants consumed by the highly polyphagous
migratory locust. For a comprehensive review of methods and data on the subject
of digestion and conversion, the reader is referred '.o Waldbauer (1968).

Nutritional Requirements.--The role of the insect's nutritional require-
ments in determining its host plant specificity is still an open question. The
idea that differences in food habits reflected differences in nutritional require-
ments was an attractive theory to most early workers. In recent decades, however,
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the theory has fallen into disrepute, perhaps in part because of definitional
changes as to what is meant by the term "nutrition." The classical definition is
that nutrition is the sum of the processes by which an organism takes in and uti-
lizes food substances. By such a definition, host plant specificity differences
do indeed represent differences in the insects' nutritional requirements. But by
current usage, nutritional requirements is defined as being that set of chemicals
obtained from the ingested diet that are indispensible to the metabolic and develop-
mental processes of the organism. Adoption of this narrow definition leads us to
the conclusion that the great bulk of evidence indicates that host plant specifi-
city cannot be explained on the basis of specificity of nutritional requirements.
There are both qualitative and quantitative differences among the nutritional re-
quirements of plant feeding insects, and some of these differences almost certainly
represent adaptations to particular families or species of host plants. But the
differences in nutritional requirements are, in all instances so far reported, of
relatively small magnitude; they are far too small to account for the very great
differences observed in host plant specificities.

Plants vary in their content of nutrients required by insects, with such
variation being dependent on the plant part, developmental stage, physiological
condition, and plant genotype. These variations have been shown to influence both
the behavior and the development of plant-feeding insects. In studies of the pea
aphid, Acyrthosiphon pum (Harris), Auclair, et al. (1957) found that the amino
acid content of an variety of peas was quantitatively different
from that of an aphid-susceptible variety; they postulated that resistance was
caused by a relatively low content of free amino acids. In the absence of experi-
mental data on the aphid's amino acid requirements, the interpretation was specu-
lative at best. Colorado potato beetle larvae have been shown to grow faster with
higher survival rates on young foliage than on old foliage of a number of Solanacese
presumably because of a more favorable amino acid content in the younger tissue
(Cibula, et al., 1967). Grison (1958) observed that adult Colorado potato beetles
showed egg production rates that were positively correlated with the phospholipid
content of the foliage fed; senescent foliage was deficient in the phospholipids
required for egg production. A number of other investigators have also reported
differences in nutrient content of plant structures of different ages, and their
apparent effects on insect growth, survival, and reproduction (Blais, 1952;
deWilde, et al., 1969). The importance of the dietary proportions of required
nutrients may be of greater importance than their absolute quantities (House, 1969,
1970, 1971; Maltais and Auclair, 1962; McGinnis and Keating, 1961). Such nutrient
ratios may also influence feeding behavior, and they are almost certain to
influence the efficiency of conversion of ingested food.

Nutrient compounds in the host plant are involved not only in meeting the
insect's requirement for energy and development, but also in other metabolic pro-
cesses essential to survival. For example, European corn borer larvae are
adversely affected by benzoxazolinones contained in the tissues of young corn
plants. The toxic effect of these chemicals is diminished or destroyed by rela-
tively high levels of sugar and/or niacin in the larval diet (Beck, 1957; Beck
and Lilly, 1949; nun, et al., 1967). Plant-feeding insects are usually relatively
soft-bodied and easily desiccated; water content of the host plant may, therefore,
be an important factor in the insect's survival. Water is not usually classified
as a nutrient, and its role in insect nutrition has been little studied. The
possibla involvement of plant tissue water content was considered by Waldbauer
(1964) in his study of plant utilization by Manduca sextet and some of the dif-
ferences between hosts in regard to digestibITTEFina757iversion were attributed
to differences in moisture content. Mellanby and French (1958) observed that
larvae of Diataraxia oleracea L. grew normally on turgid cabbage leaves (85%
water), buiEiZiiiieirailTdehydrated if fed wilted cabbage containing only 70%
moisture. Beenakkers, et al. (1971) postulated that the need for water influenced
the feeding rate and plant selection of Locusta.
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Evolutionary Considerations

Questions frequently arise as to the evolutionary history of insect host
plant specificities; that is, how insects become adapted to new hosts, the perma-
nence of specificity, and the general trend of evolutionary changes.

Earlier workers generally considered it most likely that the original plant-
feeding insects were polyphagous, and that evolution of host specificity was from
a primitive polyphagy to the more restricted food habits of oligophagy and mono-
phagy (Brues, 1920; Dethier, 1954; Fraenkel, 1959; Waldbauer, 1963). According to
this interpretation, general feeders such as grasshoppers and locusts are con-
sidered to be relatively primitive; whereas the more specialized aphids and saw-
flies are more highly evolved in their host plant specificities. There is, how-
ever, very little evidence in support of such a hypothesis. There are more com-
pelling reasons to consider the evolutionary trend to have been much more diversi-
fied. The bulk of the evidence supports the hypothesis that there has been a co-
evolution of plants and insects, involving a wide spectrum of host plant specif i-
cities (Ehrlich and Raven, 1964, 1969; Dethier, 1970; Singer, 1971). According to
this hypothesis, as new plant populations become available to insects that have
been utilizing related plant forms, the new potential host may be incorporated
into the insect's host range, or excluded from it, or populations of the insect may
become adapted to the new plant form to the exclusion of the original host. On an
oxersimplified basis of either acceptance or rejection of a host plant, there are
2 possible combinations and permutations of host plant specificities, where n
represents the number of plant forms available. A surprisingly small number of
different plant forms can be associated with a very large variety of specificities
in insect host range. There is no reason to limit the insect's adaptive capability
and evolutionary potential to a progression from polyphagy toward monophagy.

The probable role of secondary plant chemicals in the evolution of insect-
plant interactions has been emphasized by a number of investigators. These sub-
stances are not known to play a part in the plant's principal metabolic pathways,
and are considered to be components of plant defense against pathogens and herbi-
vores, including insects (Fraenkel, 1959, 1969), and as allelopathic agents
directed toward other plants (Whittaker, 1970, Whittaker and Feeny, 1971). Having
arisen by chance mutation or genetic recombination, such characteristics might
tend to confer a selective advantage, enabling the plant to enter a new adaptive
zone. Ensuing evolutionary radiation might remit in what started as a chance
genetic characteristic to become a characteristic typical of an entire plant popu-
lation, species, or family. On the other hand, a genetic mutation or recombi-
nation appearing in a population of insects might enable some individuals to feed
on the previously protected plant group, with the mutant insects responding posi-
tively in behavior (feeding, oviposition) to the previously prohibitive secondary
plant chemicals and having the metabolic capability of detoxifying protective
chemicals. Selective advantage thereby conferred on the mutant insects would allow
them to enter a new adaptive zone, where diversification in the absence of compe-
tition from other herbivores could occur (Ehrlich and Raven, 1964).

Although of unquestioned importance, secondary plant chemicals are not the
only factors guiding the evolution of host plant specificity. This point is well-
illustrated by a recent study (Singer, 1971) of the evolution of host plant
specificity in a nymphaline butterfly, Eufhydryas editha. Singer investigated the
ovipositional preferences of six geographical poptiliTTERs of the species, with
field observations and laboratory experimentation. Distinct population differences
were demonstrated, but they were in large part attributable to the insects'
adaptations to ecological differences between the areas occupied by the several
populations. Phenological, geographic;', plant population density, and insect
genetic differences were all shown to play a part in the evolution of the separated
populations, each of which was well-adapted to its geographical location.
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Orientation responses to a plant, whether for feeding or oviposition, are
genetically determined. The effects of mutation or genetic recombination might be
expected to alter the population-typical phenotypic reaponse patterns. The genet-
ics of host plant specificity has been little studied, however, and more investi-
gations of the subject are badly needed. Sibling species and geographical popu-
lations of a single species should provide excellent material for such research.

In his very fine review and analysis of insect-plant relationships,
Dethier (1954) cited some early genetic studies. In crosses of two sphingid moths,
Pergesa el enor males (feeds on Epilobium) were mated with females of Celerio
hip?ophaes eeds on Hippophae rhammoides). The mated females laid their eggs on
their natural host, Hippothae, but the progeny would feed only on Epilobium. Other
early hybridization experiments also produced Fl progeny that displayeci the feeding
preferences of only the male parent. Hybrid sterility prevented further genetic
analysis in most cases. Hybrids of Poecilo sis pomonaria and P. isabellae were
found to be cross-fertile. The Fl progeny of reciprocal 17376W-on larch,
the preferred host of P. f.sabellae, but ther crosses and backcrosses would feed
only on hawthorn, the preferred host of r. pomonaria. Both Celerio euphorbiae and
C. mauretanica normally feed on Eu horbii auTd-FWTWE Salix; hybrid progeny ea
readily on Salix. Selected strains o rieris rapae (t7T;ire studied by Hovanitz
(1969). Cross moss experiments between staliii t at had been conditioned to dif-
ferent host plants demonstrated that multiple genetic factors control both feeding
and oviposition preferences.

The feeding experience of a larva may condition its subsequent feeding
preferences, but a carry-over of larval conditioning into the adult stage has not
been convincingly demonstrated. .jermy, et al. (1968) found that last-instar
larvae of Manduca sexta and Heliothis zea, which were offered a choice of different
host planti7iWeri-Elear FaTielce-TEr the plant on which they had been pre-
viously fed. They could not be conditioned to a plant species outside of their
normal host range. Tobacco hornworm larvae thit had been reared from the 2nd to
the 5th instar on artificial diet, fed rather indiscriminantly when transferred to
plant material, indicating at least a temporary loss of feeding specificity
(Schoonhoven, 1967, 1969). Although larval conditioning could be demonstrated in
the Colorado potato beetle, the conditioning did not influence the choice of plant
for either feeding or oviposition by the adult beetles (Bongers, 1965). Where a
predilection occurs for oviposition on a plant not usually preferred, it has been
observed under conditions that probably involved a selective survival of the
larval stages (e.g., Hovanitz, 1969). This effect would result in the establish-
ment of a genotype differing from the original population and showing altered
phenotypic orientation behavior.

In order to account for the evolution of different host plant specificities
on the basis of genetic mutation )r recombination, it is necessary to assume the
existence of isolation mechanisms. In the absence of genetic isolation, the new
genotype would continue to be part of the population gene pool, and this would have
the effect of broadening the population's host range. At the present time, we do
not have good information concerning isolation mechanisms, other than geographical.
The population rather than the species forms the gene pool that is applicable
(Ehrlich and Raven, 1969). Isolation mechanisms that might be operative in the
case of mutant forms feeding on a new host plant include such factors as markedly
different developmental rates, resulting in the adults being available for mating
at times differing from that typical of the parent population. Behavioral iso-
lation might also occur, providing that the mutants display behavioral differences
in flight behavior, mating behavior, pheromone response, or circadian activity
rhythms, in addition to the altered host plant specificity. There is also a
possible isolation of the mutant from the parent population as the result of dif-
ferences in the local distribution and population density of their respective host
plants. This aspect of host plant specificity merits much further research.
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The use of insect-resistant agricultural plants is an attempt to disrupt
existing host plant specificities by removing the protected plant population from
the target insect's host range. If it cannot be removed entirely, the aim is at
least to make the plant less well utilized. The question of the permanence of
such resistance is frequently raised. Might not the insects overcome the resis-
tance, and become well-adapted to the once-resistant crop plant? Unless this
possibility is guarded against, eventual adaptation seems highly likely. A few of
the requirements for maintaining reasonably permanent resistance are known. With-
in a geographical area where large plantings of one crop occur, more than one type
of resistant plants should be used. A genetic novelty that might enable a particu-
lar insect to survive on a resistant variety might be of no selective survival
value on another resistant variety, provided that the mechanisms underlying the
resistance were different in the two cases. For an example of this type of perma-
nent resistance to the Hessian fly, Ma etiola destructor (Say), see Hatchett and
and Gallun (1970). If the agriculture area concerned large witha randomly
distributed, fully interbreeding insect population, the chances of an adapted
insect population might also be greatly reduced. This aspect of insect-plant inter-
action is another area that is in need of much further research.
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Introduction

Economically important plant resistance to insects was recognized to grape
Phylloxera in Europe in the 1870's and early in this century in wheat against
Hessian fly, Ma etiola destructor, and against wheat stem sawfly, Ce hus cinctus.
These were insec pro lems, which at that time could not have been solved
resistance.

In forage legumes expenditures tor pest control have to be minimal to be
economical. But, fortunately, the tolerable economic injury level of pest popu-
lations in forage crops is comparatively high to obviate complete eradication of

insect populations.

All classes of livestock depend on high quality forage production. In-

creasing apprehension concerning pollution with insecticide residues in animal
products such as milk, meat and eggs and elsewhere emphasizes the importance of
plant resistance in pest management, because man is recognized as the last link
in the food chain.

Most forage crops support with their lush growth an intense insect life and
harbor not only pests but many indifferent or beneficial species as pollinators,

predators and parasites. Perennial forage crops like alfalfa also are overwinter
habitats fur insects.

Forage crops therefore play a complex and important role in balancing the
agroecosystem beyond field boundaries. Resistant plants only interfere minimally
with such delicate balances, as they do not completely eliminate insect populations
but react defensively against attacking pests. Certain modes of resistance like
tolerance may even favor a population buildup with much less damage than to a

susceptible variety. Even neighboring crops may benefit from tolerant forage
varieties, once the predator-parasite complex has been built up and is spilling

over.

Crop improvement has come a long way from distinguishing between proverti-

ences, selecting of local varieties, creation of cultivars, to assiduous breediuv
of nearly isogenic lines, differing in a single or a few characteristics only.
Alfalfa is outstanding among forage crops in insect resistance. Hopefully, the
fast progress achieved and experience gained in alfalfa breeding will reflect on
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other forage crops in which development of resistance is lagging behind or com-
pletely in the dark.

Blanchard (1943), surveying the literature, found more evidence of resis-
tance in forage craps to sucking insects such as the pea aphid and potato leaf-
hopper than to the chewing insects, which is still true, and there is still a
pressing need for forage crops resistant to a host of insect pests.

Entomological Techniques and Procedures

Field Evaluation of Forage Legumes Under Natural Infestations.--Natural
outbreaks of many insects occur at intervals of several years and may be utilized
to select plants showing varying degrees of resistance. Outbreaks have been
particularly useful in selecting alfalfa plants with resistance to the pea aphid
(Blanchard and Dudley, 1943; Painter and Graadfield, 1935; Dahms and Painter,
1940; Ortman, et al., 1960), and the spotted alfalfa aphid (Srith, et al., 1958;
Harvey, et al., 1960). Field populations also have been successfully utilized in
recurrent selection programs to develop resistance to the potato leafhopper
(Dudley, et al., 1963) and the alfalfa weevil (Barnes, et al., 1970). Areas where
infestation and damage are more frequent than elsewhere are valuable sites for
resistance-evaluation nurseries. Permanent or semipermanent testing areas help
maintain an insect population.

Resistance is usually measured by counting the surviving insect population
or estimating damage to plants. Estimates by weight or volume replace exact
counts when insects are too numerous or too active. Counts of eggs may suggest
whether nonpreference is a part of the resistance phenomena. In addition various
indirect methods such as shed skins, parasite exit holes (Painter, 1951) and
parasitized insects (Harvey and Hackerott, 1967), may be used to estimate insect
populations.

Damage is usually scored on a 1 to 9 scale with 1 = least and 9 = most.
When evaluating clones, experimental lines or cultivars in the field for resis-
tance to insects, conditions that may cause deviations in the behavior of the
insect and of the plants under study should also be considered. For example,
orientation and host selection of tarnished plant bugs are apparently strongly
influenced by the presence of aphids or honeydew (Lindquist and Sorensen, 1970).

Controlled Infestation in Laboratory anr6reenhouse.--In the laboratory
or greenhouse thousands of seedlings can be evaluated in a short time. Mass
screening is especially valuable because resistant individuals often exist as a
small fraction of a generally susceptible population. Environmental conditions
can be adjusted to favor the plants or insects according to the selection pressure
required in addition to maintaining the appropriate infestation level and homo-
geneous distribution of the insects. Knowing how to culture the insect species is
necessary for laboratory or greenhouse screening. Rearing techniques are usually
intricate and require knowledge of physical and biotic factors that influence
fecundity and development of the species.

Measuring Resistance.--Resistance is a relative state obtained by comparing
with a known variety of predictable reaction under the same conditions. Any method
that measures plant growth and/or insect damage helps. Examples are plant height,
number of leaves, chlorotic spots, and area of leaves consumed. For convenience
of recording, biometric evaluation and summarizing of large bodies of data, the
various degrees of resistance are assigned numerical values. Many preliminary
studies may be required to arri/e at a satisfactory method of managing the insect

population and handling the screening.

Special Studies on Host Plant-Insect Relationship in Forage Legumes.--The
need to distinguish the different modes of resistance, e.g., antibiosis,
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non reference, and tolerance, in order to succeed in a breeding program for resis-
tance to leafhoppers was stressed by Moore (1968). The method of phenotypic re-
current selection used to increase frequency of resistant genes without separating
tolerant and antibiotic factors seemed to stabilize the ratio of both types of
resistance mechanism. The tolerant reaction was assumed to continually dilute the
more effective antibiotic mechanism and, thus, retard progress toward more complete
leafhopper resistance.

Cooperation with efficient biochemical laboratories seems to be of great
advantage to establish the relation between biochemical compound and host plant
resistance or to measure the relation between insect injury and level of nutrients
and feeding value. Moore (1968) established the relation between carotene content
of alfalfa, flowering data, and the potato leafhopper feeding injury. Attention
has been drawn to saponins as possible factors for resistance in alfalfa to white
grubs (Horber, 1965) and in legume seed to attack by stored-product insects
(Applebaum, et al., 1969). Hsiao (1969), who investigated the chemical basis of
acceptance or rejection of various leguminous plants by the alfalfa weevil used
several saponin fractions isolated from alfalfa leaves that inhibited microbial
growth. Incorporated into artificial diets at a 1% concentration, none of the
fractions inhibited larval growth of the alfalfa weevil. In fact, some improved
larval feeding growth, and tests on agar-cellulose medium confirmed their stimu-
lative effects on feeding. Unfortunately Hsiao did not name the alfalfa variety
he used. Probably different saponins or different components of the saponin mole-
cule are responsible for the different effects, as several different saponins may
occur in the same plant. It has been difficult to isolate saponins in a pure state
so relatively little work has been done on the chemistry of saponins.

Roof, et al. (1972) reported a bioassay technique to differentiate various
concentrations of saponins of different plant origins, e.g., Yucca sp. and alfalfa,
using nymphs of potato leafhopper and pea aphid, respectively. Increasing saponin
concentrations from 0.01% to 5% increased mortality in those two insects. Bio-
logical activity apparently depends also on the variety and origin of alfalfa.
Biological activities of 3 of 10 fractions from Dupuits alfalfa and purified with
repeated preparatory thin-layer chromatography exceeded those of any of 10 fraction
from Lahontan. Specific differences between varieties susceptible or resistant to
leafhopper, pea aphid, and possibly other alfalfa insects may be caused by various
degrees of antibiosis or aversion to differences in content and composition of
saponins (Horber, et al., 1974). The influence of physical factors and host plant
odor on the induction and termination of dispersal flight by adult sweetclover
weevil, Sitona cylindricollis Filhraeus, was studied by Hans and Thorsteinson (1961).
They fouRrEFia colors were ineffective to attract weevils to the host but that
coumarin was very effective to terminate flight activity.

Appreciable resistance to feeding by the adult sweetclover weevil has been
found in only one sweetclover species, Melilotus infests Guss (Gross and Stevenson,
19641 Manglitz and Gorz, 1964; RadcliffiiErradONT-1-964). Three water-soluble
factors from hot water extracts of Melilotus leaves (Akeson, et al., 1968), which
influenced feeding by the adult sweitEUVWWeevil were detected with a root-disk
bioassay (Akeson, et al., 1967). One feeding stimulant (Stimulant A) and one
feeding deterrent (Deterrent A) were found in leaves of both the resistant M.
infesta and susceptible M. officinalis (L.) Lam. plants. A second feeding deter-
rent Deterrent B) was detected only in leaves of the resistant species. Avail-
able evidence suggested that Deterrent B was the factor primarily responsible for'
resistance of M. infests to the sweetclover weevil.

Deterrent B was isolated from hot-water extracts of M. infesta leaves and
identified as ammonium nitrate (Akeson, et al., 1969d). IsoTatiFTWEIrrent B and
ammonium nitrate had identical feeding deterrent activities when tested with the
root-disk bioassay. Other studies (Akeson, et al., 1969a, 1969c) gave sub-
stantial evidence that the nitrate content of leaves of young M. infesta plants
was associated with resistance to adult sweetclover weevils. BeliErWE al. 1970)
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studied the accumulation of nitrate in various parts and at different stages of
plant maturity. All parts of 6-week-old M. infesta plants were analyzed to deter-
mine nitrate distribution within a plant of r7Tri7wE age. Nitrate content was low
in newly developed pinched leaves but became progressively higher with each succes-
sive stage of leaf development. The nitrate content of the oldest leaves was 2,
3, 9 and 80 times higher than that of the first fully expanded, unfolded, loosely
pinched, and tightly pinched leaves, respectively. Nitrate levels in petioles and
stems were about equal to those of the older fully expanded leaves and nearly twice
as much as in the roots. Susceptibility of the leaves of young M. infesta plants
to feeding of the sweetclover weevil was associated with their respiaNinitrate
contents. Pinched leaves were fed on extensively, unfolded leaves were fed upon
less extensively than pinched leaves, and fully expanded leaves were not fed upon.

The nitrate content of leaves of a particular stage c: development was
affected by the age of the plant. With the exception of the pinched leaves,
which at all plant ages had a low nitrate content, the leaves of each developmental
stage had a high nitrate content in young plants but a low level in the mature
plants. The low-nitrate leaves of the mature M. infesta plants were resistant to
sweetclover weevil feeding, which fact indicated arriUme factor other than
nitrate was responsible for the feeding resistance in leaves of these mature plants.

The sugars, sucrose, fructose and glucose have been identified by Akeson,
et al. (1969b) as the active components of Stimulant A, a water-soluble fraction
of Melilotus officinalis (L.) Lam. leaves which stimulates feeding by the sweet-
cloWrga7r1. Of 21 sugars and selected compounds tested by Akeson, et al. (1970)
sucrose was the most effective feedilg stimulant, whereas fructose, glucose,
galactose, mannose, myo-inositol, and maltose exhibited only moderate stimulant
activity. Four compounds, arabinose, ascorbic acid, glucuronic acid and mannitol
displayed feeding deterrent activity.

Manglitz, et al. (1971) reported that the sweetclover (Melilotus alba
Desv.) variety Dente, which was low in coumarin, was less suscei)ETENE6 rootborer
(Walshia miscecolorella Chambers) than varieties high in coumarin content.

Before a certain attractant, repellent, or insecticidal property is
unequivocably attributed to chemicals they should be isolated in pure form and
thoroughly investigated as to their composition, structure, activity in both resis-
tant and nonresistant cultivars, preferably in isogenic lines. When adverse proper
ties to insects have been proved, they should be tested with domesticated animals.
Foaming properties of alfalfa have been studied in relation to saponin content
and bloat-promoting potential in cattle and sheep (Hanson, 1963; Lindahl, et al.,
1957). Saponins apparently do not have the same importance in bloat promotion as
do proteins, pectins, and poliuronides, favorable media for rapid and intensive
CO

2
production, foam promotion, and suppression of eructation (Maymone, 1963).

Mechanical Causes of Resistance.--An insect's choice of plants for feeding
and oviposition often may be determined by some external protective feature such
as thickened epidermis or cuticle, fibrous or spiny surface, small cavities or
crevices, pubescence and hairiness, etc. Taylor (1956) observed that pubescent
alfalfa plants were more resistant to infestation by the potato leafhoppers than
more glabrous plants were, although differences in resistance were observed among
progenies of glabrous plants. He concluded that the leafhopper preferred glabrous
to pubescent plants for oviposition. Differences were also observed in stem
anatomy, thickness, aad localization of sclerenchymatic tissue and formation of
several layers of cortex in lupines resistant to pea aphids (Wegorek and Dunajska,
1964).

Role of Host Plant in Wing PolXmorphisms in Aphids.--Influence of host
pla:c. on wing polymorphisms was studied by several authors to prove or disprove
the theory that escape from an existing or impending depletion of nutrient supplies
is attempted by production of winged forms. Apparent support for the importance
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of diminished food supply on the production of alatae was provided by Gregory
(1917). She removed adult pea aphids from the plant for daily periods of limited
starvation and observed an increased percentage of elate offspring when compared
to unstarved parents. Because of the importance of crowding on production of
alatae, the validity of most of the early research on the role of nutrition via
host plant in which crowding was not controlled has become doubtful (Johnson and
Birks, 1960). Crowding effect was considered acting through over-exploitation of
the host plant or from aphid interactions. Crowding effects were described by
Paschke (1959) in the spotted alfalfa aphid, by Johnson and Birks (1960), in the
cowpea aphid Aphis craccivora Koch, by Lees (1967) on Me ours viciae (Buckton),
by Sutherland ( 60a on tne pea aphid and by Shaw (197 on ApHIiiibae.

Johnson and Birks (1960) pointed out that aphids on plants in poor con-
dition tend to withdraw their stylets, and are more restless than on favorable
plants. Sutherland (1967, 1969a) demonstrated that seedling tissue had an appe-
tizing influence on isolated pea aphids. When Johnson (1965) reared cowpea aphids
on leaf discs until mature and transferred them to old leaf discs during parturi-
tion, they produced more elate progeny than those transferred to fresh leaf discs.
The immediacy of the response in alate production was explained as a response to
taste rather than nutrition. Sutherland (1967, 1969b) observed pea aphids pro-
ducing predominantly elate while on mature leaves and reverting to apterae pro-
duction immediately upon being returned to seedlings. When Sutherland (1969b)
reared pea aphids isolated on bean seedlings he obtained fewer elate offspring
than when he reared them on mature bean leaves. He concluded that seedling
tissue was amino acid rich and provided a more complete diet than did mature leaves
of older plants. He further concluded that optimal nutrition resulted in greater
production of apterous pea aphids. His findings agree with the widely held
assumption that existing or impending depletion of nutrients or deterioration of
the host plant lead to the production of alatae.

However, in contrast to that, Johnson (1965) found that by increasing
starvation time of adult cowpea aphid there was a gradual shift from 100% elate
production during a 4-hour and 1-day starvation period to 100% apterae production
after a total starvation period of 3 days. Lees (1967) noted a decline in alate
production after parent Me ours viciae were crowded off the plant for 3 days.
Toba, et al. (1967) observe tat lEilonger the spotted alfalfa aphids were
starved the less alatae they produced.

It appears that increased elate production cannot be explained as a means
to escape from failing food supply in all aphids. From continuing research with
artificial diets, leaf tissue analysis and phloem-sap analysis a more reliable
supplement of data is expected to correlate with those obtained from directly
observing fecundity, reproduction rates, growth rates, wing formation, or size of
aphids. Wing polymorphisms and elate production may thus come to aid as an
additional sensitive measure in evaluating nonpreference and antibiosis.

Artificial Diets.--In recent years artificial diets have been developed for
many phytophagous insects; among the media are those that support continuous
cultures of polyphagous aphids like Myzus rsicae (Sulzer), !phis, fabae (Scopoli),
and Neom zus circumflexus (Buckton) (Dadd ano rttler, 1966; Dadd aRaEieger,
1967; rnardt, 1968a) as well as of the oligophagous pea aphid Acyrthosiphon els=
(Harris) which has a more restricted range of hosts among legumes (Akey and Beck,
1971). Using such diets has elucidated some nutritional requirements (Dadd and
Krieger, 1967, 1968; Ehrhardt, 1968b) and has made it possible to study other
problems related to nutrition, e.g., feeding behavior (Mittler, 1967a), ingestion
(Mittler, 1967b), and wing determination (Dadd, 1968). The artificial diet has
permitted mass rearing of several hundred thousand European cornborer egg masses
in the Lime season for artificial infestation techniques in large nurseries and
in screening tests in the field (Guthrie, et al., 1965).
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Factors Affecting Expression of Resistance

Insect Biotypes.--As insect populations are heterogeneous and dynamic, any
stress or selection pressure may result in new, physiologically distinct strains.
Polyphagous species are generally less subject to biotype formation than mono-
phagous species because starvation as selection pressure is rarely achieved.

Tin, alfalfa weevil Hypera ostica (Gyllenhal) occurs in eastern and western
strains that net in Kansas in 1971. t will be of importance to follow new develop-
ments closely since cross matings between the two strains demonstrated that they
are partially intersterile. Eastern females crossed with western males produced
infertile eggs. The reciprocal cross produced fertile eggs, but progeny were pre-
ponderantly female. Hybrid progeny backcrossed to parent populations produced
viable eggs, as did hybrid by hybrid crosses (Blickenstaff, 1965). Incompati-
bility between the two strains was confirmed by White, et al. (1972), but they
observed hybrid vigor in backcrosses. Interaction of the strains in the field
and in the greenhouse should be observed to detect any change in ecological or
behavioral traits in relation to different alfalfa varieties.

Six biotypes of the spotted alfalfa aphid (SAA), Therioaphis maculate
(Buckton), have now been recognized in western United States. Among Eni7-16ur
are recent discoveries identified from a combination of studies including tests
on the parent clones of "Moapa" and "Washoe" alfalfa, biological activity, and
response to some organophosphate insecticides. The biotypes have been desig-
nated ENT-A, ENT-B, ENT-C, ENT-D, ENT-E, and ENT-F. Biotype ENT-A was collected
near El Centro, California in 1958. The population reproducea-M7survived on 3
to 9 clones of the resistant cultivar Moapa and had high biological activity on
1 clone of the SAA and PA resistant 8-clone cultivar Washoe, and was susceptible
to some organophosphate insecticides. Biotype ENT-B was the original population
found in southwestern United States in 1954. Ind not reproduce or survive on
the parent clones of Moapa or Washoe; had high biological activity, and was sus-
ceptible to some organophosphate insecticides. Biotype ENT-C was discovered near
Perryville, Arizona, in 1968. It reproduced and survive376Er clone of Moapa and
1 clone of Washoe: had high biological activity and was resistant to some organo-
phosphate insecticides. Biotype ENT-D was found in Kings County, California, in
1968. It reproduced and survived clone of Moapa and 1 clone of Washoe, had
low biological activity, and was resistant to some organophosphate insecticides.
Biotype ENT-E was found in San Bernardino, California, in 1968. It reproduced
and survivedOn 5 clones of Moapa and 1 clone of Washoe, had very high biological
activity, and was susceptible to some organophosphate insecticides. Biotype
ENT-F was discovered near El Centro, California, in 1969. It reproduced and
survived on 4 clones of Moapa but not on any clone of Washoe, had moderately high
biological activity, and was susceptible to some organophosphate insecticides
(Nielson, et al., 1970b).

Nielson, et al. (1971) evaluated fifty-two experimental alfalfa and
cultivars for resistance to 4 biotypes (ENT-A, ENT-C, ENT-E, ENT-F) in greenhouse
tests at Tucson, Arizona. Three alfalfas (Caliverde 65, developed by the
University of California at Davis: T-3-12, a new experimental one developed
jointly by University of California and Entomology Research Division, ARS, USDA),
were rated highly resistant, 14 moderately resistant, 13 intermediate, 7 low
resistant, 9 susceptible, and 6 highly susceptible. Differences in seedling sur-
vival were highly significant. Differences among biotypes were also highly signi-
ficant. ENT-F was the most virulent, followed by ENT-E, ENT-A and ENT-C.

Vigilance and continuous testing against biotypes as they were discovered
ensured development of varieties more resistant to the new biotype than the one
damaged.

Biotypes of the pea aphid (PA) were observed in and studied in Canada
(Cartier, 1957, 1959, 1960, 1964), Finland (Markkula, 1963), Germany (Muller,
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1962), Poland (Wegorek, 1968), Switzerland (Meier, 1964). Cartier, et al. (1965)
in studying two aphid populations from Quebec and Kansas, respectively, on ten
alfalfa clones at three temperatures, concluded that the two populations differed.
Cartier and Auclair (1965) investigated the behavior of different biotypes when
exposed to different colors on an artificial diet.

Cartier (1964) studied 151 different parthenogenetical lines collected in
fields in Quebec and Ontario. He distinguished three biotypes: A, B, and C. Bio-
type A was superior when cultivated on peas and on alfalfa. He assumed that bio-
types A and B were dominant where alfalfa was grown. These biotypes differed also
in other respects. Copulations took place between individuals of all three bio+
types with normally appearing eggs produced. Auclair (1966) collected 7 clones of
the pea aphid on alfalfa in southern New Mexico and reared them in the greenhouse
on peas and on alfalfa. Growth and reproduction were generally higher on alfalfa
than on peas. Alfalfa seedlings were more resistant than pea seedlings. As the
plants aged several weeks, more aphids grew and reproduced on alfalfa than on peas.
Such variations in plant susceptibility to the pea aphid indicate that the age
and growth stage of the host plant must be carefully standardized for evaluation
of resistance. Markkula (1963) found a green, more abundant, and a red pea aphid
in Finland. Their reproductive periods and other biological properties differed
on pea and on red clover. The pea plant reduced progeny of red aphids more than
of green aphids. The red form has not yet been found in the United States, sug-
gesting that only the green form was introduced from Europe.

Environmental Factors Modifying Resistance.--Changes in plant resistance
to insects are associated with various growing conditions. The degree to which a
plant is suitable as an insect's host can be modified by such environmental factors
as light, temperature, moisture, and nutrients. The responses of the insects,
including those to olfactory and gustatory stimuli, also, may be modified by
environmental changes. Thus, a cultivar that exhibits resistance in one locality
or environment may be susceptible in another.

That low temperatures may reduce resistance in alfalfa to the spotted
alfalfa aphid was first noted by Howe and Smith (1957). Then Hackerott and Harvey
(1959) demonstrated higher SAA survival at low (15.6C) than at high (27C),
temperatures on resistant plants, but without difference in plant damage. Further
observations on temperature-dependent modifications of resistance to the spotted
alfalfa aphid were reported by McMurtry (1962), Isaak, et al. (1965), Schalk,
et al. (1969) and Kindler and Staples (1970b). Laboratory studies demonstrated
that plant nutrition affects resistance to the SAA. Resistant alfalfa deficient
in phosphorus became more resistant; deficient in potassium, it became less resis-
tant, while nitrogen deficiency had no effect (McMurtry, 1962). Kindler and
Staples (1970a) reported identical results plus decreased resistance with defic-
iencies in calcium or potassium or excess magnesium or nitrogen. Sulphur levels
had no effect. Plant age influenced resistance with older plants more resistant
than seedlings (Howe and Pesho, 1960a). Photoperiod (McMurtry, 1962), relative
humidity (Isaak, et al., 1963), and soil moisture (Kindler and Staples, 1970b)
had little or no influence.

Development of Resistance to Alfalfa Insects

Alfalfa Seed Chalcid.--Methods are described for field screening and
laboratory management of this insect (Nielson, 1967; Howe and Manglitz, 1961;
Strong, 1960, 1962a; Watts, et al., 1967; Booth, 1969; Nielson and Schonhvcst,
1965a). Certain cultivars, particularly Lahontan, have been reported by several
investigators as having light infestations (Howe and Manglitz, 1961; Strong,
1962b; Nielson and Schonhorst, 1967). Basic studies on causes of resistance may
be found in Kamm and Fronk (1964), who observed response of adult chalcids to 95
chemicals in alfalfa.
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Alfalfa Weevil.--Methods are available for field and greenhouse screening.
Laboratory management was summarized by Schroder, et al. (preparation). Work of
Huggans and Blickenstaff (1964) made it possible to rear the alfalfa weevil con-
tinuously in the laboratory. Two cultivars, Team and Weevl-chek, have been
released for resistance to the alfalfa weevil. Although neither has a high degree
of resistance, both perform better than other varieties when infested with the
weevil. In the case of Team, antibiosis and nonpreference are operating along with
tolerance. In Weevl-chek tolerance is the only mechanism known to be operating.

Spotted Alfalfa Aphid (SAA).--Field screening and greenhouse management
techniques are available (Harvey and Hackerott, 1956; Nielson, 1957; Howe and
Smith, 1957; Graham, 1959; Daniels, 1960; Harvey, et al., 1960; Howe and Pesho,
1960a; Howe and Pesho, 1960b; Howe, et al., 1963; Messenger, 1964; Manglitz, et
al., 1966; Schalk and Manglitz, 1969; Manglitz and Schalk, 1970). A combination
of greenhouse and field screening works well with SAA because plants evaluated in
the greenhouse will be resistant in the field and vice versa (Harvey, et al.,
1960). Often excised plant parts have been used in etch tests with apparently
good results. However, Thomas, et al. (1966) demonstrated that the degree of
resistance may be less in excised leaves than that in intact leaves. Large num-
bers of plants must be examined as only one resistant plant may be selected for
each 3,000 susceptible plants tested (Padilla and Young, 1958). Many cultivars
resistant to SAA have been developed. The USDA lists 14 that were released before
December, 1969 (Anonym., 1969). Possibly all three modalities of resistance are
involved (Jones, et al., 1968; Nielson and Currie, 1959; Kishaba and Manglitz,
1965; McMurtry and Stanford, 1960; Kindler and Staples, 1969; Kishaba and Manglitz,
1968; Marble, et al., 1959; Ortman, 1965; Kirchner, et al., 1970).

Pea Aphid (PA).--Methods of managing field populations of the pea aphid,
evaluating resistance in the field, and rearing the insect in the greenhouse are
closely similar to those for the spotted alfalfa aphid. Various methods to
evaluate resistance to the pea aphid in alfalfa were investigated by Ortman, et al.
(1960). Greenhouse and field evaluations for pea aphid resistance in alfalfa are
positively correlated (Hackerott, et al., 1963). Several resistant varieties
have been released: Washoe was the first (Peaden, et al., 1966), followed by
Dawson (Kehr, et al., 1968), Mesilla (Melton, 1968), and Kanza (Sorensen, et al.,
1969b). Each also is resistant to the SAA and certain diseases. Another variety,
Team, which was developed primarily for alfalfa weevil resistance, also resists
pea aphids (Barnes., et al., 1970). Heritable and stable resistance to the pea aphid
is available, but as with SAA causes of resistance are not understood. Dahms and
Painter (1940) first reported reduced fecundity of pea aphids on resistant
alfalfa. Reduced fecundity and survival (Manglitz, et al., 1962; Carnahan, et al.,
1963; Hackerott, et al., 1963) and perhaps reduced feeding ( Ortman, 1965) seem
characteristic of pea aphids on resistant plants. The specific amino acids found
in pea aphids and their honey dew may differ from those in SAA; otherwise the
behavior of the two aphids on resistant plants is similar (Ortman, 1965).

Sandmeyer, et al. (1971) compared longevity, reproduction and rate of
nymphal development of 3 successive generations of the PA and the SAA reared on
the same 6 alfalfa clones. Clones 1388 and 1-418 were highly susceptible, where-
as N-556 and N-529 were highly resistant to both aphids. Clones C902 and N-466
were moderately resistant to PA but highly resistant to SAA. Reproductive rates,
cumulative number of nymphs and length of reproductive periods varied from maximal
on susceptible to low or 0 on highly resistant clones. Developmental rates of SAA
appeared more directly affected by the various plants than PA. Molting diffi-
culties appeared on clone N-522 for the third and fourth SAA instars, which may
have caused the lag phase observed. These results indicate that probably different
metabolisms of Loth plant and insect may govern responses of the 2 aphids.

Meadow Spittlebug.--Field screening and laboratory techniques are described
by Wilson and Davis (19S3, 1958, 1965) and Hill and Newton (unpublished data).
Antibiosis and tolerance were determined and a simple preference test has been used
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effectively in Indiana (Wilson and Davis, 1965). Culver is the only cultivar so
far developed specifically for resistance to the meadow spittlebug (Wilson and
Davis, 1960). It performed well as a variety in Indiana, demonstrating both
antibiosis and tolerance.

Potato Leafhopper.--Field screening and laboratory or greenhouse manage-
ment are reported by Sorensen, et al. (1972). Jarvis and Kehr (1964, 1966);
Schillinger, et al. (1964); and Newton and Barnes (1965). Webster, et al. (1960a)
successfully selected for resistance on the basis of seedling survival in the
growth chamber. Kindler and Kehr (1970) had similar results with seedlings
screening in the greenhouse. However, when the selected plants were evaluated
against leafhoppers in the field, they were no more resistant than unselected
plants. Differences among cultivars in susceptibility to leafhopper attack were
reported by Jewett (1929); Farrar and Woodworth (1939); Graber (1941); Davis and
Wilson (1953); Hanson, et al. (1964); Webster, et al. (1968b); Moore (1968).
Cultivars, such as Rhizoma, Rambler, Teton, Vernal, and Culver, that contain some
M. falcate germplasm exhibit relatively high tolerance compared with unselected
M. r7 Resistant cultivars properly managed perform well with little damage
TroirTiiThoppers.

Other Alfalfa Insects.--Aamodt and Carlson (1938) found some cultivars,
especially Grimm, able to flower despite lygus bug (Lygus spp.) injury, and
Malcolm (1953) reported differences in lygus bug prelikiTiNce among 16 cultivars.
Turkistan and Ladak harbored low populations compared with those on Ranger and
Buffalo. Nielson and Schonhorst (1965b) sampled Lygus populations on many alfalfa
cultivars in Arizona and found significant differences among entries. Differences
in resistance among cultivars as measured by survival or damage to infested seed-
lings was demonstrated *by Lindquist, et al. (1967). Several progenies from intra-
variety crosses of selected plants display higher seedling survival after infes-
tation with Lygus lineolaris (Palisot de Beauvois).

Radcliffe and Barnes (1970) concluded that it should be possible to
develop alfalfa cultivars with resistance to the alfalfa plant bug (Adelphoris
lineolatus (Goeze)).

Herber (1965, 1972) demonstrated antibiosis, nonpreference, and tolerance
to whitegrub, Melolontha vul aris F., in roots of several alfalfa strains col-

lected from severely lelds-

Resistance to Various Forage Legume Insects

a. Red Clover (Trifolium pretense L.)

Jewett (1941) reported differences in resistance to the pea aphid among
red clover varieties. A strain of red clover from Minnesota had significantly
more aphids than other strains from Kentucky, Tennessee, and Virginia. He also
found differences among plants of a given strain.

Wilcoxson and Peterson (1960) found Dollard variety of red clover more
resistant than Wegener variety. They classified this resistance as nonpreference
and antibiosis. Resistance to the pea aphid seemed to explain a much lower
incidence of virus diseases in Dollard than in Wegener under field conditions at
St. Paul, Minnesota. When mosaic and pea-stunt-viruses were inoculated mechani-
cally, Dollard was just as susceptible as Wegener.

Markkula and Roukka (1970) exposed 10 red clover varieties to 3 pea aphid
biotypes, a red biotype and two green biotypes originating on red clover. They
reared aphids on broad bean before the test and transferred newly matured, wing-
less aphids to rearing cages on leaves of the same age. Ten to 20 aphids were
confined singly and their progeny examined at weekly intervals.
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All varieties were highly resistant to green biotype la, with fewer than
10 progenies. Some varieties were susceptible to red biotype lb. All varieties
tested were susceptible to green biotype 16, their progeny varying from 79 to 88.
Some varieties were heterogeneous; individual plants produced low, others high
progeny numbers.

b. Alsike (Trifolium hybriuum L.) and White Clover (Trifolium repens L.)

Markkula and Roukka (1971) compared alsike and white clover varieties for
resistance to 3 pea aphid biotypes (la, lb, and 16) in a cage test to 10 diploid
and tetraploid alsike clovers and to 12 white clovers.

Number of progeny produced indicated that all varieties of alsike and
white clover were highly susceptible to biotype 16. All were considerably more
resistant to biotype lb, and all were most resistant to biotype la. Some dif-
ferences in fecundity of the same biotype also were noted on different clover
varieties.

c. Sweetclover (Melilotus spp.) and Trigonella spp.

Wilson, et al. (1956) noted differences in sweetclover weevil adult feeding
among various sweetclover varieties, but none were free of injury. A greenhouse
technique to evaluate feeding preference on seedlings by the sweetclover weevil was
developed by Connin, et al. (1958). In their greenhouse studies Manglitz and Gorz
(1964) observed feeding on 18 species of Melilotus, on 12 of Trigonella, and on
alfalfa but not on Melilotus infesta Guss7TETiipecies did not appear to have
any deleterious effect upon tSirTaWil, but did strongly deter its feeding. There
seemed to be no relationship between coumarin content and weevil feeding since some
hosts were accepted regardless of coumarin content.

Manglitz and Gorz (1961 and 1963) demonstrated that the sweetclover aphid
Therioaphis riehmi Boerner may be controlled by using resistant plants, and that
resistant plants are found among sweetclover introductions from many areas of the
world. The resistance mechanism, which appears to be a type of nonpreference, is
sufficiently effective to starve aphids confined to resistant plants (Kishabe and
Manglitz, 1965).

Table l.-- Alfalfa varieties resistant to insects.

Insect Alfalfa variety

Alfalfa weevil
Alfalfa seed chalcid
Pea aphid
Potato leafhopper
Spittle bug
Spotted alfalfa aphid

Team, Weevl-chek, WL 215
Lahontan
Dawson, Kanza, Mesilla, Team, Washoe
Cherokee, Culver, Team, Weevl-chek
Culver
Caliverde 65, Cody, Dawson, El Unico,
Hayden, 183, Kanza, Lahontan, Mesa-Sirsa,
Mesilla, Moapa, Sonora-70, Washoe,
WL 504, WL 508

The host range of the sweetclover aphid was extended in their greenhouse
studies (Manglitz and Gorz, 1964) to include 9 species of Melilotus and 8 of
Tri onella. They reported that among most entries tested,77FF7171-ants demon-
strate greatest resistance.
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Although the sweetclover weevil ani the sweetclover aphid have a common
group of host ,species, factors determining host suitability appeared to operate
independently for the 2 insects.

The biology of the sweetclover root borer, Walshia miscecolorella (Chambers)
and its injury to sweetclover have been ctudied reciFET751,REETNITitil. (1971).
They reported that the variety Denta (Melilotus alba Desv.) was less susceptible to
root borer attack than the variety GolaIOTTUOniEinalis L. (Lam.)). The most
resistant entries were an annual variety Israel (M. alba) and two introductions
identified as P1 314094 (M. taurica (Bieb.) Serinie) iR P1 318386 (M. polonica
(L.) Desv.). The latter HadiiFiricantly fewer root borer larvae per plant in
replicated tests under natural field infestations in 1969 and 1970 than did M.
officinalis (var. Goldtop). However, the top growth of M. polonica was damaged
more than was the variety Jenta by equal larvae per plant. Progeny of the inter-
specific of M. alba x M. polonica reacted to the root borer infestations in a manner
similar to tHe M. polonica parent. The low coumarin variety Denta (M. alba)
generally had fewer larvae than Goldtop but Denta was heavily infestid in 1969 when
root borer populations were exceptionally high. Observations on four homozygous
genotypes in closely related and highly inbred lines differing in both coumarin
contents and 8-glucosidase activities revealed that plants high in coumarin had
significantly more larvae per plant than low-coumarin plants did. Thus, the
apparent resistance of Dente may be related to its lower cr-Atent of coumarin.

d. Lupine (Lupinus spp.)

Wegorek and Jasienska-Obrebska (1964) reported resistance to pea aphid in
lupine varieties. On a yellow lupine variety, Gorzki, the population died or was
barely maintained. Among blue lupine lines the most resistant was Wielkopolaki
Gorzki; aphids died after several days exposure on it. On Obornicki and
Szybkopedny aphid populations developed only slowly. On white lupine varieties the
aphid population remained extremely low or disappeared.

Leaf morphology and stem anatomy of seven lupine varieti..e. belonging to 3
Arpecies were examined by Wegorek and Dunajska (1964) to explain differences in
resistance to pea aphid. Very susceptible varieties had the least but longest
nair per surface unit. Very resistant and resistant varieties had denser hair;
howevcr, not enough to protect the leaf surface from aphid feeding. Differences
were also observed in stem anatomy, thickness, and localization of sclerenchymatic
tissue and formation of several layers of cortex.

e. Vetches (Vicia spp.)

Albrecht (1940) observed striking varietal differences in resistance of
vetches to pea aphid injury. Injury to lines rated resistant was confined
entirely to stem tips that later recovered, whereas susceptible lines were severely
attacked; their tips were killed and their stems were badly damaged or destroyed.

The most susceptible, a purple vetch (Vicia atropurpurea Desv.) was com-
pletely destroyed.

Three cultivated varieties (Vicia sativa L.), 1 hairy vetch (V. villosa),
1 smooth vetch (V. villosa var.), 1 WBBITy03Vitch (V. dasycarpa) and 4ma--
vetches (V. melanops, v. angustifolia, V. hybrida, V. grandiabra) were among those
rated resistant.

f. Various Legumes

Hewitt (1969) screened four species of legumes and 13 species of grasses
for resistance to feeding by the migratory grasshopper, melellotaus sanguinipes (F.).
Grasshoppers that fed on legumes gained the most weight and naa lowest mortality.
Relative toughness of 7 varieties among 4 legume species: birdsfoot trefoil
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(Lotus corniculatus L.), cicer milkvetch (Astralagus cicer L.), crownvetch
(CEFFEilla varia L.), and sainfoin (Onobrychis viciaerari Scop.) did not corre-
late ZrEamount of each eaten by the migratoryiniWEEFFir during 6 minutes
feeding time. Significant differences in survival and weight gain as a result of
living on one of the 7 varieties of legumes for 30 days were observed. The cicer
milkvetch variety A-13107 and the birdsfoot trefoil variety Empire gave lowest
grasshopper survival and weight gain.

The interrelationships among more than 70 small-seeded legumes with spotted
alfalfa aphid, yellow clover aphid (Pterocallidium trifolii (Monell)) and the
sweetclover aphid (Therioaphis riehirkerner were stoma by Peters and Painter
(1957, 1958), largely in the griiFFEUse. Twe've species in 4 genera, Medicago,
Melilotus, Trifolium and Trigonella, were immune or resistant to all 3 aphids.

Inheritance of Resistance to Insects by Forage Legumes

Although remarkable progress has been made in developing insect-resistant
germplasm and cultivars, little is known about the genetic basis of resistance.
In a limited study to determine inheritance patterns of spotted alfalfa aphid
resistance in individual plants of Zia alfalfa, Glover and Melton (1966) concluded
that inheritance was quantitative. Similarity of parent and progeny performance
indicated relatively high heritability.

Jones, et al. (1950) indicated that 2 genes, a dominant and a recessive,
conditioned resistance to the pea aphid. Based on disomic analysis, they sug-
gested linkage with a crossover value of about 28%. Glover and Stanford (1966)
explained inheritance of pea aphid resistance on the basis of a tetrasomically-
inherited, dominant gene; modifying factors may also contribute to resistance.

Taylor (1956) found that potato leafhopper resistance in alfalfa corre-
lated with pubescence. He also obtained evidence of heritable resistance in
glabrous plants. Kehr, et al. (1970) reported that resistance to leafhopper
yellowing in alfalfa appeared dominant to susceptibility, but they could not
interpret how many genes were involved. Sufficient additive genetic variance was
present for progress in breeding for resistance to leafhopper yellowing.

The inheritance of resistance in sweetclover Melilotus officinalis (L.)
Lam., to the sweetclover aphid, Therioaphis riehmi (BEEFFiFTaiTEUTIOSy
Manglitz and Gorz (1961) who used mass infestation and confinement of aphids to
measure resistance. Fl, F1, and backcross progenies revealed that resistance was
a dominant characteristic And that a single pair of alleles was segregating in
most of the progenies observed. An additional pair of genes that acted comple-
mentarily appeared to be involved in several progenies derived from 1 resistant
parent.

Breeding Insect Resistant Forage Legumes

a. Collecting germplasm.--Initiation of a breeding program depends on
genes for resistance. They are genera found where adequate search is conducted
amoLq attacked plants. Success is proportional to the number and diversity of
plants that can be studied, to the efficiency of the screening technique and to
the skill in managing the infesting population of insects. Techniques are avail-
able ot may be developed to assess all three modalities of resistance, and to
detect and to exploit both low and high resistance. All possible sources of
genetically different materials should be explored, but adapted lines from the
problem area should receive first consideration. Maximum diversity of a crop
occurs near centers of origin. Such areas often contain plants with wide dif-
ferences in physiological characters t.nd likely genes for insect resistance.
Legumes from the native habitat of the insect also furnish sources of resistance
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because of natural selection. Alfalfa and other forage legumes contain vast vari-
ability, which should be used before attempts to induce mutations (Sorensen, et al.
1972).

Sources of high resistance to the seed chalcid have yet to be found.
Cultivars mentioned as being resistant or being good sources for selecting resis-
tance are: Hairy Peruvian, Zia, Ranger, Sirsa #9, and the species Medicago
agropyrotorum Vass. emend. (Nielson and Schonhorst, 1967). Strong (1962b) and
Rowley and Haws (1964) state that the best sources of resistance to the seed
chalcid are among the nondormant types, particularly from the Afghanistan area;
dormant types, particularly from western Europe, are the most susceptible. Alfalfa
cultivars with high resistance to the alfalfa seed chalcid have not been developed,
but judging from results to date, i.e., low but consistent heritable resistance,
such a development seems quite possible (Sorensen, et al., 1972).

Dogger and Hansod (1963), and Pitre, et al. (1970) evaluated experimental
and commercial cultivars for resistance to the alfalfa weevil and found differences
in susceptibility. Low resistance was noted among 500 alfalfa introductions
(Busbice, et al., 1967). Medical° sativa var. aetula Urb. and M. falcata L. are
probably the best known sources rorFiiiiitance to ov position (CimpSirriEd
Dudley, 1965).

Cultivars of Turkistan origin generally appeared to be good sources of
resistance to the SAA (Harpaz, 1955; Hackerott, et al., 1958; Klement and
Randolph, 1960; Howe and Pesho, 1960a). Lahontan, the first cultivar known to
resist SAA, traces directly to Nemastan, an introduction from Turkistan (Smith,
1955). Lahontan was not developed for aphid resistance but its release in 1954
(Smith, 1958) coincided with the discovery of the SAA in the U.S. Some resistance
has been found in early all sources examined. For example, the resistant cultivar
Cody was developed from susceptible Buffalo (Sorensen, et al., 1961). Sources of
resistance to the pea aphid were detected in Ladak alfalfa by Painter and Grand-
field (1935) (see Figure 1). Flemish types seem to be the best source of resis-
tance, followed by Turkistan alfalfas; however, some resistant plants were re-
covered from most alfalfa sources evaluated (Hackerott, et al., 1963; Nielson and
Schonhorst, 1965b).

Sources of resistance to the meadow spittlebta occur in most of the M.
sativa types. The Flemish varieties appear to have more tolerance than most of
to e commonly grown American varieties have (Wilson and Davis, 1958). However, M.
falcata is even more promising for high resistance, including antibiosis. Sources
EFFiirstance to leafhoppers are obtainable from M. falcata. Cultivars such as
Rhizome, Rambler, Teton, Vernal, and Culver, whicK cont MSome falcata germplasm
exhibit relatively high tolerance compared with unselected M. safiViUPes. Plants
with varying degrees of resistance can be isolated from most varieties as demon-
strated by the development of Cherokee (Dudley, et al., 1963).

b. Breeding procedures.--Breeding fur insect resistance is complicated by
variability of two organisms involved. Valuable information includes that about
the genetic variance for resistance in the legume, genetic variance in the pest,
consequent interactions between the genotypes, and about environmental conditions
that affect plant resistance and insect behavior. Recurrent phenotypic selection,
a form of mass selection, has been especially effective in developing resistance
to the spotted alfalfa aphid (Harvey, et al., 1960), pea aphid (Carnahan, et al.,
1963), potato leafhopper (Dudley, et al., 1963), and alfalfa weevil (Barnes, et
al., 1970). It is useful in developing multiple -peat resistance (Painter, et al.,
1965; Hanson, et al., 1972a). Mass selection conserves genetic diversity,
increases the frequency of desirable genotypes, develops new genotypes, and
enhances the success of selecting individuals that combine attributes needed in
future cultivars (Sorensen, et al., 1972). Since it is necessary to recombine
numerous parents to initiate the next generation, large plant populations must be
examined (Hill, et al., 1969). Cumulative resistance may be achieved by combining
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component,' of resistance and by combining genes for a particular component. This
accumulation of resistance factors makes the natural selection of biotypes able
to infest or injure the resistant variety much more difficult (Painter, 1966).
It is essential to devise and use screening and testing techniques that clearly
distinguish between resistant and susceptible genotypes and to prevent escapes.
A small percentage of escapes may invalidate a breeding effort. Initial screening
based on seedling mortality is especially valuable because it measures the sum of
the resistant mechanisms- -e.g., nonpreference, antibiosis, and tolerance. However,
seedling resistance as obtained in the greenhouse must be evaluated under field
conditions to determine accuracy of selection and potential economic values. When
Hanson, et al. (1972) selected for resistance in the laboratory at the seedling
stage, or in the field without regard to vigor, yield decreased. Yield increased
with recurring cycles when selection was made in the field and vigorous plants
were selected as parents.

Strategic Breeding for Insect Resistant Forage Legumes

Given only limited means and time, what is wiser, to produce one highly
resistant or several moderately resistant varieties? For years breeders and
entomologists probably aimed too high, e.g., searching for highly resistant or
nearly immune varieties while rejecting moderately resistant germplasm of tolerance
type. Moderate mortality, combined with fewer progeny repeated several generations
achieves the same results as the sterile-male technique, with fewer side effects
than from insecticides.

There are many advantages to producing several moderately resistant
varieties instead of one highly resistant one:

1. Use can be made of moderately resistant germplasm, occurring more fre-
quently than near immunity among otherwise widely diverse germplasm.

2. Greater diversity in the gene pool allows breeders to adapt new varieties
to local or parochial agronomic or ecologic requirements.

3. Varieties may be changed more frequently by releasing moderately resistant
varieties at shorter intervals.

4. Monoculture or monopoly of one single variety may be avoided because one
variety likely will take over only a small fraction of total acreage. New aggres-
sive biotypes are less likely to be selected under these circumstances.

Hanson, et al. (1972) discussed directed, mass selection for developing
multiple pest resistance and conserving germplasm in alfalfa, and suggested ways
to conserve genetic diversity still available in alfalfa, to develop combined
resistance to diseases and insect pests, and to reduce dependence on pesticides.
They proposed an integrated program of worldwide collection, recombination, and
mild selection to conserve and improve alfalfa germplasm resources. Key feature
of such a program would be 7 gene pools developed by mass selection, represanting
7 geographic regions and a wide range of environments, to provide improved source
material for breeding regionally adapted, multiple pest-resistant varieties. It
is reasonable to assume that varieties developed for multiple resistance by recur-
rent mass selection would be less vulnerable to attack by mutant forms of pathogens
or insects than varieties developed by breeding procedures that give more attention
to genetic uniformity. Such a program for conserving germplasm by collecting a
wide range of ecotypes while they are still available in most forage legumes, e.g.,
red clover, alsike and white clover and other forage legumes and for screening the
recombinants for multiple pest resistance would require international cooperative
efforts.
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Value of Host Plant Resistance for Insect Control

a. Contribution of insect resistant cultivars to crop improvements.--It
is difficult to establish values for insect-resistant cultivars because insects
damage susceptible legumes many ways and the damage also varies. Luginbill (1969)
stated that $35 million was a conservative estimate of annual savings to-growers

from use of spotted alfalfa aphid-resistant cultivars. Resistance aids in *stand
establishment and maintenance, assures higher quality and yield, and lower insect

and disease control costa. Under spotted alfalfa aphid attack, resistant cultivars
showed excellent stand establishment while'susceptible entries were eliminated
(Smith, et al., 1958; Howe and Pesho, 1960a; Sorensen, et al., 1961). Infestations
that killed mature stands of susceptible entries failed to kill resistant entries,
and regrowth after cutting varied directly with plant resistance (Howe and Pesho,

1960b). In areas where the spotted alfalfa aphid occurred after the last cutting
in the fall, winter survival paralleled resistance scored noted the previous fall

(Carnahan, et al., 1963).

In alfalfa forage yield trials, where pea aphids damaged susceptible
cultivars, resistant entries produced 2 to 3 times more forage than did susceptible
cultivars (Peaden, et al., 1966; Sorensen, et al., 1969a) (see Figure 2). Also,

pea aphid damage to the first cutting weakened plants so succeeding yields were
reduced. Average increase in forage yields for resistant over susceptible plants
was 211, 188, 107 and 114% for the first, second, third, and fourth cuttings,
respectively. Resistant selections maintained a 78% increase over susceptible
plants the first cutting the following year (Harvey, et al., 1971). Under epidemic
infestations of spotted alfalfa aphids, forage yields of resistant cultivars
exceeded those of susceptible ones 3 to 4 times (Howe and Smith, 1957). In field

cages, heavy infestations of either spotted alfalfa aphids or pea aphids, reduced
quality and quantity of forage of resistant alfalfa cultivars too, but losses were
lower than those of susceptible entries (Harvey, et al., 1971; Kindler, et al.,

1971). In 15- to 80-acre fields foliage damage by the spotted alfalfa aphid was

15 to 22 times greater on susceptible than on resistant cultivars (Barnes, 1963).
Protein yields of resistant Kanza attacked by the pea aphid were almost double,
and carotene yields triple those of the susceptible cultivars, Buffalo, Ranger,

and Vernal (Sorensen, et al., 1969a). Loper (1968) reported higher coumestrol
content in aphid-susceptible Vernal than in resistant Moapa and Washoe cultivars

when all were subjected to aphid feeding.

b. Does insect resistance in legumes affect nutritive value of forage?--

Because of increased to potentially harmful side effects of pest

control on higher animals and man varietal resistance also should be scrutinized.
Tolerance is less suspect than antibiosis or nonpreference. However, insects are

much further removed phylogenetically from warm-blooded animals and man who may

use insect resistant crops and their products than are rodents, dogs, and monkeys

from which toxicological and teratological information usually are available and

extrapolated for man. Since insects, like higher animals, react with wide range
of physical and behavioral responses to the presence or absence of chemical
stimuli, it is extremely difficult to infer reactions of man or domesticated ani-

mals directly from insect studies on resistant varieties. Resistance is localized

in some tissues or plant parts. Sometimes they are biologically active only 1,

during a rhort time at certain developmental stages of the plant, eq., DIMBOA-1,

in the wlorl of the young corn plant or alkaloids in the most active growth period,

well in advance of harvest time.

Chemical constituents important in animal nutrition such as protein, caro-
tene, and digestible dry matter were similar in susceptible alfalfa cultivars to

1/DIMBOA = 2,4=dihydroxy-7-methoxy-1,4-benzoxazin-3-one.
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those resistant to the pea aphid and spotted alfalfa aphid (Kehr, et al., 1968;
Kindler, et al., 1971). Also, chemical components of Team, resistant to weevil
and pea aphid, were similar to those found in susceptible cultivars. Neither
digestibility coefficients nor performance of yearling Holsteins differed signifi-
cantly when fed resistant or susceptible varieties (Barnes, et al., 1970).

The quality and nutritive value of feed is improved through host plant
resistance by avoiding loss of protein, carotene, and vitamin A. When under attack
by the pea aphid, resistant Kanza yielded almost twice as much protein and three
times as much carotene as the susceptible cultivars, Buffalo, Ranger, and Vernal
(Sorensen, et al., 1969a). Loper (1968) reported higher coumestrol content in
aphid susceptible Vernal than in resistant Moapa and Washoe cultivars, when all
were subjected to aphid feeding.

Price of Host Plant Resistance

Because success in developing host plant resistance hinges on uninterrupted
long-range programs, research is no on-and-off business to be financed by whims of
politicians.

The public must be willing to invest money today to reap future benefits.

Success in developing resistant varieties was achieved with a relatively
modest input in research efforts: Hanson (1961) reported the cost of developing
Moapa alfalfa resistant to the spotted alfalfa aphid to be less than $30,000, the
amount paid in salaries to part-time plant breeders and entomologists.

Luginbill (1969) compared the total estimated value of the research on
resistant plants with its cost for 4 insect pests. About 115 professional man-
years for the Hessian fly resistant wheat varieties, 92 for the sawfly, 119 for
the spotted alfalfa aphid, and 136 for the European corn borer have cost about
$20,000 per man-year for salary and other expenses, totaling $9.3 million.
Federal, state and private agencies invested that sum over many years. Savings
are estimated to be $308 million per year. After a variety or inbred line is
developed, it may be grown successfully for about 10 years before it is discarded
for biological, agrcnomical, or other reasons. Thus the cost of research $9.3),
the annual savings ($308 million), and the 10 years use of a variety give a total
net monetary value of about $3 billion or a 300:1 return on the investment. That
value is based only on preventing damage and yield loss. It does not include
bonus effects on subsequent crops by population control through eradication or
suppression of insect pests and elimination of chemicals and their residues.
Since so much has been achieved with so little money, a very large pay-off can
be expected from modest but continued investments.

With presently increased concern about pollution and environment, simul-
taneous screening is needed to find resistance to diseases, insects, and nema-
todes among such diverse forage crops as legumes, small grains, and grasses so
expenditures will have to be increased accordingly. Major items of investments
for a thorough screening program include modern greenhouses and growth chambers,
scanning electron microscopes, gas chromatographs, spectrophotometers, instruments
for radioactive tracer technique, computers, etc.

For a long time resistance was attempted against only one insect at a time.
To step up screening procedures, techniques are needed to screen for multiple
resistance simultaneously in several crops against several insect pests, diseases,
and nematodes.

One of the odds against resistance breeding is the pressure put on
researchers to "publish or perish" because that favors short-term projects and
"salami-sliced" publications. A handicap to overcome in the present organization

[327]



Horber, E. Resistance to Plant Pathogens and Insects

of experiment stations is the lack of properly trained technicians and dependence
on graduate students. Technicians could better do the tedious routine work of
screening literally thousands of entries in the field, in the greenhouse and growth
chamber. A well-trained technical staff also would have fewer interruptions and
take better care of such expensive items as growth chambers and insect cultures.

Place of Resistant Forage Legumes in Pest Management Programs

It is important to stipulate for each pest management program economic
injury levels for local areas and conditions (Ray F. Smith, 1967).

In some instances, rather high levels can be tolerated at least during
certain periods in the cycle of legume development. Breeding highly resistant
varieties may result in selecting new biotypes more aggressive to the resistant
variety, as demonstrated by insecticide-resistant biotypes developed during con-
tinued use of highly potent insecticides. In both cases, selection pressure is
high enough to screen the population for the most aggressive biotypes. With
tolerant varieties, insect populations may reach densities high enough to allow
outbreeding of the population and avoid new biotypes and thus make tolerant
varieties more economical.

Growing a tolerant variety may not be sufficient by itself alone to solve
a problem but combined with other means, e.g., biological control or a reduced
spray program with specific insecticides, it may help avoid crop losses.

Significance o( host plant resistance or tolerance in forage crops for pest
management is obvious. It allows the host plant to maintain subeconomic levels of
the pest species which,in turn supports entomophagous forms. Low density popu-
lations of insects may be pivotal as a food supply for beneficial organisms needed
later in the growth period in the same crop or in neighboring fields. The higher
the economic injury level of a variety is, the higher the number of tolerated
insects and the longer one can wait for natural enemies to take over without
causing economic loss. Host plant tolerance is comparable to buying time for
natural enemies. Neighboring crops often benefit from varieties tolerant to pea
aphid or other insects that develop to high populations early in the season and,
thus, attract and maintain high populations of beneficial ladybugs and syrphid
flies. After each cutting of alfalfa fields, predators and parasites are forced
to forage in neighboring crops, e.g., sorghum infested with greenbugs.

The defensive nature of tolerance should be emphasized because no mechanism
so far has been recognized in insects to overcome or to fight back against this
type of resistance, in contrast to antibiosis or nonpreference that often is over-
come by new, aggressive biotypes. A grower may accept insects on a tolerant
variety and see some damage during an outbreak. Even low to moderate resistance
may permit a grower to omit treatments, start spraying later in the season, to
protect natural enemies, or stop spraying well ahead of harvest and thus reduce
residues on crops and in the environment. An example of the beneficial effect of
moderate resistance or tolerance was provided by Campbell (1970) when he compared
alfalfa varieties Team and Weevl-chek, both moderately tolerant to the alfalfa
weevil, with thc susceptible Cherokee. The tolerant varieties suffered less damage
from a high..., population than the susceptible variety (see Table 2). A control
program integrating a moderately tolerant variety with an insecticide made it
possible to delay spraviag and omit one treatment (see Table 3), thus demonstrating
that moderately resistant varieties are easier to protect with insecticides than

are susceptible varieties.
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Summary

Techniques and procedures were surveyed to evaluate and screen forage
legumes, to develop insect resistant cultivars, to study modalities of resistance
and factors determining its expression and persistence. Examples of successful
development of cultivars resistant to several insect pests as well as diseases
and nematodes were cited from alfalfa: seed chalcids (Bruchophagus spp.), alfalfa
weevil (Hypera postica Gyllenhal), spotted alfalfa aphid (Therioaphis maculate
Buckton), pea aphid (Acyrthosiphon pisum Harris), meadow spittlebug (PETWEi
leucophthalmus L.), potato leafhopper Empoesca fabae Harris).

Resistance observed in various forage legumes to insect pests was discussed
in red clover, alsike, white clover, vetches, and lupines to pea aphid; sweetclover
to sweetclover weevil (Sitona cylindricollis Fahr.), sweetclover aphid (Therioa his
riehmi Boerner), and sweets over rootborer (Walshia miscecolorella Chambers , and
TrieWeral forage legumes to a migratory grasshopper (Melanoplus sanguinipes F.).

Examples of contributions to crop and environment improvement with insect
resistant cultivars were given. Cost of developing insect resistance, and its
place and value in a pest management program, were exemplified for specific cases.

Recurrent mass selection for developing multiple pest resistance and
conserving diversity in germplasm, which has been effectively used in alfalfa, is
also suggested for other legumes, along with a worldwide collection and recombi-
nation program.

There is still a pressing need for forage crops resistant to a host of
insects and other pests. A rich diversity of genes remains in forage legumes as
a largely untapped resource. It appears that the few concerted efforts to tap it
in a cooperative approach to product insect and pest resistant varieties has only
scratched the surface. Since so much has been achieved with so little money, a
very large pay-off can be expected from modest but continued investments in
breeding multiple pest resistant forage legumes.

Table 2.--Alfalfa weevil damage on resistant (R) and on susceptible (S) alfalfa
(Campbell, 1970) compared.

Alfalfa
variety

No. larvae
April 21

Alfalfa ht.
(in.) April 29

% weevil damage
May 5

Team (R)a
Weevl-chek (R)

b

Cherokee (S)

675.0
822.0
511.7

16.3
13.0
12.0

41.7
70.0
97.7

a
Developed by USDA, N.C., MD., and Va.

b
Developed by Farmers Forage Research.
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Table 3.--Integrated control with weevil-resistant alfalfa + insecticide
(Campbell, 1970).

Variety and chemical Lb. Al/a % Weevil damage

Cherokee (Susc.)
Methoxychlor (2x) 1.5 8.3
M + mlf (2x) 1.5 8.3
Control OW II= 90.0

Team (Res.)
Methoxychlor (lx) 1.5 11.7
M + M1/ (lx) 1.5 10.0
Control 48.3

1/Malathion + methoxychlor.
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Figure 1.--Seedling test with pea aphid on alfalfa. Resistant line KS10 was
selected in 2 cycles from the susceptible Ladak. Comparisons included NS27 =
Dawson and Nev-Synt. = Washoe. (Courtesy of Dr. E. L. Sorensen, USDA-Agronomist,
Kansas Experiment Station, Manhattan, Kansas).
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Figure 2.--Differences in height of susceptible Cody (left) and resistant Kanza
(right) following a severe pea aphid infestation in the field. (Courtesy of
Dr. E. L. Sorensen, USDA-Agronomist, Kansas Experiment Station, Manhattan, Kansas).
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TECHNIQUES, ACCOMPLISHMENTS, AND FUTURE POTENTIAL OF HOST
PLANT RESISTANCE TO Diabrotica

E. E. Ortman
Head, Department of Entomology
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Northern Grain Insects Research Laboratory, Agr. Res. Serv.
USDA, Brookings, South Dakota

In the Corn Belt, the western corn rootworm, Diabrotica vir ifera LeConte,
and northern corn rootworm, D. lon icornis (Say), rank high among t e insect
species that are economic pests of corn. The area in which the western corn root-
worm is an economic problem continues to increase. The economic impact of corn
rootworms has increased for a number of reasons. The practice of planting corn
following corn is favorable for increasing the rootworm population. Resistance
to the chlorinated hydrocarbons first identified in Nebraska in 1959 has spread
rapidly and currently the entire population is considered to be resistant.

The ' orthern and western corn rootworm has a similar life and seasonal
cycle with a single generation per year. They overwinter as eggs in the soil.
Egg hatch begins in early June and continues for several weeks. Economic losses
which result from larval feeding are manifest in 2 ways: reduction in actual yield,
and reduction in the harvestable yield due to lodged plants. First adult emergence
ranges from late June in Missouri to mid-July in South Dakota. The beetles feed
on silks, leaves, and pollen of corn and numerous other species of plants.
Occasionally an economic loss occurs when adults feed on silk prior to pollination
which interferes with kernel set. Egg laying commences soon after emergence and
adults are present in fields until frost.

Techniques

Soil insects such as the corn rootworm larvae present unique problems in
host plant resistance studies due to their subterranean habitat. The methodology
used in studies on host plant resistance to larvae of the corn rootworm is depen-
dent on the manner of expression of resistance (Painter, 1951): (1) the type of
resistance which has a negative effect on the insect population (antibiosis and
nonpreference), and (2) the type of resistance where a plant can grow and pro-
duce in the presence of an insect population which is generally damaging to the
average plant population (tolerance). In our program, antibiosis and non-
preference are studied primarily in the laboratory and greenhouse, while the
studies of tolerance are conducted in the field.

We have developed a laboratory technique utilizing seedling corn to
evaluate a relatively large number of plants as potential sources of antibiosis.
A given number of 1st instar larvae are placed on roots of seedling corn grown in
growth pouches (Figure 1). The larvae are examined 10 days after initial

[344]



Ortman, et al. Resistance to Plant Pathogens and Insects

infestation to determine their growth and percent survival on test plants. The
decision to save a particular plant as a potential source of antibiosis is based
on an adjusted scale relative to the development and survival of larvae on sus-
ceptible checks versus the test plants. Potentially resistant plants can be trans-
planted from growth pouches and thus maintain the genetic source. Primary limi-
tations include first--time and funds to test a large number of plants, and second,
the test is done on seedling versus the 3-4-week-old plant which is the earliest
stage at which attack generally occurs in the field. In searching through dif-
ferent genetic stocks of Corn Belt material, we have not found an indication of
an identifiable level of antibiosis. However, in exotic material from Central and
South America, and the West Indies, there have been indications of a low level of
antibiosis. A number of plants from diverse populations have been retained, polli-
nated, and the resulting seed grown and tested. In a 2nd cycle of selection,
there was a 4-10% increase in the number of plants retained as compared with the
initial plant population. Since the level and frequency of antibiosis is rela-
tively low, it may take considerable time to develop a usable level. We are con-
tinually searching for other potential sources of antibiosis.

In the greenhouse, we have successfully infested plants potted in soil.
This procedure is limiting due to the time and space required to screen a large
number of plants. Therefore, we have used it only in studies on host range and
advanced evaluation studies. In view of the relatively low incidence and level of
antibiosis in the corn germplasm sources, the relatives of corn were investigated
as a potential source of antibiosis. There is a marked difference in larval sur-
vival and subsequent adult emergence among the members of the tribe Maydeae as
shown in Table 1 (Branson, et al., 1969). Tri sicum dactyloides has-i-EriE level
of antibiosis or nonpreference to feeding by arvae of the western corn rootworm.
The adult emergence after larval infestation has been ascertained for 2 inter-
generic hybrids. Adult emergence was not reduced on Zea mays X T. dactyloides
hybrid but there was a marked reduction in adult emergence with a T. dactyloides
X Z. mays hybrid containing 3 Tripsicum genomes and 1 corn genome. Other hybrid's,
adait on lines, and substitutiBHITEEiinvolving Z. mays and T. dact loides are
being tested to elucidate the inheritance of resistance. It Ts recognize that
attempts to utilize resistance found in near relatives of corn is a long-term
program and potentially frought with considerable difficulty. However, it is being
studied in view of the low level of antibiosis found in corn.

Corn has been shown to be the most favorable host for development by larvae
of the northern and western corn rootworm as determined by their growth and sur-
vival (Table 1). A limited number of larvae survive on plants of common species
such as u at, barley, green foxtail, yellow foxtail, foxtail millet, and inter-
mediate wheat grass (Branson and Ortman, 1966, 1967, 1971). Therefore, plants of
species other than corn may serve to maintain a residual insect population. Lar-
vae cannot survive on the roots of broadleaf plants commonly found in the Corn
Belt such as alfalfa, soybean, red clover, sweet clover, sunflower, vetch, field
bean, and flax and therefore these can be used safely in rotations with corn
(Branson and Ortman, 1970). Oats and sorghum are also nonhosts. for larvae of both
species though the roots are equally as attractive to larvae as those of corn.
The nonhost status is apparently due to different causes in the two crops (Branson,
et al. 1969; Branson and Ortman, 1969). In sorghum, levels of hydrocyanic acid
toxic to larvae of the rootworm result when larvae, feeding on sorghum roots,
liberate a beta glucosidase which hydrolyzes endogenous dyanogenetic glucosides
such as dhurrin. A feeding deterrent is apparently responsible for the nonhost
status of oats.

A limited number of antibiosis and host range studies have been conducted
in the greenhouse and field with artificial infestation. However, current tech-
niques do not make it possible to handle a large number of plants. In greenhouse
studies, the most consistent results have been obtained when infesting with newly
emerged larvae as compared with eggs. In our experience, the variability of egg
and larval distribution found in natural field populations makes it virtually
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impossible to conduct antibiosis tests in those conditions especially where hetero-
geneous or segregating populations are being studied.

The tolerance component of host plant resistance has been studied through
field experiments (Eiben and Peters, 1962, 1965; Fitzgerald and Ortman, 1965;
Melhus, et al., 1954; Ortman and Fitzgerald, 1964; 1964; Ortman and Gerloff, 1970;
Ortman, et al., 1968; Russell, et al. 1971; Shank, et al., 1965; Zuber, at al.,
1971). Development of a suitable field testing site is a most important element
in this program because we are not able to artificially infest large field plots.
First, it is important to identify those areas where rootworms have been a chronic
and consistent problem. Methods have been developed to enhance natural field popu-
lations in a particular area to be used for plots. A trap crop of corn is planted
at 2-3 times the normal planting rate in a field which is to serve as a test site
the following season. This trap crop is planted late with a mixture of plant
maturities in order to provide fresh silk and pollen to attract beetles and hold
them during the oviposition period. Adult counts should be made to determine the
oivposition potential. Field conditions which tend to maximize the egg laying
potential include moise soil (therefore, the availability of irrigation is impor-
tant), ground cover, cracks, and soil debris. A further check on the infestation
potential in the field involves taking soil samples to determine egg abundance
and uniformity of distribution throughout the field. A number of techniques and
procedures have been described (Chandler, et al., 1966; Chiang, 1968; Lawson,
1964; Lawson and Weekman, 1963, 1966; Matteson, 1966). A desirable test field
should have uniform distribution of eggs throughout the area. The experimental
design and evaluation methods used are dependent upon the objective of the studies.

In the initial field screening test, we have used single-row plots repli-
cated and randomized within similar genetic and maturity groupings, Evaluations
are made 2-3 times during the season. The first evaluation is made at the time
of maximum damage by larvae to the root system and before there has been time for
extensive root growth after damage. The time for this evaluation generally corre-
sponds to the time when the first adult is found in the field. Also at this time,
an estimation of the level of larval infestation is made by digging a 7-in. cube
of soil around the base of randomly selected plants and extracting the immature
forms. Ten to 40 larvae per plant represent a range in which differential plant
reaction; can be studied.

A relative row-rating for line evaluation is based on an examination of
each plant within the row for firmness of anchoring, uniformity of plant growth,
and general appearance. To compensate for variable natural infestations, the
row-rating is biased toward the poorest performing part of the row. Potential
escapes are identified through replication and testing in several locations and
different years. Plants and lines which are firm and show no obvious damage are
dug and checked for antibiosis potential. The 1-9 ratinj scale which has been
developed is viewed as representing 3 general performance categories: 1-3,
acceptable; 4-6, marginal; and 7-9 unacceptable. This line rating system is a
relative scale based on the performance of standards and the overall differences
within a plot. The objective of the first rating is tc assess the amount of
damage incurred by the root system of a plant. A second evaluation is made after
allowing time for root growth after damage. This second evaluation is generally
made after tasseling or 2-4 weeks following the first evaluation. Again, the 1-9
relative rating scale is based on the differences within the plot and the per-
formance of standards. The measure of tolerance is based on 2 considerations,
namely the diff,...4ence in rating between the first and second time of evaluation
indicating impr.Jed anchorage and the level of the second rating. Most lines
exhibit some root growth potential after damage but large differences in this
capacity have been observed. A third and supplementary evaluation may be made
at the normal harvest. If conditions exist which cause lodging, notes on this
character are also taken. An example of the differences observed between lines is
shown in Figure 2. Differences in root growth are illustrated in Figure 3. A
liberal planting of susceptible checks within the plot area is essential in order
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to obtain a general index of the severity and uniformity of infestation within a
field and in order to relate performance from 1 plot to another and from season to
season. In addition to the row-rating when making progeny selections, we have used
a rank rating within a particular germplasm group to determine which lint should
be carried forward in a breeding program. Another useful technique in evaluation
of tolerance involves rating a line against itself under rootworm infested and
controlled conditions. This is accomplished by maximizing insecticidal control on
a paired row basis and then rating these lines. Where the insect population has
been ascertained to be too great for the purpose of the experiment, we have been
able to reduce the population to an acceptable testing level through use of varying
levels of insecticide.

Tolerance is the primary form of resistance which has been identified in
these field studies. Through extensive field studies using the methods just de-
scribed, we have examined a large amount of very divergent plant material and
achieved a major elimination of susceptible, nontolerant liner. Corn Belt inbreds
identified as having best performance under rootworm infestation include SDI°,
869, B57, Oh05, B14, and N38A. We have observed vast differences in the root
growing capacity of corn lines grown under rootworm infestation. Those differences
were observed in adapted types and therefore we felt significant as well as
immediate progress could be made on the problem by the general improvement of the
root growth potential. Lines having tolerance will serve a useful role in reducing
root lodging through improved anchorage, and, therefore improve the harvestability.
The tolerance component of resistance is practical when used under 2 conditions:
(1), where the insecticides kill a major portion of the larval popu-
lation; however, the surviving population may still cause damage to weak rooted
lines, and (2) in areas of relatively light infestation, tolerance
components may serve as an adequate measure to cope with the problem.

A study of the mechanism or characteristics of the tolerance component
of resistance is complex because it involves the interaction of 3 dynamic entities-
plant x insect x environment. The synchrony of the growth and development of
roots with the growth and development of the rootworm larvae is a most important
variable. The node of roots that is attacked by the larvae is dependent upon the
time of hatch in relation to the time of planting and growth of the corn plant.
Generally the larvae feed on the youngest and most succ'ilent roots which are
available. Feeding periods generally average about 4 weeks. Environmental hazards
such as wind, rain, and drought compound the damage in rootworm fields. In the
field studies just described, we find that there is a greater possibility of
finding a higher level of tolerance in late maturing than in early maturing lines.
This relationship between maturity and tolerance may be due to the prolonged
presence of meristematic or juvenile tissue in late maturing lines. The apparent
association between late maturity and tolerance needs to be broken by careful
selection in order to maximize progress. For example, SD10 is an early maturing
line which performs very well under rootworm stress. In a breeding program, it
may be necessary to utilize some lines with marginal ratings in order to maintain
diversity in germplasm and maturity.

A series of root studies under controlled conditions were initiated after
we had demonstrated differences in performance of lines grown under rootworm
infestation. The objectives of these studies were: (1) to develop quantitative
criteria which can be used to describe the.inherent differences among root systems;
(2) to develop a precise characterization of the growth of the root system, and
(3) to establish performance base lines for inbreds.

Root growth rate and total development are important characteristics which
condition the expression of tolerance. The primary objective of root development
studies is.to quantitatively characterize root growth and identify the differen-
tiating cha:-acteristics for a rapidly growing and extensive root system. The
criteria developed to characterize the root system include number of nodes per
root system; number of roots per node; rating of the root system for size, symmetry
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and angle of root growth; secondary or fibrous roots; root volume; dry weight;
pounds of force required.to remove the system from the soil; and an assessment
of damage by the larvae. Correlations between several root system measurements
are given in Table 2 with a regression equation to elucidate the contribution of
root characteristics to firmness of anchorage as measured by the pounds of verti-
cal force required to remove the root system from the soil. The inherent capacity
of a plant to grow and produce roots has been studied in several ways. Root sys-
tems have been dug on a scheduled systematic basis throughout the growing season
to characterize the root growth and development of lines which have shown dif-
ferences in response to rootworm infestation. These studies have served to identi-
fy certain of the characteristics and mechanisms which contribute to the tolerance
component of resistance. These studies have also shown how the tolerance compon-
ent of resistance is influenced by environment. .The growth of the root system
follows the characteristic log growth curve (Figure 4). At our location, corn
rootworm larvae cause maximum root damage during the month of July. At this time,
less than 1/2 of the total dry weight of the root system has accumulated. In order
for the plant to withstand considerable root damage, it must develop additional
roots from either the nodes located in the stem base or from the remaining intact
portion of the damaged root system. From a synchronization standpoint, the root
growth which occurs after maximum damage is important in attaining high levels of
tolerance. This growth would occur after the majority of the rootworm larvae have
pupated and root damage is minimal. Under moderate rootworm infestation levels,
root growth during as well as after maximum damage may account for a major portion
of the expression of tolerance. Under field conditions, rootworm damage may be
only one of a series of relatf-4 -tresses mediated through the root zone. Some
plants have the capacity to 5 roots at a very rapid rate provided there is a
favorable environment. Figul shows the root dry weight accumulation of 3
inbreds during 2 years. In 1 soil moisture was more favorable than during the
previous season. Inbred A34 did not grow a large root system either year while
M14 was quite responsive to the more favorable conditions of 1968. By August 23$
M14 nearly tripled the root dry weight it had accumulated the previous year. B69
demonstrated its superior root formation during either season. Presumably the
more extensive root growth shown by B69 would endow the plant with the capacity
to more effectively cope with other types of stresses which occur through the root
zone. Generally our results indicate that plants having a more rapid growing and
extensive root system in the absence of rootworm will also produce the best root
growth under the rootworm infestation. Results show that the root characteristics
which condition the expression of tolerance are quantitatively inherited. A root
growth index was developed to compare the relationship of the root to the shoot:
root volume X root dry weight divided by the top dry weight. The root system or
foundation needs to be considered in relation to shoot or superstructure it is
supporting. With this index, we search for a line having a rapid initial rate of
development and reaching a high plateau. It would appear to be advantageous to
combine inbreds that have a rapid initial development with those which attain a
high level of prolonged development. Our data from artificial root damage studies
indicate that production of fine fibrous roots as a result of damage may be impor-
tant but not necessarily the most important factor in tolerance. Artificial root
damage has also been used to apply a known uniform stress to a plant population.
Several forms of artificial injury have been used. Results obtained in such tests
show a similar plant response to that for plants grown under rootworm infestation.
This known level of stress has an advantage in studying a given measure of injury
and plant response. These studies also show that production of secondary or
fibrous roots as a result of damage is second in importance to the overall capa-
city to grow nodal roots. Table 3 gives the ranking of some of the most tolerant
inbreds based on several different evaltiation criteria.

Accomplishments

Laboratory and greenhouse research has yielded the following: (1) develop-
ment of methods for studying antibiosis with soil inhabiting insects, (2)
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identification of a low level of an'biosis in corn germplasm; (3) identification
of a relatively high level of antibiosis in the near relatives of corn and initia-
tion of a crossing program; (A ascertainment of the host range of the larvae to
determine use of crops in a rotation; and (5) knowledge of the feeding behavior of
larvae and the influence of the secondary plant chemicals in limiting host range.
In the area of field tests involving the plant tolerance component of resistance,
we have achieved the following: (1) developed methods for field testing; (2)
identified inbreds which have superior performance under rootworm infestation based
on the tolerance components of resistance; (3) developed synthetics from which
superior lines can be extracted; (4) developed techniques for quantitatively charac
terizing root systems; (5) characterized the tolerance component of resistance;
and (6) shown the environment x insect x plant interaction effect on the expression
of tolerance.

What a., the propsects for resistance in the future? With the identifi-
cation of tolerant corn lines and elucidatior, of the mechanisms that contribute
to the tolerance component of resistance, the root system of the corn plant can
be markedly improved. Tolerance, however, does not provide a means for controlling
rootworm populations. This form of resistance will minimize losses in relatively
low rootworm infestation areas and serve as an adjunct to other control measures.
Though significant progress is being made, in order to maximize the potential for
developing host plant resistance, we need to develop an improved capacity to
manipulate the insect population in the laboratory and field. The work in anti-
biosis and nonpreference is continuing and represents a relatively long-term
program to develop lines which will be available to the farmer. Low levels of
antibiosis have been found in corn and there is reason to believe that it can be
increased. We believe we have made an excellent start in the resistance program;
however, we also feel the program is in its infancy and to reach the final goal,
time, imagination, and perseverance will be needed. There is evidence of marked
progress on a complex soil insect problem and this will continue to develop as the
effort is increased in the area.

Table l.- -Known host range of larvae of the western corn rootworm (WCR) and
northern corn rootworm (NCR). A negative host-plant relationship is indicated
by "-," a blank indicates that the host-plant relationship has not been estab-
lished, and a positive host plant relationship is indicated by "+." A subscript
"1" indicates a poor host, "2" indicates an intermediate host, and "3" indicates
a superior host. (Classification of grasses is from Hitchcock, 1950).

WCR NCR

Tribe Hordeae
Fair.,ay wheatgrass, Agropyron cristatum (L.) Gaertn. - +

1Tall wheatgrass, A. elon atum TRBTXTTiauv. +
1

+
1Intermediate wheatgrass, . ntermedium (Host) Beauv. +

1
+
1Slender wheatgrass, A. trachicaulum (Link) Melte +

1
+
1Pubescent wheatgrasS, A.tricnophorum (Link) Richt. +

1
-

+
1

+Canada wildrye, El us canadensis L.
Barley, Hordeum vu are L. +

1
+
1Wheat, TFTEIFUE aest vum L. +

1
+Spelt, rThWrEa1 +

1 +11

Tribe Festuceae
Sand lovegrass, Era rostis trichodes (Nutt.) Wood +

1
-

Weeping lovegrass, . curvutiTERTWO Nees +
2

+
1

Tribe Oryzeae
Rice, Oryza sativa L. +

1
+
1

(349]



Ortman, et al. Resistance to Plant

Tribe Paniceae
Proao millet, Pan::Ium miliaceum L.

Pathogens and Insects

- +
1

+
1

-
+
1

+
1

+
1

+
1

+
3

+
3

+
1

+
3

+
3

+
2
+
2

+
2

+
3

+
3

Foxtail millet,IiilFirriinca (L.) Beauv.
Yellow (oxtail, 17ItTEisEigiTWeigel) Hubb.
Green foxtail, S, viridis (L.) Beauv.

Tribe Maydeae (Tripsaceae)
Teosinte, Euchlaena mexlcana Schrad.
*axiom) (piFiEriarrteoirEri, E. erennis Hitchc.
Eastera gamagrass, Tri sacum dactyoel (L.) L.
Florida gamagrass, AorA uanum Porter ex Vasey.

T. australe Cutler and Ander.
T. Tuarffish
1C IlTifblium Hitch.
3obli7Iii177Coix lacryma-jobi L.
Corn, ;ea may. iE7

Table 2.--Correlations between criteria used to evaluate root systems.

Correlations
Pulling Root Secondary Visual Root
resistance angle roots rating nodes

Root angle
Secondary roots
Visual rating
Root nodes
Roots on N-1 node

0.00Ons
.185*
.643**
.132*
.331*

0.709**
- .229**

.018ns
- .077ns

0.085ns
.089ns
.005ns

0.374**
.485** 0.394**

Estimated pulling resistance = 5.89370 + 11.25767 (root angle) + 4.09966 (secon-
dary roots) + 85.95524 (visual rating) - 10.19526 (root nodes) + 1.53055 (roo.1,
on N-1 node).

Table 3.--Inbred rank for various evaluation criteria.

Inbred

1/Field,
perfor-
mance
rating

Root rating
Secondary2/

roots
ni7,---uam-
trot

-I

Root
Dull;
ing31
vt.

Growthif
index Vol.

Dry
wt.

Con-
trot

Dam-
aged aged

Zap15
B69
B57
SD10
CI21E
N48A
B14
Oh05
A251
A556
Mo22
A265
A73

1
2

3

4

5

6

7

8

9

10
11
12
13

4
8

7

2

17
6

5

3
15
11
19
12
1

1

11
9

2

20
5

6

3

16
7

18
4

13

12
1

19
9

17
13
7

8

18
3

22
4

10

9
5

19
1

21
14
6

3

18
8

22
4

15

1
5

6

3

20
10
11
4

12
15
16
19
2

3

5

7

1

15
6

9

2

16
8

11
.14

10

*

1
6

8

3 .

16
9

10
2

18
15
7

13
5

2

6

10
3

13
9
7

1

21
16
12
11
5
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R168 14 21 19 21 21 8 13 12 14
Ms107 15 9 8 11 2 13 4 4 4
Oh45 16 16 10 16 12 14 21 20 20
M14 17 20 21 14 10 17 17 14 17
B64 18 18 14 20 17 21 12 11 8
B37 19 14 12 6 13 9 19 17 18
N6 29 10 15 15 16 18 20 19 19
VT9 21 13 17 5 7 7 18 21 15
A34 22 22 22 2 20 22 22 22 22

1/A rating scale was applied to lines grown under rootworm infestation.
VA rating scale was applied to normal and artificially damaged root systems.
I/Pounds of vertical force required to remove plant from the soil.'
I/Root volume plus root dry wt. divided by shoot city weight.

Figui ..--Growth pouch with seed?..ng corn plant for infestation with larvae
of rootworm.
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131S1
tOff POO

MN-

Fjgure 2.--Difference in line performance under rootworm infestation.
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Figure 3.--Differential root growth by inbreds grown under rootworm infestation.
Extensive brace root growth has occurred above damaged nodes ou lower roots versus
upper.
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BEST COM AVAILABLE

SO GROWTH OF SDIO X B69. Brookings, &D., 1970

root dry w 300..

200t
a

100

May Juno July Aug

Figure 4.--Root and shoot dry weight accumulation of a single cross grown at
Brookings, South Dakota, 1970.
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Figure 5.--Root dry weight accumulations of 3 inbreds for 2 years.
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TECHNIQUES, ACCOMPLISHMENTS AND FUTURE POTENTIAL OF BREEDING
FOR RESISTANCE TO EUROPEAN CORN BORERS IN CORN

W. D. Guthrie

Entomologist - Professor
ARS-USDA

Iowa State University
Ankeny, Iowa

Summary

Investigations of corn borer resistance have become an integral part of
the corn breeding programs in several states and some private seed companies. A
considerable number of inbred lines used in hybrid combination are resistant or
intermediate in resistance to leaf feeding by 1st-brood larvae. During the 1940's
and 1950's, many hybrids were extremely susceptible to leaf feeding by a 1st - brood
infestation. Today, most hybrids have a lower level of susceptibility. Many
hybrids have at least an intermediate degree of resistance; some hybrids are
resistant.

Inbred lines of corn that have been evaluated for resistance to sheath
feeding by a 2nd-brood infestation differ in degree of susceptibility, but not in
degree of resistance. B52 is the only inbred available to date with a high level
of 2nd-brood resistance (antibiosis). Inbred lines and hybrids, however, differ
in tolerance to a 2nd-brood infestation.

Rearing large numbers of corn borers on a meridic diet should accelerate
research on host plant .resistance by private seed companies. Our research,
including larval rearing techniques and methods for measuring resistance, is made
available to private seed corn companies; at least 2 companies plan to produce
large numbers of egg masses for studies of 1st- and 2nd-brood resistance. We hope
that this cooperative effort between USDA-ARS-state and private seed corn com-
panies will eventually result in hybrids resistant to both a 1st- and 2nd-brood
infestation.

The search for inbred lines of corn resistant to a 1st -brood infestation
by the European corn borer, Ostrinia nubilalis (Hubner), has been in progress for
many years as a cooperative inEff-SY-EXERTIEgists, corn breeders, and corn
geneticists. As a'result of this team approach, many inbred lines have been
screened for resistant germ plasm (Stringfield, 1959; Guthrie, et al., 1960;
Guthrie and Dicke, 1972), and the genetic basis for leaf feeding (1st-brood) resis-
tance and methods of corn breeding to transfer resistance to susceptible inbred
lines have been determined (Patch, et al., 1942; Schlosberg and Baker, 1948; Singh
1953; Ibrahim, 1954; Penny and Dicke, 1956, 1957; Guthrie and Stringfield, 1961a,
ID; Scott, et al., 1964; Scott and Dicke, 1965; Scott, et al., 1966; Penny, et al.,
1967). Similar efforts to find sources of resistance to 2nd-brood borers have not
proceeded as fast because the egg masses necessary to achieve the artificial infer
tations used in such studies have not been so readily available.
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In the Corn Belt States, cultural practices have changed during the past
several years. During the 1940's and 1950's, a considerable number of acres were
planted to oats. Oats usually were planted on fields in corn the previous season.
Most stalks were left on top of the ground. Larvae overwintering in the stalks
were a source of moths for egg laying in June. Today, only a few acres are
planted to oats; most Corn Belt acres are planted to corn and soybeans. Almost
all corn stalks are plowed under; clean plowing of corn fields destroys large
numbers of overwintering corn borers.

During the 1940's and 1950's, ear corn stored on farms was a source of
moths for egg laying in June (many corn borer larvae overwinter in cobs). Today,
almost all corn is shelled in the field, and the cobs are plowed under.

During the 1940's and 1950's, many hybrids were extremely susceptible to
leaf feeding by a 1st -brood infestation. Today, most hybrids have a lower level of
susceptibility. Many hybrids have at least an intermediate degree of resistance;
some hybrids are resistant.

The combination of these changes in cultural practices and higher levels
of resistance in hybrids have reduced 1st -brood populations during the past several
years. First-brood corn borers, however, may still be a problem in local areas.

Heavy infestations by 1st -brood corn borers can decrease the yields of
susceptible single crosses by some 30 bu/acre (Penny and Dicke, 1959); thus, one
purpose in developing inbreds resistant to leaf feeding (1st brood) is to reduce
1st -brood populations to reduce losses. The biotic potential of the corn borer,
however, is great when climatic conditions are favorable, and a large 2nd-brood
infestation can develop from a small 1st -brood population. As a result, even a
50% reduction in the 1st -brood population achieved by the use of resistant hybrids
would reduce damage by 2nd-brood borers. For example, an experimental inbred
(W24 X B2)-2-38-1, highly resistant to leaf feeding, reduced borer populations 89%
30 days after egg hatch compared with a susceptible inbred line (WF9); another
resistant inbred, Oh43, reduced borer populations 73% (Guthrie, et al., 1960).
Even an inbred line with an intermediate degree of resistance would be effective
in reducing 1st -brood populations.

In recent years, most farmers have planted single crosses or simulated
single crosses instead of double cross hybrids. Some single crosses between a
resistant and a susceptible line are intermediate in performance between the 2
parents (Dicke, 1954). The high resistance of Oh45 showed a high degree of domi-
nance in crosses with 3 susceptible inbreds (Klun, et al., 1970). Also, the high
resistance of CI.31A had a high degree of dominance in crosses with 4 susceptible
inbreds (Penny and Dicke, 1959; Klun, at al., 1970). In general, single crosses
with the following combinations of inbred lines are effective in reducing 1st-
brood populations: Resistant X Resistant, Intermediate X Intermediate, Resistant
X Intermediate, or Resistant X Susceptible. But, either dominance of resistance
or incomplete dominance is necessary if the Resistant X Susceptible combination is
to be effective, and most single crosses involving Intermediate X Susceptible com-
binations are susceptible. For example, inbreds B52, Hy, and W22 (intermediate
in resistance to leaf feeding) in combination with 4 susceptible inbreds (814A,

B37, R101, WF9) were susceptible to leaf feeding (Klun, et al., 1970).
Moreover, inbred lines resistant to leaf feeding (1st brood) are not neces-

sarily resistant to sheath feeding (2nd brood) (Guthrie, et al., 1970). Oh43 is
resistant to a 1st -brood infestation (Guthrie, et al., 1960), but susceptible to a
2nd-brood infestation (Pesho, at al., 1965; Guthrie, et al., 1970). In contrast,
inbred B52 is highly resistant to a 2nd-brood infestation (Pesho, et al., 1965;
Guthrie, et al., 1970), but intermediate in resistance to a 1st -brood infestation

(Klun and Brindley, 1966). Thus, resistance to whorl leaf feeding (1st brood) must
be considered separately from resistance to sheath feeding (2nd brood) until we
can develop methods of selecting for resistance to both broods in the same plant
population (Guthrie, et al., 1970).
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First- and 2nd-Brood Egg Production Methods

In investigations of European corn borer resistance, all plots are arti-
ficially infested with egg masses produced in the laboratory. Progress would be
nil without artificial infestation techniques.

For many years, we have had a good source of moths for lst-brood egg
production; moths were collected from large emergence cages filled with infested
corn stalks the previous fall (Guthrie, et al., 1965a).

Until recently, we have not had a good source of moths for 2nd-brood egg
production; moths were obtained primarily by net-collecting in patches of grass
or weeds near cornfields that had a 1st -brood infestation, or from infested, caged,
green, sweet corn stalks (Guthrie, et al., 1965a).

During the past several years, we have had good success in rearing corn
borer larvae individually in 3-dram vials on a plug of meridic diet; over 90%
survival is often obtained (Guthrie, et al., 1965b, Lewis and Lynch, 1969). Two
larvae per vial averages about 1 1/2 pupae per vial. This procedure.is too slow
for producing the number of moths needed for egg production in resistance research.
During 1965-1972, we reared larvae on a meridic diet in plastic dishes (10-inch
diam., 3 1/2-inch deep). The primary problem in the dishes was Perezia pyraustae.
This microsporidian increased very rapidly in the dishes and draiETEMy affected
egg production and the quality of the aggs. Lewis and Lynch (1970) and Lynch and
Lewis (1971) solved the Perezia problem in 1969 by adding Fumidil B to the diet.

We also had a mold problem on diet in dishes. Four species of mold have
been troublesome: (1) Aspergillus niger, (2) A. flavus, (3) Cladosporium avellaneum
and (4) Penicillum spp. The mold has largelybeen solved by using 7177--
ferent mold inhibitors (Table 1). The approximate cost of producing 1 million egg
masses is given in Table 2.

Directions for Cooking Meridic Diet (15,243 q)

1. Add 8,125 ml water to agar and heat (194F) until agar is cooked.

2. When agar is cooked, add 1,625 ml water cooled in a refrigerator to 38F.

3. Add wheat germ, add 1,625 ml water cooled in a refrigerator to 38F.

4. Stir until temperature of medium decreases to 136F.

5. Pour dextrose, casein, cholesterol, salt mixture, vitamin supplement,
ascorbic acid, aureomycin, and Fumidil B into a blender, add 1,625 ml water (at
74F) and blend for 3 min. Pour this mixture into the cooker. Pour the mold
inhibitors (methyl p hydroxybenzoate, propionic acid, formaldehyde, and *orbit.:
acid) into the cooker. Stir until well mixed. This brings the temperature down
to 122-126F.

6. Pour approximately 3,800 g diet into a blender and blend for 1 min.

7. Pour 930 g diet into each dish.

The procedure used in cooking the diet is important. It is important to
cool the diet to about 122F (by adding water before adding any ingredients except
agar and wheat germ). High heat destroys some of the value of the ingredients.

The top of the cooled diet is scratched with a fork so that the larvae
will start feeding instead of crawling over the diet and on the side of the dish.
Each dish is infested with 40 egg masses (1,000 larvae). The dishes are placed in
an incubator operating at a temperature of 80-83F and 75-80% RH.
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Strips of corrugated paper (1-inch wide, treated in hot wax) are placed
in the dishes for pupation. A mold inhibitor (sorbic acid, 5% by weight) is added
to the hot wax. The sorbic acid in the wax helps considerably in controlling mold.
More larvae crawl out of the dish into the corrugated strips if the lids and half
the dish are painte0 black (Reed, et al., 1972, in press).

Twenty-one days after egg hatch, the corrugated strips containing pupae
are hung in a large room (70F and 80-85% RH) for moth emergence.

Moths are collected each day and placed in oviposition cages for egg
production (Guthrie, et al., 1965b). A moth aspirator (made from an electric hair
dryer) is used to facilitate collection. The top of each oviposition cage is made
of 4-mesh hardware cloth. Two sheets of bleached waxed paper (6 x 24 inches) are
placed on top of the hardware cloth. The moths deposit their eggs on the waxed
paper between the openings in the hardware cloth. The sheets of waxed paper are
removed and replaced with new paper each morning.

The oviposition room is operated at a temperature of 80F during 18-hr
each day and 65-68F during 6-hr each day through a series of time clocks operating
a heater and air conditioner. Relative humidity is maintained at about 85%. The
cycling temperature is required to ensure adequate mating (Sparks, 1963).

Disks of waxed paper (1/2 inch in diem), each containing 1 corn borer egg
mass, are cut from the waxed paper with a specially designed machine. The waxed
paper disks, containing egg masses, are pinned onto 8 x 10-inch cellotex boards,
200 disks per board, and incubated to near hatching before being used for field
infestations.

During 1965-69, moths originating from larvae reared on a meridic diet in
plastic dishes were used for 1st -brood egg production to supplement egg production
from wild moths collected in large emergence cages.

During the 1970, 1971, and 1972 seasons, we did not place corn stalks in
the large emergence cages. We depended entirely on rearing larvae on the meridic
diet. In 1970, 1,252,400 egg masses were produced for 1st -brood infestations and
308,000 egg masses, for 2nd-brood infestations. In 1971, 1,188,000 egg masses
were produced for 1st -brood infestations and 447,000 egg masses, for 2nd-brood
infestations.

In 1965-68, infection by the microsporidian Perezia pyraustae in the
dishes increased to a high level, number of moths reERTIEgY per dish was low, egg
production and quality of the eggs were poor, and a low level of larval establish-
ment on corn plants resulted from the artificial infestations. In 1969, 1970, and
1971, number of moths recovered per dish was considerably higher than during the
previous 4 years, egg production and the quality of the eggs were excellent, and
a high level of larval establishment on corn plants resulted from the artificial
infestations; we believe that the high performance was due primarily to control
of P. pyraustae with Fumidil B in the diet. In the future, we may have disease
problems, but, we hope that this procedure can be used year after year.

Larval Survival on Field Corn from Corn Borer Cultures
Continuously Reared on a Meridic Diet

Data collected during the past 6 years show that the European corn borer
reared continuously on a meridic diet cannot be used for screening inbred lines
for resistance or in any type of resistance studies because the leaf-feeding
ratings are too low for measuring resistance.

One culture has been reared 87 generations on a meridic diet. This
culture was compared for level of larval establishment on inbred line WF9
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(susceptible to leaf feeding, 1st brood) with a wild population during a 6-year
period. In 1966, the culture had been reared for 34 generations on a meridic diet;
in 1967, 45 generations; in 1968, 54 generations; in 1969, 65 generations; in 1970,
76 generations; and in 1971, 87 generations. In a 9-class rating scale, plants
infested with this culture rated 1 to 3 (a very low level of larval establishment);
plants infested with the wild population rated 7 to 9 (Huggans and Guthrie, 1970;
Rathor( and Guthrie. in press). Crosses between this culture and a wild population
an( backcrosses to each parent show that this loss in virulence is genetically
controlled (Guthrie and Carter, 1972; Rathore, et al., in press). Cultures reared
for at least 7 generations on a meridic diet perform as well as the wild type
(Rathore and Guthrie, in press).

We start a new colony each spring. Several thousand wild borers are
dissected from corn plants each fall (Guthrie, et al., 1972). These larvae are
placed in a 40F room; at weekly intervals for 5 weeks (starting on January 25),
larvae are isolated individually in vials and placed in an 80F room. These larvae
pupate in Feiruary. The progeny from the moths are reared through 2 generations
on a meridic diet containing 1,500 ppm Fumidil B (1 larva per vial for the 1st
generation in March; 2 larvae per vial for the 2nd generation in April). This pro-
cedure eliminates P. p raustae. Egg masses from moths originating from larvae
reared 2 generations on a meridic diet are used to infest the dishes (500 ppm
Fumidil B). Moths from the dish-reared material (3 generations on a meridic diet)
are used for egg production in 1st -brood resistance research. Dishes are started
on May 10 and continued 4 to b weeks for 1st -brood infestations. Corn planted
during the 1st week of May at Ankeny and Ames, Iowa, is infested June 15-25 (45-
52 days after planting, midwhorl stage of plant development). All egg masses are
incubated to near the hatching point before being placed on corn plants. If plant
growth and egg production are not synchronized, the eog masses can be held for 10
to 12 days at 60-62F under high humidity. Egg masses usually are wrapped in moist
paper and placed it plastic-lined boxes for incubation (4 days at 80F).

Moths from the dish-reared material (4 generations on a meridic diet) are
used for egg production in 2nd-brood research (Guthrie, et al., 1972). Dishes are
started on June 21 and continued for 3 or 4 weeks. Corn planted during the last
week of May at Ankeny is infested during July 25-August 15 depending on tire
maturity of the material.

The techniques of rearing corn borer larvae on a meridic diet has greatly
accelerated research on 2nd-brood resistance.

Biology of 1st -Brood Larvae on the Corn Plant

A knowledge of the biology of an insect nn the host plant is imperative in
investigations of host-plant resistance. In the Corn Belt States, the corn borer
has 2 broods each season. ILLological relationships between the corn borer and the
corn plant are not the same for both broods. During the period of egg deposition
by the 1st brood, most dent corn in the Corn Belt States is in the whorl stage of
plant development. The 1st- and 2nd-instar larvae feed primarily on the spirally
rolled leaves in the whorl. Factnro that inhibit 1st -brood borer establishment
and survival on resistant lines are operative against the early larval instars.
Most 1st -brood larval mortality on resistant inbred lines occurs during the 1st
few days after egg hatch. This high rate of larval mortality reflects a high
degree of antibiosis against the let- and 2nd-instar larvae of a 1st -brood infes-
tation (Guthrie, et al., 1960). Therefore, 1st -brood -esistance is actually leaf-
feeding resistance. As the plant grows nut of the whorl stage, the larvae develop
to tha 3rd and 4th instars; these larvae feed primarily on sheath and collar tissue.
Resistance on some inbred lines also has been evaluated for sheath and collar
feeding by 3rd- .1d 4th-instar larvae of the 1st brood (Guthrie, et al., 1960).
inbred lines susc ptible to a 1st -brood infestation suffer extensive leaf, sheath,
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and collar damage. Cavities in the stalk are caused primarily by 5th-instar
larvae.

Methods for Measuring 1st -Brood Resistance in Corn

Egg masses incubated to near the hatching point are dropped into the whorl
of each plant for 1st -brood tests. In screening material for resistant germ plasm
(late generation inbreds), 10 plants are infested 4ith 4 egg masses or approxi-
mately 100 eggs per I.,:ant in 2 applications of 2 masses each during the midwhorl
stage of development. Most inbred lines are about 25 inches in extended leaf
height and hybrids, 35 inches, at this time. In genetic studies a large plant
population is infested. Over 1-million egg masses have been used in a single
season for field plot infestations (Guthrie, et al., 1972).

Rating Scale.--A 9-class rating scale, as described by Guthrie, et al.
(1960) is used for evaluating damage from borer leaf feeding during the whoe. stage
of plant development. In the relative resistance scale, lines that rate 1 end 2
are considered highly resistant, lines that rate 3 and 4 are considered resistant,
lines that rate 5 and 6 are considered intermediate in resistance, and lines that
rate 7 to 9 are considered highly susceptible. Classification into a highly resis-
tant, resistant, intermediate, or susceptible class is dependent upon the size and
shape of leaf injuring, and rating within each class is determined by the number of
holes or amount of . ing. The entries are rated on a plot or individual-plant
basis, depending un ..'4A type of material under test, before pollination (about 3
weeks after eyg hatch). This system preserves the resistant culture for polli-
nation and progeny testing, and is particularly valuable in individual plant selec-
tion in segregating populations to study inheritance of resistant factors. This
is an excellent method for evaluating a large amount of material. For example, in
1965, 40,000 individual plants and 6,000 plots were rated in 8 days by 1 man.'

Cavity counts are not a good criterion for nuasuring resistance to a 1st-
brood infestation in areas where 100% of the 1st -brood pupate to form a 2nd brood.
Corn borer larvae are primarily external feeders for at least 20-25 days after egg
hatch, and, if pupation occurs 30-35 days after egg hatch, the larvae have not
been inside the stalk long enough to cause extensive damage to stalk tissue.

Plant Breeding Methods (1st Brood)

For several years, investigations on resistance to the 1st brood of the
corn bc.zer consisted of testing thousands of open-pollinated varieties of inbred
lines for resistant germ plasm. At present, the practice of direct extraction of
lines from special single and 3-way crosses and from synthetic varieties is being
used extensively. In some instances, the backcross method in combination with
various methods of intensification has been used successfully. A straight back-
crossing procedure has not been succnssful.

Modified Backcrossing Procedure.--In Ohio, a modified backcrossing method
was usedTriFilttempt to improve agronomic characteristics of 0h45 (Guthrie and
Stringfield, 1961a). Oh45 (designated as recurrent parent) is characterized by
being sparsely husked, tightly husked, short shanked, and inadequate in pollen
production- -these characteristics being undesirable. Oh45 is resistant to a lst-
brood corn borer infestation. This line was outcrossed to single cross M14 X
CI.187-2 (designated as donor parent), which is copiously husked, loose husker
well shanked, and adequate in pollen production, but highly susceptible to a 1st-
brood infestation. A single cross, rather than an inbred line, was chosen as
donor parent in the belief that the greater genetic diversity of the 3-parent
population would provide improved selection over a 2-parent one. The objective of
this pra;ram was to retain the corn borer resistance of Oh45 and recover the
desirable morphological characters from the donor parent.
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The outcross (M14 X CI.187-2) X Oh45 was then both selfed, ((M14 X CI.187-2)
X Oh451SI, and backcrossed to Oh45, ((M14 X CI.187-2) X Oh45] X Oh45. The back-
cross pr8genies seemed to offer too little variation for effective selection,
having too little of the donor morphology. We decided to continue selfing with
selection in this population (M14 X CI.187-2) X Oh451S, SI S SA to establish the
donor shank, husk, and pollen type along with Oh45 plait And"grAin type insofar as
possible. After the SA generation, (M14 X CI.187-2) X Oh45)SA, test crosses were
made using both Oh45 aid (M14 X CI.187.2) as test cross parents; i.e., I(M14 X
CI.187-2) X Oh45 SA) X Oh45 and ((M14 X CI.187.2) X Oh45 SI) X (M14 X CI.187.2).
This was to establish the genetic drift in each SA culture. Those that had drifted
toward Oh45 should exhibit relatively low heterosis crossed with (h45 and rela-
tively high heterosis crossed with (M14 X CI.187-2). Sl, S,, Sc, and Sc cultures
from the backcross to Oh45 were artificially infested durin0 thd next silasons, and
appropriate discards were made. With this procedure, both the corn borer resis-
tance of the line Oh45 and the morphological characters of the single cross M14 X
CI.1d7-2 were recovered. Three of the best isolates were given permanent desig-
nations of Oh45A, Oh45B, and Oh45C. Oh45B has been released, and in Ohio tests
in zombination with Oh43 as the pollen parent, has performed well in double crosses.

Recurrent Selection.--The value of a recurrent-selection technique in
selecting for resistance to leaf feeding by the European corn borer (1st brood)
has been determined. This study was started in 1954 and concluded in 1966
(Penny, et al., 1967).

Recurrent selection is essentially a breeding method of concentrating genes
for certain desirable characters for which selection is being practiced while
maintaining a broad gene base for other characteristics in the population. This
allows kor the accumulation of desirable genes at numerous loci. The following 5
synthetic varieties were used in these studies:

1. Pa. early synthetic
2. Pa. intermediate synthetic
3. Pa. late synthetic
4. Synthetic A
5. Synthetic B

The 3 Pennsylvania varieties are closely related, all having been derived
from the same base population developed in Pennsylvania for resistance to
Helminthosporium turcicum (northern corn leaf blight). The breeding procedure
followed for each populations was as follows:

First cycle (Cl) of breeding
Year 1 -- Self 100 plants.
Year 2 -- Plant the 100 plants, infest, save the best 10 for corn borer

resistance.
Year 3 -- Plant the 10 Sl selections in paired rows to nic..!:e all possible

S1 combinations = 45 Si X Si singles.
Second cycle (C2) of breeding

Year 4 -- Plant the 45 crosses, infest, and save 2+ ears and plant with
the best corn borer rating from each of the 45 Si crosses for a
total of 100.

Year 5 -- GrJw these 100 Si's, infest, save 10 with the best resistance.
Year 6 -- Intercross the best 10 to make 45 Sl X SI .:ombinations.

Third cycle (C3) of breeding
Year 7 -- Plant the 45 crosses, infest, and save 2+ ears from plants with

the best corn borer rating from each of the 4.5 Si crosses for a
total of 100.

Year 8 -- Grow the 100 Sl's, infest, save 10 with the best resistance.
Year 9 -- Intercross tie best 10 to make 45 Si X Si combinations.

The above procedure can be repeated for as many times as wanted.
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A group of Si lines from the original population (Co) and the populations
derived from three cycles (C1, C2, C3) of the selection in each variety were
artificially infested in 1965 and 1966. As shown in Wile 3, 2 cycles of selec-
tion were sufficient to shift the frequencies of resistance genes to a high level
in all varieties. Three cycles of selectior produced essentially borer-resistant
varieties.

The use of synthetic varieties as pools of germ plasm for the development
of new inbred lines of corn by both public and private plant-breeding agencies has
increased with the availability of more sources of good parental lines. Imptove-
ment of these varieties for resistance to various insects and diseases would be
desirable. Recurrent selection seems a useful breeding procedure for this purpose.

Modified Recurrent Selection.--A modified recurrent selection technique
is being user' in Ohio. A 24-line synthetic and a Cash synthetic are used. In 1
generation, the families are planted ear-to-row and selfed. In the next genera-
tion, each family is planted ear-to-row and allowed to wind-pollinate (female
parent). The pollinator parent for the wind block is a composite of all families
ear-to-row in the wind block. Thus, a broad gene base should be maintained, and
also, segregation for various characteristics should be high. These plots are
infested with corn borer egg masses and inoculated with leaf blight and stalk rot
organisms. In this study, we are attempting to maintain a broad gene base and,
at the same time, concentrate genes for resistance to corn borers, stalk rot,
and leaf blight. We hope to select lines with high yielding ability and resistance
to environmental hazards.

Genetic Methods (1st Brood)

The breeding methods used to develop resistant crop varieties are deter-
mined by 2 factors: (1) mode of reproduction in the crop species and (2) the kind
of gene action that conditions resistance in the host plant to the insect (Russell,
(1972) .

The search for sources of resistance must precede the study of inheri-
tance of resistance. Techniques for determining the various degrees of resistance
in plant material are needed before studies of the inheritance of resistance can
be started. When sources of resistance have been found, the genetics of resis-
tance must be determined. A knowledge of the genetic basis of resistance does not
necessarily preclude starting a breeding program. Usually, the breeder and
entomologist can speculate enough of the genetics of resistance so that some pre-
liminary breeding can be done. Detailed breeding plans should not be completed,
however, until some information is obtained on the genetics of the character
involved (Russell, (1972).

The genetic basis of leaf-feeding (1st- brood) resistance has been studied
during the past few years. Conventional methods have been used in these studies.
The information obtained thus far indicates that the various resistant inbreds
may carry different factors conditioning resistance. In these studies, susceptible
X resistant crosses are made, and segregation in the F2, F3 and backcross popu-
lations is determined. A high level of infestation is imperative in this type of
material; "escapes" are a problem. These studies indicate that resistance is
dominant in some inbred lines and that susceptibility is dominant in others.

Segregation of F2 and Backcross Populations from Susceptible X Resistant
Crosses.--"he segregation of F2 and backcross populations of a susceptible X
resistant cross, M14 (susceptible) X (MS1) (resistant), indicates at least 3 gene
pairs are involved in resistance, with at least partial ohenotyp'c dominance of
susceptibility (Penny and Dicke, 1956). In a B14 (susceptible) X N32 (resistant)
cross, 1 or 2 gene pairs for leaf-feeding resistance were indicatei on the basis
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of individual plant segregations in F2 and backcrosses (Penny and Dicke, 1956).

In another susceptible X resistant cross, WF9 (susceptible) X g171/17
(resistant and homozygous for 2 very closely linked genes), segregation of F2 and
backcross populations showed that resistance of g171/17 was conditioned by a single
dominant gene. The resistant gene was linked with g171/17 genes of the resistant
parent with the cross-over frequencies estimated at from 31 to 37% (Penny and
Dicke, 1957).

Use of Test Crosses in Breeding for Corn Borer Resistance.-In a study of
test crosses in breeding corn for resistance to the European corn barer, we found
that segregation in a 24-line synthetic variety, as measured by the net variance,
diminished after each selfing, but that a significant residue of segregation
remained in the 5th selfed generation. The 24-line synthetic contained the fol-
lowing inbred lines: susceptible lines -- Oh02, Oh26, Oh26A, Oh28, Oh65, Oh67A, A,
B8, L289, M14, WF9, 38-11, Ia. 159L1; intermediate lines -- Oh7B, Oh33, Oh51A, Hy,
1205, K155, P8; resistant lines -- Oh408, Oh41, W22, W23.

Two single -cross testers, Oh5lA X Oh26D (susceptible) and Oh43 X Oh45A
(resistant), were used to evaluate each S2 culture. A susceptible double-cross
tester (Oh5lA X Oh26F) (Oh26A X Oh26D) was used to evaluate each S3 and S5 cul-
ture. We had concluded from the ease of transferring resistance by backcrossing
with selection in the improvement of Oh45 (Guthrie and Stringfield, 1961a) that
corn borer resistance was simply inherited. But, if there was an average of one
effectual heterozygous locus in the S5, theoretically there should have been 25
or at least 32 effectual heterozygous loci 5 generations back in the S0 (Guthrie
and Stringfield, 1961b).

Type of Gene Action Involved in Leaf-Feeding Resistance.--Scott, et al.,
(1964) used F2, F3, and selfed backcross populations of CI.31A (resistant) X B37
(susceptible) plus individual F2 plants of (CI.31A X B37) X CI.31A and individual
F2 plants o$ (CI.31A X B37) X B37. The data indicate that most genetic variance
was of the additive type, although a portion of the genetic variance was of the
dominant type. The inheritance of resistance to leaf feeding is probably not as
complex as that of yield. Since additive genetic variance was the major type of
gene action, an efficient breeding program would be one that allows for the accumu-
lation of desirable genes. Thus, a recurrent-selection program or mass selection
should be effective. The value of a recurrent-selection technique has been
determined and was dismissed in a previous section.

Translocations.--Reciprocal translocations have been used in identifying
chromosome arms invo vied in resistance to a 1st -brood infestation. Corn has 10
pairs of chromosomes; thus to have all chromosome arms involved, at least 20
translocations are needed (Scott, et al., 1966).

Anderson, et al. (1949) and Longley (1950, 1958, 1961) have produced
large numbers of chromosomal translocations in corn, over 500 are available where
the chromosomes concerned are known. The approximate position of the breaks and
the chromosome arms involved are known in many instances. Translocation is the
transfer of a chromosome to a nonhomologous chromosome. If only one segment is
transferred, the alteration is designated as simple. Such a change is very rare,
however, and may not occur at all. Most translocations involve a mutual exchange
of terminal segments of nonhomologous chromosomes and is therefore designated as
reciprocal. For purposes of identification and reference, the chromosomes may
be designated according to their centromeres. A translocation is indicated by the
letter T followed by the identification number of the chromosome involved. An
interchange between chromosomes 1 and 4 would be designated T1-4. Since chromo-
somes 1 and 4 could exchange many different segments, each exchange is given a
letter to specify it. A specific translocation involving chromosomes 1 and 4 would
be T1-4a, T1-4d, etc. Translocations are common results of irradiation, and they
do occur naturally in species.
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Reciprocal translocations cause semisterility. In corn, about 50% of the
pollen grains abort and about 50% of the ovules abort. The reason for semi-
sterility is that, from a translocation ring, disjunction may be of 3 types: (1)
alternate, (2) adjacent I, and (3) adjacent LI. Alternate disjunction results in
viable gametes; adjacent I and adjacent IT disjunctions result in sterile gametes.

Resistant inbreds CI.31A and B49 were outcrossed to heterozygous trans-
location stocks (homozygous translocation stocks could have been used; then, all
the F1's would have been semisterile). A total of 29 translocations were used.

The semisterile Fl plants were crossed to susceptible inbred lines WF9 and
M14. The seed from these crosses were planted, and the plants were artificially
infested with corn borer ecg masses and rated in classes 1 to 9 on an individual-
plant basis. At harvest, each plant was classified as normal or semisterile.

Chromosomal translocations that show association with a gene(s) for corn
borer susceptibility should give those plants classified as semisterile a higher
(more susceptible) corn borer rating than that of the normal plant; i.e., if there
is a gene for resistance in the translocated segment, the normal plants should be
more resistant than are the semisterile plants. This indicates that a gene for
resistance from the resistant parent (CI.31A) is operative in the normal plants,
but not in the semisteri.le plants. Thus, the gene for resistance must be located
in the region of the translocation. If there is no association of semisterility
and susceptibility, the translocated segment is not involved in corn borer
resistance.

The translocation data (Scott, et al., 1966) indicate that inbred CI.31A
has genes for resistance to corn borer leaf feeding on the short arm of chromo-
somes 1, 2, and 4 and on the long arm of chromosomes 4 and 6. Inbred B49 has
genes for resistance on these same chromosome arms (possibly allelic to those of
CI.31A) plus an additional gene for resistance on the long arm of chromosome 8.

Chromosomal translocations as used by Scott, et al. (1966) for determining
the number of genes conditioning a character has the following limitations: (1)

linked genes would probably be identified as a single gene, (2) recessive genes
for resistance would not be detected, and (3) unless a gene has enough potency in
the heterozygous condition to be measured as a significant difference, it would
not be detected.

The use of translocations for determining which chromosome arm(s) have
certain genetic factors is a good procedure for qualitative characteristics with
a high degree of dominance for the expression of this character. As a character
is conditioned by more genes for its complete expression (quantitative character),
or Ole dominance of expression of the character becomes less pronounced, or both,
the detection of these genes becomes progressivel; more difficult. Add to these
conditions plants that can "escape" injury, and it becomes apparent that possibly
not all genes that actually contribute to resistance will be detected. Thus, the
number of genes Scott, et al. (1966) located should be considered the minimum.
Gene- with the greatest potency, however, were probably located.

Since resistance in CI.31A and B49 is conditioned by several genes, a
breeding method by which genes for resistance could be accumulated in a popu-
lation (i.e., mass selection, recurrent selection, etc.) would be effective. The
value of a recurrent-selection technique in breeding corn resistant to the
European corn borer was discussed in a previous section.

Mutable Loci in Corn (Ac-Ds).--The mutable system as discussed here was
discoveria75377iETTEiZnarrEEit renowned maize geneticists, Barbara
McClintock (1950, 1951, 1953, 1956a, 1956b, 1957, 1958,1959, 1961a, 1961b).
I)ollinger (1956), a former student of McClintock's and presently maize geneticist
at the Ohio Agricultural Research and Development Center, Wooster, has discussed a
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method by which a mutable system may be used in plant breeding. Dollinger started
this study to incorporate stalk rot resistance into inbred line Oh28. In 1958, we
added a study to attempt to induce mutation for corn borer resistance into other-
wise superior susceptible lines (0h28 and WF9). E. J. Dollinger is conducting the
breeding aspect of this research.

A mutable system is one that contains a gene-like component or controlling
element that modifies and controls the action of genes. The controlling elements
discovered to date act in many respects as dominant genes. The controlling ele-
ments differ from dominant genes in that their effects are upon other gene loci,
inducing them to mutate, rather than directly upon the expression of a character.
They also differ in that they may move from one location to another within the
chromosome complement. Mutations may be induced that resemble those occurring
spontaneously and those induced by mutagenic agents such as radiation and certain
chemicals. Of particular importance to the plant breeder is that, for the first
time, we have a means of producing dominant mutation. The induced mutations
may be stabilized by removing the controlling element.

The mutable system may cause chromosome breakage. The controlling ele-
ments, however, may exist in states that induce mutations, either dominant or
recessive, that do not involve chromosome breakage. For a plant breeder concerned
with a diploid, this is a distinct advantage over mutagenic agents such as radia-
tion of various kinds, which produce, for the most part, mutations resulting from
chromosome breakage. Il diploids such as maize, mutations involving chromosome
breakage usually result in sterility; in polyploid plants, this is not neces-
sarily so. Diploids will tolerate very little, if any, loss of chromatin material.

Controlling elements may modify the expression of many different genes in
the chromosome complement. They may modify the genic expression affecting widely
different characters such as anthocyanin, starch formation, morphology, etc. They
may act to control the expression of other genes at any particular location.

The mutable system used at Wooster is designated the Ac-Ds system. This
is a 2-unit system. Each unit is a type of controlling element. Ac controls the
action of Ds. Ds may exist in states that produce chromosome breakage and in
states that induce mutations without breakage. Mutation may be either dominant
or recessive. Ds controlled mutation occurs only when Ac is present. A Ds-
induced mutation will be stable ,pon the removal of Ac. Ds may move from one
location to another in the chromosome complement without losing its identity,
thus it is able to modify the expression of many different genes.

A general outline of the method used at Wooster is as follows: inbreds
Oh28 and WF9, highly susceptible to the European corn borer and stalk rot, were
outcrossed to a genetic stock that carries the mutable Ac-Ds system. A back -
crossing program for transferring Ds and Ac to each elite line was continued for
6 generations until each elite line was recovered, except that they now carried
the mutable system. Each elite line was the recurrent parent, and the genetic
stock, the donor or nonrecurrent parent. The presence of both Ac and Ds must be
identified in each backcrossing generation. For the identification of Ac and Ds,
a genetic stock with Ds closely linked to the I locus on the short arm of chromo-
some 9 was used. The I locus, an allele of C, inhibits anthocyanin formation in
the endosperm. But, in the appropriate background, when Ac is present, Ds will
induce mutation at I. The resulting phenotype is mosaic. The endosperms are
nonanthocyanin with anthocyanin mutant areas. Such pheno ypes can be readily
recognized.

In each backcross generation, some progeny may carry Ds that has moved
to a new location. Up to the final backcross, however, only those plants in
which Ds has not moved from its position near the I locus are selected. When the
final backcross is made, an appropriate cross to a T tester will show that a
majority of the gametes contained Ds near the I locus.
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Large numbers of the recovered Oh28 or WF9 carrying the mutable system are
planted in an isolated crossing plot. This material is the detasseled female
parent, and the original Oh28 or WF9, the pollinator. If a plant resistant to
stalk rot or corn borers occurs in the detasseled material, then Ds has moved near
a locus concerned with resistance and has induced a dominant mutation for resis-
tance. The progeny from the resistant plant then are tested for the presence of
Ac. In resistant plants that do not possess Ac, the resistance will be stable.

Corn borer susceptible Oh28 (rr,CC) was crossed to a

I Ds Sh Bz Wx I Ds Sh Bz Wx
or Ac/ac, Al, A2, RR stock.

C ds sh bz wx C ds Sh Bz Wx

Kernels were selected that were I Ds and Ac from this cross. These kernels
were distinguished by an endosperm with a colorless background and with Ds-type,
anthocyanin mosaic areas. The independent, complementary dominant genes C, Al, A2,
and R are necessary for anthocyanin development in the endosperm. Most inbred
lines of corn are homozygous recessive for r, and some for one or more of the other
anthucyanin loci as well; thus, no anthocyanin is produced in these endosperms.
The I locus, an allele of C, inhibits anthocyanin formulation in the presence of
the other dominant genes. One dose of R, if the Mt gene is present, will produce
an anthocyanin mosaic type of endosperm. But, the Ds type of mosaic, resulting
from the mutation of I, often can be distinguished when superimposed on the R-type
mottling. If Oh28 was crossed to a genetic inbred containing the R locus, the Fl
endosperm would be heterozygous for one dose of R. In this particular instance,
however, the material is recessive for mt; thus, identification of the I Ds type
of anthocyanin mosaic is quite easy.

Individual Fl plants from kernels whose endosperms were I Ds/C ds, Ac/ac
were backcrossed to Oh28 and to a C ds sh bz wx ac stock. If alIgNividual plant
crossed to the C ds sh bz wx testeiWWiERWppropriate mosai-s from chromosome
9, then this Fl plant was heterozygous for I Ds and Ac. The backcross of this
plant to Oh28 is selected for the next backcross. This process is then repeated
for a number of generations until Oh28 germ plasm is recovered (heterozygous for
Ac and Ds).

It is necessary to cross to a C ds sh bz wx stock during the backcrossing
program because the elite line is recessive for rr and perhaps another anthocyanin
loci. Thus, the presence of I Ds, Ac cannot be detected in a background of this
type. The C ds sh bz wx stocker used only to detect the presence of the mutable
system in anlaiViararplant and was subsequently discarded. If the original
elite line is rr, AlAl, A2A2, CC, the R gene from the donor parent can be carried
during the early backcrossing generations, and the presence of I Ds and Ac can be
detected directlyikin each backcross, thus eliminating the need to cross to the C
tester. In later backcross generations, however, the R locus must be eliminated
from the material.

Since a character such as stalk rot resistance is expressed after polli-
nation, a method must be used that permits controlled pollination of any resistant
plant in the Oh28, Ac/ac, Ds/ds material (corn borer ratings can be made before
pollination, but we have used the same method in our corn borer research as in
the stalk rot experiments). This may be accomplished by a crossing plot. The
Oh28, I ds Ac/ac or Ds new location, C ds, Ac/ac plants are used as the female to
be detasseled, and the original Oh28 line is used as the pollinator.

If a plant resistant to corn borers appears, Ds has moved to a location
in the chromosome complement that affects resistance. It is not necessary to know
the location of this locus. The resistant plant should have the genetic
constitution
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Ds Ac

ds ac

Several thousand of these plants have been artificially infested with corn
borer egg masses and checked for mutations. It is imperative to have a high level
of establishment in this type of study. "Escapes" are a distinct problem Several
hundred plants with a low level of leaf feeding, have been saved as possik..e
mutants. The resulting progeny from the Oh28 backcross of the resistant plants
(i.e.,

Ds Ac
Oh28 X Oh28) will be as follows:

ds ac

Ac Ds
1. corn borer resistant, unstable

ac ds

ac Ds
2. corn borer resistant, stable

ac ds

Ac
3.

ds
corn borer susceptible

ac ds

ac ds
4. corn borer susceptible

ac ds

Several hundred progeny, which indicated resistance in the isolated plot,
have been checked to determine if any are mutants or all are "escapes." All
progeny checked thus far are "escapes." The progeny are planted ear-to-row, and
if a mutation has occurred, half the plants in a row should be resistant

Ac Ds
and

ac Ds
11 I1111 tl
ac ds ac ds

and half the resistant plants should be stable

ac Ds

ac ds

Each individual resistant plant in a row may be selfed and crossed to a
I Sh Bz Wx Ds ac tester. The susceptible plants in a row are discarded. A number
oThi=o737iiyrom the resistant plant X I sh Bz Wx Ds ac tester cross for each indi-
vidual plant are grown and crossed to a C sh bz wx, ds, ac line to test for the
presence of Ac. Absence of chromosome 9 mosaics (anthocyanin, waxy mosaics) will
indicate the absence of Ac. Those resistant and stable plants

ac Ds

ac ds

then can be t.-1,:et because remnant seed was saved from each ear. These plants may
be used to make a resistant line for use in the breeding program.

Corn borer resistance of most inbred lines seems inherited quantitatively.
In general, for most characters studied, the more intensive the studies, the more
loci that have been found that affect the expression of the character. In some
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ins*ances, action at certain loci may affect expression of the character drasti-
cally while action at other loci affects expression very little. It seems not
unreasonable to assume that a change in gene action could be induced at a locus
that might affect corn borer resistance to a large degree.

The corn breeding plan as outlined in this section was arranged to select
induced resistance of a dominant type, since this type of resistance would be most
useful. Recessive mutants, however, may be selected by selfing

0h28
I Ds Ac plants and then placing them in a crossing block.

C ds ac

Biology of 2nd-Brood Larvae on the Corn Plant

During the period of egg deposition by the 2nd brood, early planted corn
in the Corn Belt States has tasseled and has completed the pollen-shedding stage
of plant development; late planted corn is in the pollen-shedding stage during
part of the 2nd-brood oviposition period. The 1st- and 2nd-instar larvae feed
primarily on pollen accumulation at the axils of the leaves and on sheath, collar,
ear shoots, husk, and silk tissue (Dicke, 1950; Guthrie, et al., 1969, 1970).
First-, 2nd-, 3rd-, and 4th-instar larvae can develop satisfactorily on a pollen
diet (Guthrie, et al., 1969); these 4 larval instars also feed extensively on
sheath and collar tissue (Guthrie, et al., 1970). Therefore, 2nd-brood resistance
is actually collar- and sheath-feeding resistance; but, the husks and silks are
also favorite larval feeding sites through 18 days of age (Guthrie, et al., 1970).

More than 95% of 2nd-brood larval mortality occurs within 3 days after egg
hatch on inbred lines resistant to a 2nd-brood infestation, indicating a high
degree of antibiosis to 1st- and 2nd-instar larvae of a 2nd-brood infestation
(Glithrie, et al., 1970).

In research on host-plant resistance, the word "brood" is meaningless. The
growth stage of the plant being attacked is important.

Methods for Measuring !nd-Brood Resistance

In research on 2nd-brood resistance, egg masses incubated to near the
hatching point are pinned through the leaf midrib under the ear leaf and under the
leaf above and below the ear during the active pollen-shedding stage as described
by Pesho, et al. (1965). The infestations are made in 2 or 3 applications of 2
masses each spread 2 or 3 days apart. In genetic studies or when selections are
made in segregating material, several applications of egg masses may be used to
avoid "escapes." Usually 10 plants in each plot are infested. Variability is
introduced 14 applying egg masses over time under varying bioclimatic conditions.
Since increased survival of 2nd-brood larvae is associated with anthesis (Dicke,
1950; Guthrie, et al., 1969), however, egg masses are applied at a comparable
stage of plant development rather than in a comparable environment.

Number of cavities in the stalk and ear shank is used in evaluating resis-
tance or susceptibility. A cavity 1/2 to 1-inch long is counted as a cavity, a
cavity 6 inches long is counted as 6 cavities (Pesho, et al., 1965). Cavity counts
are made 50 to 60 days after egg hatch because corn borer larvae are primarily
external feeders through 20-25 days of age. Less than 40% of the larvae are
located in the stalk on most inbred lines 35 days after egg hatch (Guthrie, et al.,
1970); 50-60 days is ample time for the larvae to cause extensive damage to stalk
tissue.

Lesion counts also can be used as an index for 2nd-brood resistance or
lusceptbUity. Lesions in the sheath are calculated on the basis of the number
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of and size of the lesions; i.e., a lesion 1-inch long is counted as 1 lesion, but
a lesion 6 inches long is counted as 6 lesions. A lesion that girdles 1/3 of the
collar is counted as 1 lesion, a lesion that girdles 2/3 of the collar is counted
as 2 lesions, and a lesion completely girdling the collar is counted as 3 lesions.
A lesion completely girdling the sheath at the point of attachment to the node is
counted as 3 lesions (Guthrie, et al., 1970). Lesion counts are more time-
consuming than are splitting the stalk and counting cavities.

Plant damage as an index of relative resistance in research on both 1st-
and 2nd-brood resistance is used in preference to insect counts because many
factors, including disease, predation, and parasitism, car result in the absence
of viable insect forms at the time of examination even though extensive plant
damage is present (Pesho, et al., 1965). Inbred lines highly susceptible to a 2nd-
brood infestation may be so badly damaged that the plant is no longer suitable as
a source of food; therefore, many larvae miy leave the plant before it is examined.

Inbred lines highly susceptible to a 2nd-brood infestation suffer exten-
sive sheath, collar, stalk, and shank dar,age; resistant inbred lines suffer little
damage.

Second brood resistance research is much slower than lst-brood resistance
research because techniques are more cumbersome.

Corn Breeding Methods for Selecting for Both 1st- and
2nd-Brood Resistance in the Same Plant Populations

Resistance to leaf feeding (1st brood) has been easy to find (Stringfield,
1959; Guthrie, et al., 1960; Guthrie and Dicke, 1972). Based on the evaluation of
114 inbred lines (Pesho, et al., 1965) and 159 inbred selections from W. A.
Russell's breeding nursery, sheath feeding resistance (2nd brood) occurs less
frequently.

Inbred lines of corn evaluated for resistance to sheath feeding (2nd brood)
differ in degree of susceptibility, but not in degree of resistance. B52 is the
only inbred available to date with a high level of 2nd-brood resistance (anti-
biosis). Inbred lines or hybrids with more than 10 cavities per plant (10 inches
of damage inside the stalk) are considered susceptible. Inbreds such as WF9 and
Oh43 (20-23 cavities per plant) are highly susceptible to a 2nd-brood infestation.
Inbreds W182-E and NN14 (28-30 cavities per plant) are even more susceptible than
are WF9 and Oh43. All stalks of W182-E and NN14 are usually completed tunneled
by 2nd-brood larvae. Inbred lines and hybrids also differ in tolerance to a 2nd-
brood infestation.

From a total of 103 experimental inbred lines that have a high level of
1st -brood resistance, none had a satisfactory level of 2nd-brood resistance
(Guthrie, et al., 1972). More sources of 2nd-brood resistant germ plasm need to
be located.

Research is underway for evaluating breeding methods for selecting for
both 1st- and 2nd-brood resistance in the same plant population.

In one experiment involving B52 X Oh43, selections are being made in the
F3, F4, etc. generations. In a 2nd experiment, 5 F4 lines derived from F3
progenies that had excellent 2nd-brood resistance, but only intermediate 1st -brood
resistance were backcrossed to Oh43 in 1971. In these 2 experiments, plants are
infested during the midwhorl stage of growth and are selected for 1st -brood resis-
tance incur Ames nursery. Selections with good lstbrood resistance are infested
during the pollinating stage of plant development in our 2nd-brood nursery at
Ankeny. Entries with good 2nd-brood resistance are selected for further evaluation.
In a 3rd experiment, 20 F4 progenies from 852 X Oh43 were recombined into a
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synthetic; this population may be used in recurrent selection breeding for selec-
ting for 1st- and 2nd-brood resistance in the same plant populations. The objec-
tive of these 3 experiments is to retain Oh43 resistance to the 1st brood and add
852 resistance to the 2nd brood.

In a 4th experiment, a synthetic variety was made by using inbreds 849,
850, 852, B54, 855, 857, B68, CI.31A, Mo17, and S010. Inbreds 849 and CI.31A
contribute high resistance to 1st -brood larvae. 850, 854, 855, B57, B68, and Mo17
contribute intermediate resistance. Inbred B52 contributes high resistance to
2nd-brood larvae. A small amount of 2nd-brood resistance is contributed by 849,
B5G, B55, B57, and B68. Inbred SD10 was included for early maturity and tolerance
to the western corn rootworm, Diabrotica vir ifera LeConte. A recurrent selection
technique will be used for selecting TEF Dorn lit- and 2nd-brood resistance in
this 10-line synthetic (Guthrie, et al., 1972). Recurrent selection is effective
in selecting for 1st -brood resistance (Penny, et al., 1967).

Genetic Methods (2nd Brood)

Considerable inr4,..*Iation has been obtained on the genetic basis of leaf-
feeding resistance (1st brood) my the European corn borer (Patch, et al., 1942;
Schlosberg and Baker, 1948; Singh, 1953; Ibrahim, 1954; Penny and Dicke, 1956,
1957; Scott, et al., 1964, 1966).

During the past 4 years, we have determined to some extent the type of
gene action involved in sheath feeding resistance (2nd brood). Generation mean
studies, involving P1, P2, Pl, F2, P3, BC1, BC2, BC1(x) and BC2(x) populations
show that the resistance of 852 is dominant or at least partly dominant in crosses
with Oh43, 839, and L289. The dominance of B52 with WF9 was not as clear-cut. Oh
43, B39, L289, and WF9 are highly susceptible to 2nd-brood larvae (Guthrie, et al.,
1972). Data from 45 diallel crosses among 10 inbred lines indicate that the high
resistance of B52 is transmitted in hybrid combination (Scott, et al., 1967).

We will use reciprocal translocations to determine chromosome arms involved
in sheat feeding resistance (2nd brood).
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Table 1.--Ingredients for European corn borer diet. Ankeny, Iowa, 1972.
41 batch = 15,243 g).

Quantity Cost/1000 dishes
Ingredient Price (1 batch) (930 g diet/dish)

Water
Awe/
Wheat germ!,
Dextrosel/
CaseinA/

$4.86/lb
0.2775/lb
0.25/lb
1.97/lb

13,000 g
280 g
520 g
400 g
440 g

$200.62
21.28
14.75

127.26
Cholesterolh/ .1 7.25/1b 32 g 34.15
Salt mixture $2=, ., 1.04 /lb 144 g 22.13
Vitamin supplement- 21.50/k 92 g 131.15
Ascorbic acid/ 6.35/k 120 g 50.67
Aureomycino/ 1.25/6.4 oz 9 teaspoon 13.00
Fumidil Bd7 29.20/9.5 g 6.9 g 139.16
Methyl p hydroxybenzoatel/ 2.35/100 g 75 ml 38.00
Propionic acid/ 0.36/lb 86 ml
Formaldehydegi 1.32/gal 7 ml 0.18
Sorbic acidh/ 4.50/500 g 40 ml 4.82

Total $797.17

11/Nutritional Biochemicals Corp., Cleveland, Ohio

12/Merck fi Co., Inc., 4545 Oleatha Avenue, St. Louis, Missouri

E/Iowa Veterinary Supply Co., Box 616, Iowa Falls, Iowa

4/Dadant fi Sons, Hamilton, Illinois.

1/Dissolve 56 g methyl p hydroxybenzoate in 200 ml 95% ethyl alcohol

,Mix 418 ml propionic acid with 82 ml distilled H10; mix 42 ml phosphoric acid
($0.36/lb) with 458 ml distilled H20; mix the prepionic-distilled H2O with the
phosphoric-distilled H20.

2/40% formalin

,Dissolve 100 g sorbic acid in 500 ml 95% ethyl alcohol.

Table 2.--Approximate cost of producing 1,000,000 egg masses (excluding
equipment).

Item Hours
Wages
$2.00/hr

Dissect 6000 larvae from corn stalks to start new culture 96 192.00
Clean 13,6000 vials 24 48.00
Plug 13,000 vials with cotton and sterilize 48 96.00
Cut plugs of diet for 13,600 vials 30 60.00
Place larvae in 13,600 vials for a source of moths for
egg production for infesting dishes 30 60.00

Place pupae from 13,600 vials in cages (egg production for
dishes) 6 12.00
Wax strips for 1000 dishes 32 64.00
Cook diet for 1000 dishes 100 200.00
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Table 2. continued.

Item
Wages e

Hours $2.00/hr

Punch 40,000 egg masses to infest 1000 dishes (40 masses/ 60 120.00
dish)
Prepare 1000 dishes for incubation 22 4.00
Take corrugated strips out of dishes and wash 1000 dishes 30 Ar.0,1

Collect moths (100,000 females and 100,000 males) and 125 250.00
place in oviposition cages
Punch out 1,000,000 egg masses for field infestations 1336 2,672.00
Place 1,000,000 egg masses on plants (1st brood) 500 1,000.00
Clean 500 oviposition cages 40 80.00
Diet ingredients 797.17
Pins (1,000,000 @$3.15/5000) (Union Pin Co., Wincted, Conn.) 630.00
Wax paper for oviposition (12,000 sheets 6 x 24") (72 sheets/ 54.00
lb = 167 lb @ $32.40/cwt) (Carpenter Paper Co., Des Moines,
Iowa)

Parawax for waxing corrugated strips (85 lb e $0.20) 17.00
Corrugated paper for 1000 dishes (25 rolls 2 3/4" x 250' 37.50
e $1.50/roll) (Butler Paper Co., Des Moines, Iowa)

Total 6,493.67

Table 3.--Frequency distribution of mean corn borer leaf feeding ratings of
S
1

lines in four populations of five synthetic varieties.

Class intervals of corn borer ratings-
a/

Cycle of 1.0 2.1- 3.1- 4.1- 5.1- 6.1- -1.1- 8.1- Mean
selection 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 rating

Synthetic A - rated in 1965

C 8 8 15 17 17 10 9 0 4.8
Ci 24 28 19 7 4 2 0 0 3.0

C2 49 20 9 5 1 0 0 0 2.3
C3 67 12 3 1 1 0 0 0 1.9

Pennsylvania late synthetic - ral..d in 1965

Co 5 24 27 20 13 9 2 0 4.1

Cl 36 29 17 15 2 1 0 0 2.8

C2 66 24 7 3 0 0 0 0 2.0
C3 73 23 4 0 0 0 0 0 1.8

Pennsylvania early synthetic - rated in 1966

Co 0 2 7 22 18 27 16 8 6.1

Cl 6 10 '25 26 20 8 5 0 4.6

C2 16 44 24 8 7 1 0 0 3.2

C3 17 52 21 8 1 0 0 0 2.9

Pennsylvania intermediate synthetic - rated in 1966

Co 0 2 4 19 33 27 10 a 5 6.0

Cl 6 19 27 26 13 5 4 0 4.2

C2 10 36 31 15 7 1 0 0 3.5

C3 20 44 22 11 2 1 0 0 3.0
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Table 3.--continued.

Class intervals of corn borer ratinga
/-

Cycle of 1.0- 2.1- 3.1- 4.1- 5.1- 6.1- 7.1- 8.1- Mean
selection 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 rating

Synthetic B - rated in 1966

Co
Cl
C2
C3

0

5

11
18

0

19
32
42

6

25
31
24

18
26
13
13

28
14
9

3

30
8

4

0

7

2

0
0

11
1

0
0

6.2
4.3
3.5
3.1

iTaTe771 classe; 1 = least to 9 = highest infestation level.
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TECHNIQUES, ACCOMPLISHMENTS, AND FUTURE POTENTIAL OF BREEDING
FOR RESISTANCE IN CORN TO THE CORN EARWORM, FALL
ARMYWORM, AND MAIZE WEEVIL; AND IN SORGHUM TO

THE SORGHUM MIDGE

B. R. Wiseman, W. W. NONillian and N. W. Widstrom
Southern Grain Insects Research Laboratory

ARS, USDA, Tifton, Georgia

The host plant resistance program at the Southern Grain Insects Research
Laboratory involves a multidisciplinary approach. The team consists primarily, of
a geneticist and two entomologists. The broad goals established are: (1) screen
the world collection of corn for resistance to corn earworm, Heliothis zea (9oddie)
and fall armyworm, Spodoptera frugiperda (J. E. Smith), and tfili-0173-66Trection
of sorghum for sorghum midge, tontarinia sorghicola (Coquillett), resistance,
(2) determine the mechanisms orliMarice involved (nonpreference, antibiosis,
and tolerance) and elucidate the basis or cause of the resistance, and (3) develop
usable resistant germ plasm for release to the public.

Some of the basics of our host plant resistance research have been (1) to
develop techniques for mass production of the insects researched, (2) to develop
infestation procedures for field evaluations, and (3) to develop measurement
systems for separating plants differing in insect damage, i.e., the resistant from
the susceptible.

Infestation Techniques

Mass production of lepidopterous insects by the Southern Grain Insects
Research Laboratory is more than adequate for our infestation needs. This require-
ment has been met by our capable personnel in the rearing section of the labora-
tory.

Corn.--Corn earworm.--Artificial infestations have been made using all
ages of instars707rEF77Ed eggs. Most of our plot work infestations have been
made using first-instar larvae or eggs. Newly hatched larvae are taken to the
field in an ice cooler and transferred to silk masses with a camel's hair brush
at three larvae per silk mass. A small polyethylene test tube filled with water
and strapped to the hand was stoppered with a cork with a small hole bored in its
center. This was used as a source of moisture for the brush so that the larvae
may be easily picked up and transferred to the silk masses.

Infestations using corn earworm eggs were initiated by Widstrom and
Burton in 1970. They used eggs suspended in 0.25% agar solution and injected
into the silk mass with a hypodermic syringe. Double v.nd single applications of
10, a, and 30 eggs were tested against 3 larvae per silk and an uninfested check.
More recently we have refined these techniques and are now using a 0.2% agar
solution and a single application into the tip of the silk mass of 30 to 35 eggs
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suspended in 0.4 milliliters of agar solution. We have adopted a pressure appli-
cator that is normally used for dispensing hand lotion. Egg infestations may be
effectively made any time from 100% silk to 7 days following. Other applicators
tested were a chromatographic sprayer, a syringe, and a squeeze bottle. All of
them were more time consuming and/or far less accurate than the pressure applicator.
Damage from egg infestation levels and techniques adopted have been at least equal
to that obtained by three larvae per silk mass.

Laboratory infestations for evaluating insect feeding responses (feeding
stimulant) have been accomplished as illustrated in Figure 1 and reported by
McMillian, et al. (1970). Extracts of corn kernels, leaves, or silks, reconsti-
tuted in a ratio of one -gram lyophilized residue per six milliliters distilled
water, are placed on Oxalis violacea (L.) leaves (Wiseman, et al., 1969) or filter
paper at the rate of UtriiiIITHWF-extract per substrate. Treatments are rated
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Figure 1.--Typical dishes set up for bioassaying showing responses to phago-

stimulative substances. A, used for fourth, fifth, and sixth instars, 13, used
for first, second, and ttird instars. (Carriers extract-treated, a, and water-
treated, b.).

18 hours after exposure to corn earworm larvae (McMillian, et al., 1967).

The use of corn earworm adults as a means of determining differences
between corn lines or plant chemicals has not been particularly rewarding. How-
ever, at present we are studying oviposition preference of adults for corn in the
whorl stage. Nonpreference for oviposition to whorl-stage corn could have drastic
and lasting ef!ects on the buildup of corn earworm populations.
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Fall armyworm.--Artificial infestations have been made using first-instar
larvae applied Eo whorl-stage or seedling corn (Wiseman, et al., 1966). This tech-
nique is very laborious, and large-scale rapid screlning is virtually impossible.
Just recently McMillian and Wiseman (1972) developed a technique whereby they
separated fall armyworm egg masses into single eggs. Adequate hatch was obtained
when these eggs were applied to laboratory diets and on seedling corn in the
greenhouse. This technique could enhance our resistance work with the fall army-
worm immensely if details for field applications of eggs can be worked out. The
technique for separating fall armyworm egg masses is as follows:

1. Use Scott) paper towel for adults to oviposit on.
2. Cut material into two-inch squares.
3. Place paper sections into flask in a quantity that 200 milliliters of

0.05 molar KOH will cover.
4. Shake vigorously for 4 minutes.
5. Add 200 milliliters of 0.05 molar HC1.
6. Shake vigorously for 2 minutes.
7. Add 40 milliliters of pH 7 buffer solution.
8. Shake vigorously for 1 minute.
9. Filter eggs - rinse for 20 minutes.

10. Drain off most of water and add eggs to 0.2% agar solution.
11. Suspend eggs in concentration desired.
12. Apply eggs to dirt cups or plants.

Maize weevils.--Artificial infestation of maize weevils, Sitophilus
zeamais Motschulsky, has been accomplished since 1967, using the birdhouse method
awirwed by McMillian, et al. (1968a). This method utilizes shelled corn and
laboratory-reared weevils at the rate of 1000 weevils per birdhouse placed in test
plots at one for each 1000 square feet; adequate populations build up so that 100%
infestation is assured.

Sorghum.--Sorghum midge.--Infestations have been accomplished by very early
plantings of an ultra-susceptible sorghum line, usually PI-29166. The sorghum
midge are allowed to build up initial populations so that screening of the world
sorghum collection can be subjected to midge attack throughout the flowering
period. This situation is a type of "artificial" infestation and has proven very
satisfactory for our needs.

ResisteAce Measurements

Corn Earworm.--The method of measuring damage to corn by the corn earworm
has usually been a visual rating scale or ar estimate of kernel loss. Widstrom
(1967) evaluated several corn earworm damage measurements. A system was devised
called the revised centimeter scale where 0 = no damage, 1 = s." damage, 2 = ear
tip damage to a depth of one centimeter, and 3 to n = damage in. :eased by one unit
for each additional centimeter depth of penetration. This revised centimeter scale
for measuring corn earworm damage has been used to date in rating plots of corn for
resistance.

Other measurements of resistance in corn to the corn earworm have been egg
counts and percent infestation.

Laboratory measurements of responses of corn earworm larvae to extracts of
corn have been made as the amount of previously treated Oxalis violacea (L.)
(Wiseman, et al., 1969) or filter paper (Figure VconsumiagruirErririd divided
into square millimeters as reported by McMillian et al. (1966, 1967, 1970).

A photoelectric counter to monitor olfactory response of corn earworm
moths was developed by Starks, et al. (1966) to detect behavioral responses to corn
plant extracts. Flight activities of the moths at the test areas are recorded when
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Figure 2.--Illustrations to show relative sizes of six instars of corn earworm
and relative area consumed by each instar.

the moths pass through the provided light beam. The number of times the beam to
the photo-cell is broken at a particular extract site is considered a function of

its attractiveness.

Plant damage caused by insect feeding in relation to the ability of insects

to use their food source was researched by McMillian, et al. (1966) and Wiseman,
et al. (1970a). McMillian, et al. (1966) adapted a method whereby chromic oxide
was introduced into diet material and fed to larval insects. Then the axcreta was
analyzed for chromic oxide by the colorimetric method and the percent use was
calculated as follows:

1 A/8 X 100
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where: A = percent of Cr203 in diet (by analysis, dry basis)
= percent of Cr203 in excreta (dry basis)

C = fractional part of sample available for use.

Fall Armyworm.--Fall armyworm injury has been rated using a visual scale
of 0-10 as devised by Wiseman, et al. (1966) where 0 = no damage; 1 = small amount
of pin-hole type injury; 2 = several pin holes; 3 = small amount shot-hole type
injury with 1 or 2 lesions; 4 = several shot-hole type injuries and a few lesions;
5 = several lesions; 6 = several lesions, shot-hole injury and portions eaten
away; 7 = several lesions and portions eaten away with some areas dying; 8 = several
portions eaten away and areas dying; 9 = the whorl almost or completely eaten away
and several lesions with more areas dying; and 10 = plant dead, dying, or almost
completely destroyed. We have used this system to date on both seedling corn in
the greenhouse and whorl stage corn in the field. McMillian and Starks (1967)
used a slightly different visual rating scale of one to nine when they evaluated
sorghum for fall armyworm resistance.

Maize Weevil.--Ratings of maize weevil damage have been made using a visual
scale for infestation or damage of one to ten as outlined by Wiseman, et al. (1970
b) when 1 = 0-10% of the kernels damaged and 2-10 = 11-100% of the kernels damaged
in 10% increments.

Sorghum Midge.--Visual ratings of sorghum midge damage (Wiseman and
McMillian, 1970) (Figure 3) are usually made on ten individual sorghum heads per
plot using a scale 0-10, with 0 = no damage, 1 = > 0 < 10% of head damaged, and
2-10 = > 10 < 100% of head damaged.

r

4

1 2 3 4 5 6 7 8 9 10

Figure 3.--Rating scale for sorghum midge damage illustrated by damaged spike-
lets where: 0 = no damage, 1 = > 0 < 10% of head damaged, and 2-10 = > 10 < 100%
of head damaged.

Accomplishments

Corn.--Resistance in maize to the corn earworm has been known for many
years. Listed below are some of the characteristics that have been associated
with resistance or wy be useful in resistance studies (Starks and McMillian, 1967;
McMillian, et al., 1966; 1967; McMillian and Wiseman, 1972; McMillian and
Starks, 1966; Wiseman, et al., 1967b).
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Resistance Character*

Poor larval growth (CEW)
Low feeding stimulant (CEW)
Low larval survival (CEW)

Husk length MEW)
Husk tightness ((MO
Low utilization (CID)
Silk penetration (CEW)
Low kernel feeding (CEW)
Low egg count on silk (CEW)
Oviposition nonpreference (FAN)
Leaf feeding nonpreference (FAW)

Resistance to Plant Pathogens and Insects

Corn Lin!

380, Oh26F, Tx727, 245, SC335
L501, C17
380, PI 217413, 166, 81-1, 221,
Asgrow 101W
81-1
Zapalote Chico
166
SC97
F6, M119
Zapalote Chico
Antigua 20
Antigua 20

*Insects resisted are corn earworm (CEW) and fall armyworm (FAN)

Widstrom, et al. (1970) found that of 14 plant characters tested among
36 inbred., only husk characters and feeding stimulant (Figure 4) provided infor-
oation closely enough related to damage to be used in identifying genotypes resis-
tant to injury by the corn earworm. Wiseman, et al. (1970b) reported that husks of
commercial hybrids provided significant protection against several insect species
(Table 1) and contributed to increased yields. Among some of the hybrids evalu-
ated, both husk and kernel resistance were found for the earworm, maize weevil,
and pink scavenger caterpillar, Sathrobrota rileyi (Waisingham).
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Figure 4.--Relationship between corn earworm injury and several selected plant
characters measured among 36 inbred lines and illustrated by average "r" values
listed on lines of inversely proportional to "r" and of width directly
proportional to r4.
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Table 1.--Husk and/or kernel resistance to a corn insect complex.-1/

Corn earworm Maize weevil
Pink scavenger
caterpillar

Hybrid Husk-kernel Husx-xerne busk-kernel

Taylor 196A R - S R - R R - S
Funk G-732 S - S R - S R - S
Dixie 18 R - S R - S R - S
Coker 811A R - R R - R R - R

1/H
usk resistance was measured as insect damage leaving the husks intact; kernel
resistance was measured as insect damage when the husks were slit. R = resis-
tance, S = susceptible.

Later Wiseman, et al. (1972) found that resistant hybrids Dixie 18 and
471-U6 x 81-1 were damaged less than the susceptible hybrids, Asgrow 200B and
Ioana, and yet supported fully equal numbers of earworm larvae. Wiseman and
McMillian 0.973) studied the behavior of earworm larvae on two susceptible
sweet corns and concluded that the quantity and/or quality of silk available in
one resulted in decreased earworm damage during the first 8 days. However, after
8 days the hybrid with early earworm protection was the most susceptible. There-
fore, the silks are most likely the influencing factor associated with the resis-
tance of Dixie 18 and 471-U6 x 81-1, whereas the lack of silk quantity and/or
quality are the contributing factors in Asgrow 200B and Ioana susceptibility.

In laboratory investigations to complement the field studies, McMillian,
et al. (1972a) developed an economical freeze-dryer with high capacity enabling
the host plant resistance team to process adequate plant material for evaluating
insect responses to extracts of the corn plant. McMillian, et al. (1966, 1967)
are! Jones, et al. (1972) conducted extensive laboratory studies on the extracts
of corn silks and/or kernels to the earworm. The following summarizes findings
on the feeding stimulant extracted from 10-day-old sweet corn kernels:

1. Feeding stimulant is contained in a water extract.
2. Earworm feeding stimulant response differs among plant species, corn

lines, plant parts, and ages of the corn plant.
3. Feeding stimulation is correlated with field damage (r=0.71*), *signi-

ficant at 5% level probability.
'4. Feeding stimulant contains a complex of 4 major sugars and 7 amino acids

as well as small amounts of several unidentified components.
5. Early instars (first through third) prefer extract of fresh silk and

immature kernels (5-day) to more mature kernels (10 through 15-day).
6. Late instars (fourth through sixth) prefer extract of more mature

kernels (10 through 15-day) to pollinated silks.
7. First through third instars respond equally to sugars and ami%lo acid

fractions.
8. Fourth instars prefer the amino acid fraction.
9. Fifth and sixth instars prefer the sugar fraction.

10. Synthetic mixtures of identified sugars and amino acids achieved 70%
of the activity of the natural extract.

11. A synchronization of larval feeding preferences for certain plant
chemicals with larval movement on the corn ear and plant and larval
maturity has been indicated.

Widstrom, et al. (1972a) in studies of genetic parameters for earworm
injury in corn populations with Latin American germ plasm found that heterosis
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was weak in the hybrid population. Estimates of heritability and genetic response
to selection were highest it those populations which also had the largest estimate
for dominance and the highet. level of earworm resistance. It was concluded that
prospects for successful selection within these populations were good.

The host plant resit4tance team released, through Plant Science Research
Division of ARS, a dent corn synthetic GT-CEW-RS-8 in 1970. The base population
prior to selection was composed of 423 single crosses among 34 adapted lines with
some earworm resistance. The synthetic was derived from 8 cycles of recurrent
selection in the base population for resistance to ear damage by the corn earworm.
The synthetic has fair to good ear height and yielding ability.

The use of resistant plants or plant materials as an adjunct to other
control measures has greatly increased efficacy in reducing corn earworm losses in
sweet corn. The feeding stimulant has been incorporated with an insecticide and
damage was reduced significantly over the insecticide alone. In fact, more than
8 times more insecticide would be required to equal the control achieved with the
feeding stimulant plus insecticide (McMillian, et al., 1968b).

A resistant sweet corn hybrid has been used in combination with 7 appli-
cations of insecticide under artificial infestation (Figure 5) (McMillian, et al.,
1972b), resulting in 52% more damage-free ears than the susceptible hybrid plus
insecticide. Under natural infestation the resistant hybrid plus insecticide had
7% more damage-free ears than tt t susceptible hybrid plus insecticide. Thus,
sweet corn hybrids with equal and similar type of resistance should require less
insecticides and even possibly fewer applications at lower rates to achieve a
high level of damage-free ears.

Resistance studies with the fall armyWorm have been less rewarding than
studies involving the corn earworm. Wiseman, et al. (1966) first found indi-
cations of resistance among the Antigua corns. Also, Wiseman, et al. (1967a, b)
showed that fall armyworm larvae highly preferred corn to Tri sacum dact loides
(L.), which is considered a near relative of con. Antigua was tne east
preferred of the corns studied by Wiseman, et ate. (1967a, b). Wiseman, et al.
(1973a) found that in an intermediate resistant Antigua corn, both a higher
level of resist.nce and susceptibility could be induced by the use of a complete
fertilizer or by individual fertilizer components. In another paper, Wiseman, et
al. (1973b) showed that foliar applications of the recommended rate of zinc
could produce detrimental effects to the fall armyworm having fed on the treated
foliage.

Widstrom, et al. (1972b) in studies with 8 maize inbreds and their F
progeny found that heterosis contributed substantially to the mean level of resis-
tance among Fi progenies to fall armyworm leaf feeding injury. This resistance
is most likely a case of tolerance rather than nonpreference or antibiosis as
exhibited in the studies above. Selection among the lines and their progeny would
depend on the accumulation of additive gene effects for resistance to fall army-
worm damage.

Sorghum.--Resistance in sorghum to sorghum insects has not been studied as
extensively as other crop-insect relationships. Resistance in sorghum to the
sorghum midge in the United States was first reported by Wiseman and McMillian in
1968. Based on a visual rating of one through five, nine lines were consistently
less damaged. After more extensive evaluation, Wiseman and McMillian in 1970
found that the resistance mechanism in sorghum was of a nonpreference nature and
that ODC 19 (select) was the most resistant of the lines studied, whereas SPI
29166 and CI 938 were the most preferred sorghum lines.

The first borghum line, SGIRL -MR -1, resistant to the sorghum midge
(Wiseman, at al. 1973c)) was released in 1971. SGIRL-MR-i was developed as
follows: Since 1964, the host plant resistance team at the Southern Grain Insects
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Figure 5.--Percentage damage-free ears resulting from combinations of resistant
or susceptible sweet corn hybrids with insecticide and natural or artificial in-
festatim of insects. 1970.

Research Laboratory continuously evaluated and selected within ODC-19 (select) for
sorghum midge resistance. The least damaged heads were selected and exposed to a
heavy midge population in successive years. SGIRL-MR-1 is the product of 7 years
of this type selection and exhibits nonpreference-type resistance. In field tests
it rates highly resistant, receiving significantly less damage than ODC-19 and
averages 50% of the damage sustained by Ga. 615. SGIRL-MR-1 is a restorer (R)
line.

Widstrom, et al. (1972c) reported gene effects conditioning resistance to
the sorghum midge and sorghum webworm, Celama nor hiella (Riley). Parental, F2,
F3, and selfed backcross populations were evalua e for resistance. Analysis of
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generation means indicated highly significant additive gene effects for both
crosses and insects. Dominance effects were significant only for the cross SGIRL-
MR-1 x 130. Dominance conditioned susceptibility to insect injury.

In a program closely related to host plant resistance, Wiseman and
McMillian (1969) showed that heavy sorghum midge damage could be avoided by observ-
ing proper planting dates. These dates for South Georgia are considered effective.
up to about May 20 or a flowerim date before July 10 through 15. In the absence
of commercial grain sorghum hybrids with adequate midge resistance, serious con-
sideration. should be given to early plantils to avoid losses from midge damage.

Potentia: for Breeding Insect Resistance in Corn and Sorghum.--Considerable
progress has been made in past years in the development of resistant corn hybrids
to the corn earworm. McMillian and Wiseman (1972) have estimated that for
every one dollar spent by the United States Department of*Agriculture on research
pertaining to earworm resistance in corn, a corn yield increase valued at 20
dollars was obtained. This estimate was for the 20-year period, 1950 to 1970.

In their review of the relationship of corn and the corn earworm McMillian
and Wiseman (1972) have noted numerous sources of earworm resistant germ plasm,
such as the sweet corn hybrid 471-U6 x 81-1, and field corns, Zapalote Chico and
Antigua 2D. These have not been used in commercial hybrids to any extent.

The potential for breeding insect resistance in corn to the corn earworm
lies in the fact that we must take resistant germ plasm such as Zapalote Chico
and put it into a usable form that, as an end result, farmers will benefit from
the higher level of resistance. Other, possibly greater potentials, exist in
areas of research and development of resistance to leaf feeding insects early in
the crop season. The development of earworm and fall armyworm nonpreference for
oviposition combined with a moderate amount of antibiosis for early season resis-
tance has great potential and in this area, resistance could have lasting effects
on the development of future earworm and fall armyworm populations.

The potential for breeding for resistance in sorghum to the sorghum midge

is almost unlimiteet. The first resistant line released in the United States did

not occur until 1971. The vast collection of the world sorghum germ plasm has
been only partiall: evaluated for midge resistance. Some of the greatest poten-
tials depend on advancement of techniques, such as rearinT, infestations, and
refinement of measurements for resistance.

Lastly, potentials exist in using multiple pest control approaches of corn
and sorghum insects such as resistant corn hybrid:3 and less insecticide, resistant
sorghum and early plantings, and resistant corns and management of fertilizer or

cropping practices. The use of intermediate levels of resistance in crops with
multiple approaches of insect control has advantages such that higher levels of
control are sometimes achieved than wh^n similar measures are used with high

resistance in crops. Tolerance to insects attacking corn and sorghum may be used
in conjunction with other control programs as an advantage rather than discounted

as not being particularly valuable in resistance programs. Combinations of the
mechanisms of resistance (nonpreference, antibiosis, and tolerance) in lesser
amounts could exist or be developed so that very high levels of resistance would
occur in corns or sorghums. Thus, the insects discussed herein would not be as
damaging in the future as they have in the past.
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USE OF HOST PLANT RESISTANCE IN PEST MANAGEMENT
OR ERADICATION SCHEMES

Johnie N. Jenkins
Research Geneticist

Host Plant Resistance, USDA, ARS
Mississippi State, Mississippi

Abstract

This report described the use of low levels of host plant resistance in
pest management and eradication programs. The major ecosystems of cotton were
described and the concept of the key pest for each ecosystem was discussed. The
ecosystem in the southeastern Rain grown cotton area whdre the boll weevil is the
key pest was used as the example.

Frego bract is a morphological mutant in cotton that confers a low level
of resistance to the boll weevil. The use of Frego bract as one componunt of an
integrated pest management program was shown to reduce boll weevils 69% and 79%,
respectively. when used with and without a diapause program. The results were
based on data from 22 fields in Yalobushi County, Mississippi in 1971. In addi-
tion to the reduction in boll weevil population, the beginning of weekly appli-
cations of insecticides for boll weevil was delayed 4 weeks longer in Frego thin
in non-Frego fields. In the Frego, but not in the non-Frego fields, we were able
to go through the peak period of activity of the bollworm complex, Heliothis spp.
before we needed boll weevil insecticides. The details of this expiniiEE-iie
described and reported in the following reference:

Jenkins, J. N., W. L. Parrott and J. C. McCorty, Jr. 1973. The role of a boll
weevil resistant cotton in pest management research. J. Environ. Qual.
2: 337-340.
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GENETIC INTERRELATIONSHIPS BETWEEN HOST AND ORGANISM
AND INFLUENCE ON RESISTANCE

R. L. Gallun
Entomologist and Professor
Department of Entomology

USDA, ERD, Purdue University

After hearing the previous speakers, you may realize by now that a con-
siderable amount of research has been conducted to develop crop plants that are
resistant to insect pests. Today, many insect resistant cultivars are being grown
in the United States and almost every major crop has resistant cultivars that are
preventing damage from insect pests. I would hazard to guess that there are more
than 100 different cultivars resistant to many different insect species, and these
cultivars are probably grown on more than 50 million acres in tne United States
today.

When we speak of resistance, we are speaking of something that is real.
It is heritable, meaning that it can be transferred from parent plant to its
offspring. Because of this genetic heritability, crops can be protected by the
addition of resistance to specific insect pests. The late Dr. Painter defined 3
kinds of resistance in crop plants called mechanisms of resistance (Painter, 1951).
These are tolerance, nonpreference and antibiosis, and they influence the perma-
nence of resistance that is inherent in the plant.

With tolerance, the plant responds to insect attack by repairing damaged
tissue, growing new parts, or having enough foliage or plant vigor so that there
is no significant injury to the plant. With this mechanism, there is no apparent
change in the insect's life cycle or well-being. The insect continues to feed
and survive while the plant responds by compensating for the injury. A good
example of tolerance is the interrelationship that exists between the northern corr
rootworm and corn plant as Dr. Ortman has already mentioned to you. Here the corn
plant responds to root feeding by the larvae by growing new rootlets or by having
the capacity for a greater root system than the less resistant plants. There is
little reduction in the size of insect population; it continues to go on its
merry way with both the plant and insect apparently satisfied with the arrangement.

The remaining two mechanisms work differently. Here the insect responds
to the plant instead of the plant responding to the insect. In nonpreference, the
insect may be attracted to the plant from a distance for feeding or oviposition
but when arriving at the plant, it may not prefer it for food or oviposition and
will move away to another host plant that it prefers better.

What is responsible for this unsatisfactory situation to the insect? This
varies considerably with the insect and the plant. There may be certain chemical
compounds that the plant emits or are found in the plant tissue that the insect
does not care for. This is demonstrated by the boll weevil research being con-
ducted at the USDA lab in Starkville. Boll weevils in the lab will not feed on
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their natural host cotton squares or bolls because of a feeding repellent applied
to these plant parts, but they will feed on bean and okra seedlings not their
native food plant, because of a feeding stimulant sprayed on these plants (Maxwell,
et al., 1968; Jenkins, et al., 1963).

The morphology of the plant also plays an important role in protecting the
crop from insect damage. The thickness of plant epidermis may prevent feeding or
oviposition, the thickness or solidness of stem may also influence oviposition as
is the case with the wheat stem sawfly on wheat (Wallace, 1966). The size of a
plant part such as Frego bract inhibits egg laying on cotton as is the case with
the boll weevil (Jenkins and Parrott, 1971). Wheat leaves with hairy surfaces
prevent the cereal leaf beetle from ovipositing and hence saves the plant from
defoliation (Gallun, et al., 1966; Schillinger and Gallun, 1968). These are mor-
phological. There are also cases where color of plant influences feedie.g or ovi-
position by certain insects. Red color in cotton foliage has been reported to be
less preferred by the boll weevil than green cotton leaves (Istey, 1928). The pea
aphid prefers blue green varieties to yellow green varieties for feeding (Cody,
1941).

All these nonpreference mechanisms do have an important part in resistance
programs, and I believe they should be utilized to their utmost capabilities.
Insect populations may be reduced in size somewhat because of there not being as
many preferred alternate hosts or susceptible varieties, but the insects are not
killed on the plant and there is no immediate selection for races and biotypes.

The mechanism antibiosis is a mechanism that does select for insect bio-
types because of the adverse effect the plant has on the insect. The feeding
insects may die, produce fewer eggs or living young, or the growth stages of the
insec. may be affected and smaller and less healthy insects will develop. This
mechanism can work well with parasites and predators because it tends to reduce
insect populations to a level that is more appropriate for biological or integrated
control. For controlling insects, it is the ideal way to reduce populations to
nonsignificant levels as far as economical insect damage is concerned and of the 3
mechanisms, it is utilized the most. Antibiosis does have one drawback, however,
and that is that it does apply strict selection pressure for the buildup of bio-
types, races, or strains that can survive on the heretofore resistant plants.
This mechanism has been utilized more than nonpreference and tolerance mainly
because of the adverse effect it has upon the insect and because of its avail-
ability. Many genes have been identified that condition antibiosis in crop plants,
most resistance being monogenic and dominant in character. Plants having single
genes for resistance are generally more vulnerable to biotype buildup than plants
having more than one gene for resistance.. How these biotypes develop is dependent
upon the genetics of the host plant, the genetics of the insect, and the kind of
selection pressure applied to the insect population by the plant.

Biotypes are individual variants in an insect population that differ
genetically from the majority of the insects in the population in that they have
the capability of surviving on and damaging crop plants that are resistant to most
of the insects in the population. When antibiosis occurs, the avirulent type
insects are killed or reduced in numbers and only the virulent strains that are
left in the population survive and interbreed. If crop plants of the same genetic
resistance are grown over large areas for a great many years, the only insects left
that can survive are the new race or biotypes and they increase in numbers from
generation to generation until they buildup into epidemic populations and become
major crop pests.

This type of interaction between plant and pest is probably better known
with the pathogens and resistance to diseases. The most known cases have been
the breakdown of resistance in'wheat to stem rust and most recently the breakdown
of T-cytoplasm resistance in corn to the southern corn leaf blight. In insects,
the same thing occurs but generally not over such large areas and not as fast.
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Let's look at a few examples of resistance in crop plants and insect
biotypes:

1. The greenbug, Ishilephie avIrignwil (Bond.), attacks small grains and sor-
ghums with damage bein4-4TaiiitifiSIW-Tinder heavy infestation. Plants are
killed in different parts of the field which results in reduced stands. This
insect occurs most generally in Texas and Oklahoma, but is found in almost every
state where wheat is grown. Resistance to the greenbug is mainly due to the
mechanism antibiosis although some varieties show tolerance. In barley, a single
dominant gene conditions resistance where in wheat, a.single recessive gene con-
ditions resistance (Gardenhire, 1965; Curtis, et al., 1960). No wheat varieties
have been released that are resistant to the greenbug, but the resistant barleys
named Will and Kerr have been released and have been growing in Oklahoma for a
number of years. There are now 3 known biotypes of the greenbug (Wood, 1971).
Originally two wheats, Dickinson sel 28A and CI 9058, were resistant to the field
strain of greenbug, biotype A. Then in the greenhouse, a new strain developed
that could live on these heretofore resistant wheats. This strain was labeled
biotype B. Just recently, another biotype, biotype C, was identified that is able
to survive and cause damage to sorghum. Before this biotype, the greenbug was not
known to cause damage to sorghum although it was occasionally found on sorghum. So
here are 3 biotypes of greenbug, and their capabilities of surviving on wheat and
sorghum are dependent upon the types of resistance utilized. I understand there
are already lines of sorghum that have been found to be resistant to biotype C
making it possible for the doubling of the number of races already known.

2. Another pest of sorghum, the corn leaf aphid, Rhopalosiphum maidis (Fitch),
has 4 or more biotypes depending upon the genetics of the sorghum anaIngenetics
of the insect (Singh and Painter, 1964).

3. The spotted alfalfa aphid, Therioaphis maculate (Buckton), a major pest
of alfalfa, has 6 biotypes based on-iTaiVIVilan-arffiFint alfalfa varieties and
clones (Nielson, et al., 1970).

4. Another aphid pest, the raspberry aphid
mits a virus disease of raspberry in the United
Researchers in England have isolated 4 biotypes
different resistant raspberry varieties. These
by single dominant genes for resistance and the
single genes for virulence (Briggs, 196$; Keep,

, Amphorophora rubi (Kalt), trans-
States, Canada-iNI England.
that are virulent to one or more
raspberries differ from one another
biotypes differ from each other by
et al., 1969).

You have noticed that the biotypes I spoke about are forms of aphids.
Aphids, because of their ability t!:, produce young without fertilization of the
female, can develop offspring of the same genetic constitution as the parent and
as prolific as aphids are, large populations of the same kind of aphid can develop
over a short period of time.

There is, however, another insert pest, the Hessian fly, Mayetiola
destructor (Say), a dipterous insect pest of wheat and barley that has this same
kind of genetic capability. However: it is unique from aphids in that it is of a
more advanced order of insects and population increases of this race are due to
the production of offspring by fertilized females thereby maintaining the genetic
variability in the population.

Let's examine the Hessian fly and its interrelationship between biotypes
and host plant. The adult males resemble a mosquito in size and shape. The fe-
male adult before ovipositing has a swollen red abdomen full of eggs. The eggs
are laid on the wheat leaves and the newly hatched red colored larvae migrate down
the leaf to the growing point. In seedlin' wheat, the larvae feed between the leaf
sheaths at the base of the plant. In more mature wheat, the feeding area is behind
the leaf sheath at the node. Larvae in the red stage on resistant plants die with-
in 4 days after they begin to feed. Larvae on susceptible plants continue to feed
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for at least 15 days and then pupate to form adults which emerge to start the cycle
over again (Gallun and Langston, 1963).

Damage to wheat occurs in the fall and in the summer. In the greenhouse,
a susceptible plant is a dark green stunted plant and a resistant plant is a normal
elongated plant, lighter green in color.

Wheat plants respond to Hessian fly biotypes by either reacting susceptible
or resistant, depending upon the specific gene for resistance in the wheat plant
and the specific gene or genes for virulence in the insect (Tables 1 and 2)
(Gallun and Hatchett, 1968). Three differentials determine the occurrence of 8
races. Turkey is universally susceptible and Ribeiro is universally resistant, so
only Seneca, Monon, and Knox 62 act as differentials.

When reciprow crosses are made between the Great Plains race and other
races, the resulting progenies react as the Great Plains race in that they are
unable to attack Seneca, Monon, and Knox 62. For example, when using the Great
Plains race (SSMMKK) which cannot attack S. Monon, and Knox 62, is crossed
with race A (ssMMKK) which can attack Seneca but cannot attack Monon and Knox 62,
the progeny will resemble the Great Plains race (SsMMKK) and will not be able to
attack Seneca, Monon, and Knox 62 because of the avirulent dominant genes at the
3 loci. The same with crosses between the Great Plains race und race D. Here a
race D (ssmmkk) has recessive genes for virulence to all 3 wheats, but when
crossed with the Great Plains race (SSMMKK), will produce progeny that resembles
the Great Plains race (SsMmKk) in that it will not attack the 3 wheats. This is
because the alleles for avirulence that come from the female parent were dominant
to the recessive alleles for virulence that come from the make parent. This and
other crosses demonstrated to us that avirulence or inability to attack is domi-
nant to the ability to attack (Hatchett and Gallun, 1970). This means that viru-
lence in the insect (or ability to attack the plant) is controlled by recessive
gene pairs for virulence to Turkey and dominant gene pairs for avirulence to
Arthur 71.

When races B and C are crosses (ssmmKK x ssMMkk), something else occurs
(Table 3). We get a new race, race A (ssmMkK) and you can see why. Race B has
recessive virulent genes for attacking Seneca and Monon, but not Knox 62. Race
C has virulent recessive genes for attacking Seneca and Knox 62 but not Monon.
The Fl progeny receive virulent recessive genes from both parents making them
capable of attacking Seneca, but the dominant gene for avirulence to Monon comes
from the male side and the dominant gene for avirulence to Knox 62 comes from the
female and hence the progeny phenotypically reacts like A in that it only can
attack Seneca but not Monon and Knox 62.

Results from this and other crosses between races give us genetic evidence
that races of Hessian fly function because of independent single recessive genes
for virulence and dominant genes for avirulence. A biotype can attack a wheat
having a specific gene for resistance only if the Hessian fly biotype has both
recessive alleles for virulence. If one of the alleles is a dominant allele, the
insect cannot attack the wheat having the matching dominant gene for resistance.

These are a few things we have learned from our genetic studies that have
aided us in breeding resistant wheats. By knowing the genetics of the insect and
the genetics of the wheat, we can do a better job of understanding the inter-
relationships that occur.

Today, there are 29 wheat varieties that are resistant to this insect, and
resistance is controlled by one or more of 6 dominant genes (Gallun and Reitz,

1971). In 1969, these varieties were estimated to have been grown on over 8 1/2

million acres in 34 states. In certain states such as Indiana where wheats having
the same source of resistance are being grown on almost the total wheat acreage in
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the state, biotypes became noticeable and farmers became aware that their resis-
tant wheats were kcoming susceptible.

In Indiana, the first resistant variety named Dual was released to growers
in 1955. In 1959, Monon was released, and by 1962 Redcoat and Reed had been re-
leased. All 4 wheats had the same genetic source of resistance to Hessian fly,
the H3 gene, and by 1962 over 70% of the wheat acreage in Indiana was planted to
these wheats. This meant that there was extreme selection pressure for the develqr
ment of a specific race of Hessian fly that could develop on these wheats, and in
1962 race B became prevalent in the field. This race could live on wheats that
had no genes for resistance plus those wheats that had the H3 gene for resistance
such as Dual, Monon, Redcoat, and Reed. What was needed in 1962 was a variety that
had resistance to race B. It so happened that the wheat variety Knox 62 was re-
leased that same year and this variety did have resistance to race B. It was not
a case of luck but of planning since our previous research had shown us the genetic
capabilities of new races so that they could be isolated and utilized in the
laboratory to evaluate and develop wheats having a kind of resistance to this race.
Prior to when race B became prevalent in the field, crosses involving wheats that
were resistant to laboratory race B were made leading to the development of Knox
62. In 1966, another wheat, Benhur, also resistant to race B was released. Thos
may sound that we had the race situation licked, but nature is hard to put down
and when augmented by the farmer's non-acceptance of certain 'wheats, the story was
not finished. Knox 62, although extremely immune to race B, was not accepted by
wheat growers for some reason and it never did increase in acreage. Benhur, the
other variety although a top yielder, also was not accepted. One contributing
factor to these wheats not being accepted was the popularity of Monon wheat. Monon
wheat which was released in 1960 had such a good reputation for high yielding
capacity that even though susceptible to race B, it was grown extensively by the
wheat growers. In 1969, this variety was grown on over 50% of Indiana wheat
acreage. Other wheats having the H3 gene for resistance made up approximately 40%
more of the acreage, so race B could maintain itself very well. This year we
released a new variety called Arthur 71 (Caldwell, et al., 1972). It has a dif-
ferent gene for resistance and is resistant to all known races of Hessian fly.
Since resistance in this wheat is controlled by a single dominant gene, it should
only be a matter of time before some new race would develop on it, although as yet
we don't have one in the lab. If this does happen, the numper of possible races
will double from 8 now to 16. This new wheat although resistant to all 8 races
has a temperature sensitive gene and at temperatures of 75F and higher, the plant
loses its resistance to Hessian fly. This complicates matters in the field when
it comes to determining if biotypes are developing on the plant. We do have
another wheat in the making which has the same kind of resistance but is not as
temperature sensitive. It will be released in the near future. As you can see,
breeding a crop for resistance to insect pests isn't all that simple.

If we could regulate the kind of wheat that is grown in a state, I'm sure
we could eliminate the Hessian fly or at least reduce populations to such a low
level as to make them ineffective. For instance, all our wheats have single genes
for resistance and they control biotypes having single genes for virulence. Field
surveys have shown that the H3 wheats that make up over 90% of the wheat acreage
in Indiana suppressed races A and C that were prevalent before the release of these
wheats, and only race B exists in great numbers along with a few race D types. If
we could switch to wheats having the H6 genes for resistance like Knox 62 and
Benhur and completely blanket the state with these varieties, then we could sup-
press race B and since A and C were already reduced to very few numbers, only race
D would be able to survive. Then when race D would start to increase, we could
switch to H5 resistance wheats and suppress race D. If biotypes would build up
on the H5 wheats, we could go back to the H3 or H6 wheats again. I am peeitive
it would work, but regulations of this sort are not forthcoming in Indiana. The
farmers are an independent lot and our resistant wheats have helped keep fly
populations at a low level, so as yet they are not really hurt from Hessian fly.
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It certainly would be a challenge to see if .we could eliminate Hessian fly by regu-
lating the use of varieties.

From what little I have shown you about Hessian fly races, you can see
that variability exists within an insect species and you can appreciate the com-
plexities that occur when developing insect resistant cultivars.

If you are faced with biotypes, all is not lost. Insect biotypes can be
used to distinguish between different genes for resistance in world collections of
crop plants. They can also be utilized in the breeding programs to evaluate lines
for resistance and pick out segregating material. They can also be used to deter-
mine if two or more different genes exist in one plant, and they are very instru-
mental for genetic studies.

It is stL11 r_eferable to work with the mechanismb nonpreference and
tolerance. These mechanisms do not select for biotypes and resistant varieties
should hold up in the field. Regardless of what mechanism is used, it is only
the well-funded research programs that produce resistant cultivars, and then only
when there is excellent cooperation between scientists of the different disciplines,
entomology, plant pathology, agronomy, and genetics. Without the team approach,
I'm afraid all we will be doing is screening plants for resistance and not produc-
ing varieties.

Table l.- -Wheat reactions to races of Hessian fiy.

Hessian fly Turkey Seneca Monon Knox 62 Ribeiro
race H102? H

3
H
6

H
5

GP S R R R It

A S S R R R
B S S S R R
C S S R S R
D S S S S R
E S R S R R
F S R R S R
G S R S S R

Table 2.--Race genotypes based on virulence to wheat differentials.

Hessian fly Turkey
1741;

Monon Knox 62 Ribeiro
race 0

3
H
6

Hs

GP tt SS MM KK RR

A tt ss MM KK RR

B tt ss mm KK RR

C tt ss MM kk RR

D tt ss mm kk RR

E tt SS RIM KK RR

F tt SS MM kk RR

G tt SS mm kk RR
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Table 3.--Interracial crosses.

Race Race Progeny Progeny
phenotypes genotypes genotype phenotype

GP X A SSMMKK x ssMMKK SsMMKK GP
GP X D x ssmmkk SsMmEk GP
A X B ssMMKK x ssmmiCK seMmKK A
A X D x ssmmkk ssMmKk A
B X D ssmmKK x ssmmkk ssmmKk B
C X D ssMMkk x ssmmkk samkk C

B X C ssmmKK x ssMMkk seimMKk A
E X A SSmmKK x ssMMKK SsmMKK GP
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BIOCHEMICAL BASES OF RESISTANCE OF PLANTS TO PATHOGENS

Alois A. Bell
Director and Research Leader

USDA, ARS, National Cotton Pathology Research Laboratory
College Station, Texas

Development of infectious diseases of plants requires a potential host, a
potential pathogen, and a conducive environment. When those are present, the
ability of a plant to prevent, restrict, or retard disease development is called
disease resistance. The ability of tha plant to remain healthy by avoiding the
pathogen, environment conducive to disease, or both is called disease escape (or
klendusit ). Orton (1908) originally rocs-ignited 3 degrees of resistance: immunity,
resin ance, and endurance (now called tolerance). Immunit refers to the ability
of a plant to remain completely free of the disease. o erance refers to the
ability of a plant to endure invasion of a pathogen witENTiiia symptom expression
(particularly in viral infections) or damage (particularly in fungal infections).
Susceptibility is the opposite of resistance. It includes qualities that permit
Eieise development and limit the plant's ability to overcome or withstand
injurious effects of disease.

Disease escape must be clearly Oistinguished from disease resistance and
should be avoided in biochemical studies. Plants that escape disease frequently
have no more biochemical resistance than plants that fail to escape the disease,
and they are susceptible when infection occurs. Yet, plant characters that allow
disease escape can be useful in disease-control programs. Okra leaf and nectari-
less characters in cotton reduce boll rots by modifying the microenvironment of
the plant canopy and by reducing insect mcvement and feeding on the plant; insect
wounds provide the initial entry for many boll rot organisms. Earliness in cotton
reduces losses from Phymatotrichum root rot and Verticillium wilt,.which occur
late in the growing season; early varieties also have less boll rot in south-
western United States because they are harvested before fall rains occur.

Resistance may be either specific or general (also called vertical and
horizontal, respectively (Van der Plank, 1968). Resistance expressed to some, but
not to other, strains of a pathogen is called specific, while resistance expressed
similarly to all strains of a pathogen is called eneral. Strains of pathogens
that vary in their potential to cause disease are saic, o vary in virulence (or
aggressiveness); virulence also may be specific or general. StraiNIithogen
clearly distinguished by differential susceptible or resistant reactions of a
group of closely related plants (usually species or varieties) are called h sio-
logical races. A given plant may have both specific and general resistance o a
disease. Specific resistance generally is expressed against obligate (or near
obligate) parasites, but also has been demonstrated against the bacterium,
Xanthomonas malvetcearum in cotton (Brinkerhoff, 1970) and Hessian fly in wheat
(Gallun and Ritz, 1971). Resistance to factltative parasites usually is general.
Bir.hemical mechanisms that distinguish susceptible and resistant varieties might
be different for general and specific resistance.
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Responses that distinguish susceptible and resistant reactions may be
directed primarily against growth and development of the pathogen, action of
toxins and enzymes of the pathogen, or both. Resistance to diseases caused by
obligat,e parasites (for example, rusts and viruses) appears to be directed against
growth or multiplication of the pathogen. Resistance to certain diseases caused
by facultative fungal parasites (for example, Helminthosporium, Periconia, and
Alternaria sp.) (Scheffer and Pringle, 1967; Scheffer ana SamaddiF,73Tralnd
ISERN77nd Yoder, 1972) is directed primarily against the fungal toxins. In the
latter instance, the plant must also resist pathogen development, but this ability
usually resides equally in susceptible and resistant varieties and is not critical
in distinguishing them.

Resistance, tolerance, and suscertibility are arbitrary, relative terms.
A plant in a given environment may be susceptible to one but resistant to another
strain of the same pathogen; under a slightly different environment it may be
resistant to both strains. A plant susceptible to a given disease during the first
week of its life may become and remain resistant during the second week and there-
after. One tissue or organ may be susceptible but another resistant in the same
plant. Biochemical expressions of resistance to most diseases probably occur in
both susceptible and resistant plants and vary only in their speed, magnitude, and
localization. Different tissues in a single plant may vary more in their resin-
tance.responses than the same tissue in susceptible and resistant varieties. Thus,
biochemical studies of resistance should use genetically pure and stable plants
and pathogens, only.approprtate tissues, and carefully defined and reprcducible
environments that clearly distinguish susceptible and resistant responses. The
time-course of biochemical events should be related with that of disease
development.

Mechanisms and nature of plant disease resistance have been discussed
extensively in several books (Goodman, at al., 1967; Metlitskii and
Ozeretskovskaya, 1968; Van der Plank, 19681 Wood, 1967), and numerous review
articles (Akai, 1959; Akai, et al., 1967; Akai, et al., 1971; Albereheim, et al.,
1969; Allen, 1959; Beckman, 1964; Bell, 1972; Bingefors, 1971; Brown, 1934, 1965;
Buddenhagen and Kelman, 1964; Byrde, 1963; Chester, 1933; Cruickshank, 1963, 1966,
Cruickshank and Perrin, 1963; Daly, 1972; DeVay, et al., 1967; Diener, 1963;
Dimond, 1967, 1970; Dropkin, 1969; Ellingboe, 1968; Farkas and Kiraly, 1962;
Farkas and Stahmann, 1966; Fawcett and Spencer, 1969; Fuchs, 1971; Hadwiger and
Schwochau, 1969; Klement and Goodman, 1967; Kosuge, 1969; Krusberg, 1963; Kuc, 1964;
1968; Martin, 1964; Matta, 1971; Muller, 1958, 1959, 1963; Mundry, 1963; Oku, 1967;
Price, 1962; Rhode, 1965; Rohringer and Samborski, 1968; Ross, 1966; Scheffer and
Pringle, 1967; Scheffer and Samadder, 1970; Scheffer and Cowling, 1967; Schwochau
and Hadwiger, 1970; rhaw, 1963, 1967; Stahmann, 1965, 1967; Stoessl, 1970;
Thatcher, 1942; Toml,Ama, 1963, 1971; Tomiyama, et al., 1967; Uritani, 1963, 1971;
Uritani, et al., 1967; Walker, 1924, 19631 'talker and Stahmann, 1955; Ward, 1905;
Wingard, 1941; Yarwood, 1967). This review briefly summarizes preinfectional
and postinfectional characteristics that contribute to plant disease resistance.
Only a few selected literature citations are used to illustrate each characteristic.

Preinfectional Resistance

Certain defense mechanisms of the plant occur without previous infection
and thus are preinfectional (also called preformed, preexisting, mechanical, or
passive). These Include many general resistance mechanisms of plants to saprophy-
ttc and facultatively parasitic microorganisms. They frequently are better
developed in wild than in domestic plants. Preinfectional mechanisms are .imited
in value in breeding programs, since energy converted to defense mechanisms
usually occurs at the expense of growth and reproduction; thus, yield and quality
may be reduced. Preinfectional resistance of plants to disease may be due to
anatomical barriers, nutritional limitations, resistance to microbial enzymes and
toxins, or antimicrobial substances.

0041



Dell, A. A. Resistance to Plant Pathogens and Insects

Anatomical Barriers.--The epidermis, comprisee of the cuticle and outer
walls of the epiderm0IEiM, serves as both a chemical (Martin, 1964; Martin, et
al., 1957; Roberts, et al., 1961) and physical (Akai, et al., 1967; Dickinson,
1960; Flentje, 1958; Martin, 1964; and Wood, 1960) barrier to exclude micro-
organisms from plant tissues. The cutin and waxes in the cuticle constitute a
hydrophobic surface, which repels water and prevents its accumulation as a film on
the plant surface (Davies, 1961); this surface also restricts diffusion of
nutrients from tissues to the surface of the plant. Thus, the cuticle limits foli-
ar retention of microorganisms, germination of fungal spores, and multiplication
and penetration of bacteria. A wound through the epidermal cell wall is necessary
to establish viral, many bacterial, and some fungal infections (Dickinson, 1960;
Esau, 1966; Flentje, 1958; and Wood, 1960).

For fungi that directly penetrate the epidermis, cuticle thickness and
epidermal resistance to mechanical penetration have bean related to disease
resistance (Dickinson, 1960; Martin, 1964). For example, varietal resistance of
barberry to Puccinia graminis (Melander, 1927) coffee to Colletotrichum coffeanum
(Nutman and Roberts, 1960) and strawberry to S haerotheca macularis (Perrin, 1964)
has been related to cuticle characteristics. The greater EFIE7Fiii of cuticle in
mature versus young leaves and stems also relates to the greater disease resis-
tance of the mature tissue (Robinson, 1969; Schieferstein and Loomis, 1959). High
temperatures, high light intensity and low humidity enhance cuticle thickness
(Martin, 1964) and generally enhance resistance to fungi that directly penetrate
the epidermis.

Some fungi and bacteria invade through natural openings in the epidermis
such as stomata, lenticels, and hydathodes. The structure and function of these
have been related to resistance (Hart, 1924; 1931; Walker, 1924). McLean (1921)
suggested that varietal resistance in mandarin oranges to Pseudomonas citri was
due to the size of the stomatal opening. Likewise, small s ze as we l as early
cork formation in lenticels has been rCated to varietal resistance to bacterial
diseases. Romig and Caldwell (1968) found that differential development of leaf
rust on peduncles, sheaths, and blades of wheat was caused by differences in
stomatal exclusion, determined by thickness and function of guard cells.

The relative occurrence of cells with thickened secondary walls (for
example, sclerenchyma, collenchyma, and xylem and phloem parenchyma), has also been
related to resistance. Hart (1931) suggested that bundles of such cells restricted
the development of stem-rust pustules in wheat. Such cells in leaf veins effec-
tively restrict "angular leaf spot" diseases to the area between veins. Numerous
other relationships between anatomical structures of the host and disease resis-
tance are cited in early reviews of disease resistance (Appel, 1915; Butler, 1918;
Coons, 1937; Freeman, 1911; Walker, 1924; and Ward 1905).

While anatomical barriers are undoubtedly involved in the general resis-
tance of plants, their importance in varietal resistance generally has been based
on casual observations or simple correlations involving a few varieties. Criti-
cal proof of involvement (concurrent transfer of the anatomical feature and
resistance in a breeding program, induction of susceptibility by removing or by-
passing the barrier, and absence of toxic chemicals) is usually lacking. Thus,
the exact importance of these features remains to be determined.

Nutritional Limitations.--Massee in 1905 defined an immune plant as one
in which positive chemotactic substances, necessary for facilitating the entrance
of the germ taws of a given parasitic fungus into its tissues, were absent. He
suggested that studies of the nature of resistance should be concerned with the
exact constituents of the cell sap. Subsequent studies, howevor, showed that most
obligate fungal parasites penetrated susceptible and resistant hosts with similar
ease, and Massee's theory was discounted.
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Studies by Brown (1922, 1934) caused renewed interest in the role of
nutrition in virulence and resistance. He e zonstrated exosmosis of electrolytes
into water droplets placed on foliage and flower petals of certain plants; drops
on petals had increased capacity to bring about germination of spores of Botr tis
sp. Exosmozis of nutrients into drops on petals was unaffected by presence o
the fungus until after penetration (6-8 hr) when it increased rapidly. The amount
of exosmosis from petals was directly related to the speed and percentages of
infection. Water drops on leaves also increased in electrical conductivity, but
either they did not affect germination, or they inhibited germination in proportion
to the increase of conductivity. Kovads (1955) found that germination of spores
of Cercospora beticola were inhibited on resistant beet leaves; spores of the non-
pathogen, AlteiFiriitenuis, also were inhibited. Leaf washings and exudates from
numerous othWrgintsiTiFire primarily fungitoxic.

Exudates from roots, seeds, or hypocotyls have been studied extensively
for effects on seedling and soilborne disease (Schroth and Hildebrand, 1964;
Spender, 1962). Kerr and Flentje (1957) reported that exudates from radish roots,
when applied to wash(' l strips of radish cuticles, stimulated organization of
hyphal masses and penetration by virulent, but not by avirulent, strains of
Pellicularia filamentosa. Glucose or peptone did not mimic this effect. The
ifTWENEEFTP-compound7a not identified.

Many investigators have shown large increases of fungal and bacterial
flora in the rhizosphere and next to germinating seeds (Schroth and Hildebrand,
1964; Spencer, 1962), but attempts to demonstrate a nutritional basis for varietal
resistance have been frustrated by concurrent exudation of toxic compounds.
Timonin (1941), for example, found a greater population of microorganisms in the
rhizosphere of the Fusarium-resistant flax variety Bison than in that of the sus-
ceptible variety NoViTETURder field conditions. Sterile root exudates from the
susceptible variety, however, were more stimulatory to microflora growth, and
sterile exudates from the resistant variety were toxic to Fusarium and
Helminthosporium sp. Exudates from the resistant variety nd 80 ppm KCN,
which inhibited Fusarium oxysporum f. lini, but stimulated Trichoderma viride, a
soil saprophyte..EREFE (1957) examined root exudates of tRrrnirWiiirWir-peas
that showed differing degrees of susceptibility to three races of F. oxysporum f.

pisi and concluded that exudates inhibited germination of races to which tne
varieties were resistant. Similar results have been obtained by others trying to
relate nutrition to resistance.

To resolve this dilemma, Garber (1956) proposed a nutrition-inhibition
hypothesis of pathogenicity (and resistance). According to this theory, the
nutritional environment of the microorganism may be adequate or inadequate, and
the inhibitory environment effective or ineffective. Only an adequate-nutrient
environment, coupled with an ineffective inhibitory environment, results in viru-

lence or susceptibility. Evidence that supports the concept that nutrient supply
is critical to susceptibility is as follows:

1) Mutations that impose major nutrient requirements, such as nucleotides or
amino acids (except proline and sometimes methionine), on Venturia inaequalis
(Boone, et al., 1958; Kline, et al., 1958), Ustilago ma y:1 (Holliday, 1961),
Verticillium albo-atrum (Hastie, 1970), and V. dahliae u alla, unpublished),

onriFulence. These nutrients are present in the host but usually
in complex forms within the cytoplasm. Auxotrophic mutations for minor nutrients
such as the vitamins, nicotinic acid or inositol, cause slight or no loss in

virulence.

2) Facultative pathogens invariably produce pectinase and usually cellulase
enzymes, which allow them to degrade and use cell-wall components (Albersheim,
et al., 1971; Bateman and Millar, 1966; Brown, 1965 and Roberts and Martin, 1963).
Inability to produce pectinase naturally or due to mutation results in loss of

vf..ulence.
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3) Host-specific toxins and other phytotoxins that appear to be involved in
aigease development invariably cause cellular leakage of nutrients (Brown, 1965;
Romanko, 1959; Scheffer and .Pringle, 1967; Scher!er and Yoder, 1972). These toxins
are essential for overcoming host resistance (Scheffer and Yoder, 197'4).

4) Tissues like bark and heartwood have extremely high C/N ratios. Only basid-
iomycetes grow in the presence of such ratios and invade trees through these
tissues (Scheffer and Cowling, 1967).

5) Cellular pH and osmotic concentrations restrict the number of pathogens that
attack the plant. Only acid-tolerant fungi such as Monilinia, Botr tis, or
Penicillium sp. attack the highly acid fruits of plants, and on y osmotic-tolerant
TJWiritTEEas Aspergillus or Penicillium sp. cause diseases of stored seed.

6) Numerous environmental conditions such as moisture, temperature, and supply
of N, K, and Ca markedly affect disease resistance (Bell, 1972; Wingard, 1941).
Those conditions (low temperature, high water, high N, low K and Ca), which favor
enhanced levels of soluble nutrients, particularly nitrogenous compounds, in plant
tissues, usually increase susceptibility to soilborne and seedling diseases.

In spite of much evidence that adequate nutritional supply is necessary
for virulence (or susceptibility), few if any instances of varietal resistance
caused by inadequate nutrient supply have been shown. The genetic potential to
use the host as a substrate must be a primary requirement for pathogenicity; thus,
resistance of plants to pathogens probably depends on development of effective
inhibitory environments.

Resistance to Enzymes.--Hydrolytic enzymes appear important for patho-
genesis by facultative fungi and bacteria (Albersheim, et al., 1969; Bateman and
Miller, 1966; Brown, 1965; Wood, 1960). These compounds dissolve and disorganize
plant cells and tissues, making nutrients available to the pathogen. They also
may kill plant cells and thus disrupt development of postinfectional resistance
mechanisms. Brown (1934) proposed that plant resistance to facultative fungi was
largely a result of insensitivity or of regulation by the host of the pathogen's
enzyme production. He proposed four categories of resistance: a) plant compo-
sition is unsuitable for growth or production of active substances by the fungus,
because of nutritional limitations or toxic barriers, b) plant composition allows
ready fungal growth, but not secretion of an appreciable quantity of active sub-
stances by the fungus, c) plant composition favors fungal growth and allows
secretion of enzymes, but secretion or activity of enzymes is limited, and d) the
active principle of the fungus is unable to affect the tissue of the plant.

As an example of (b), Botrytis allii (an onion pathogen) penetrated and
grew slightly in apple but did not causiariease. Likewise, the fungus grew
readily in apple extract but did not produce detectable pectinase. Addition of
nitrogenous compounds allowed the fungus to attack apple and to secrete pentinase
when grown in apple extracts. Resistance of apple appeared due to the adverse
effects of a high C/N ratio on production of pectinase.

Brown (1934) proposed that resistance was usually due to (c). For example,
potato is resistant to Botr tis cinerea but susceptible to Pythium debaryanum. On
potato decoctions, Botryt s produce considerable pectinaseiWirWthium very little
but on living or deaa potato tubers P thium produced considerable enzyme, probably
because the pectic substances in the atter substrate induced its production. The
activity of the enzyme from Botrytis was favored by acid conditions and was sensi-
tive to salts, while that from Pythium was favored by neutral or alkaline condi-
tions and was insensitive to sa ts. onditions in the live potato tuber favored
the production and activity of pectinase from Pythium. Pectinase from Botr
was also quickly absorbed by subturgid potato cells, and little rot develoe
injection of tissues with water prevented such absorption and allowed rot to occur.
Pectinase from Pythium attacked subturgid cells, and Brown (1934) suggested that
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some substance secreted by Pythium allowed adequate water exchange between the
fungus and host.

Several other factors regulating enzymes have also been related to
disease resistance:

1) Rate of enzyme formation by pathogen. Lapwood (1957) compared host-parasite
behavior of four virulent and three avirulent strains of Erwinia aroideae, which
made similar quantities of macerating enzymes in culture EFLIT37N575i incu-
bation. In potato decoction, the growth curves of the virulent strains began to
separate upward from those of the avirulent strains after about 4 hr and continued
to diverge until about the 12th hr: by 24 hr, the curves had converged and popu-
lations were similar. Production of macerating enzyme was demonstrated for viru-
lent but not avirulent strains after 4 hr, and great differences occurred after 8
hr; by 24 hr all strains produced high enzyme activity. Initial attack on potato
tissues occurred at 2 to 3 hr by virulent and at 4 to 8 hr by avirulent strains,
but only virulent strains continued to progress. The speed of enzyme production,
therefore, is considered of critical importance in the host-parasite relationship.

2) Calcium pectate content of tissues. Bateman and Lumsden (1964, 1965, 1966)
reported that calcium pectate is not degraded by endopolygalacturonase (endoPG)
of Rhizoctonia solani. Calcium ions accumulated in and around developing
Rhii5BINiiIiiiai7ind these tissues were more difficult to macerate enzymati-
cally than similar tissue from healthy plants. Shear and Drake (1971) also
reported localized accumulation of calcium in cork cells, which limit development
of apple-scab lesions. Soaking bean hypocotyls in calcium ions caused them to be
more resistant to Rhizoctonia (Bateman, 1964). Old (3 or more weeks) bean tissues
were more resistanfEFIEYEUNg (less than 2 weeks) tissues to endoPG and the dis-
ease (Bateman and Lumsden, 1965). Increased resistance with aging was related to
large increases of calcium and conversion of pectins to pectates.

3) Differential induction and repression of enzyme synthesis. The syntheses
of pectinase, cellulase, and other hydrolytic enzymes by pathogenic microorganisms
frequently are regulated by concentrations of substrates and products. For
example, pectinase synthesis is stimulated by pectin and inhibited by galacturonic
acid, cellulase is stimulated by cellulose or cellobiose and inhibited by glucose
( Albersheim, et al., 1969; Bateman and Millar, 1966; Goodman, et al., 1967; Wood,
1967). Thus, differences in host composition can markedly affect the production of
enzymes. Albersheim, et al., 1969, have proposed that carbohydrate structures of
plant cell walls, through their different sensitivities to enzymes and effects on
enry.m4 production, may determine varietal resistance. Deese and Stahmann (1962)
reported that Verticillim albo-atrum produced pectinesterase only on stems of
susceptible vaiiIiii7--YojilIacturonase production on stem sections also was
directly related to varietal susceptibility. Mussell and Green (1970) reported
similar resultv with V. albo-atrum and Fusarium oxys rum in susceptible and
resistant stem sections Totton and tararEng sn and Albersheim (1969) re-
ported that a-galactosidase production by various physiological races of
Colletotrichum lindemuthianum was always greatest when strains were grown on sus-
ceptible host wall materials. Possibilities of differential growth rates of the
fungi or inactivation of.the enzymes, however, were not eliminated in any of the
above studies.

In few, if any, instances has resistance to an enzyme clearly been shown
to be the cause of varietal resistance to natural populations of pathogens.
Nevertheless, resistance to enzymes undoubtedly is involved in total resistance
and might be regulated by many indiscrete genes.

Resistance to Toxins.--Phytotoxins produced by microorganisms cause
leakage, disruption, and death of host cells and are critical determinants of
pathogenesis by certain facultative fungal parasites (Braun and Pringle, 19481
Brown, 1965; Scheffer and Pringle, 1967; Scheffer and Yoder, 1972; Wood, et al.,
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1972). Varietal resistance to pathogens producing host-specific phytotoxins is
shown to the toxin alone (Braun and Pringle, 1958; Schaffer and Pringle, 1967;
Scheffer and Yoder, 1972). Since toxic action on cells requires only minutes,
predisposition to phytotoxins appears to be critically important in determining sus-
ceptibility (Scheffer and Yoder, 1972). Romanko (1959) found that toxin of
Helminthosporium victo4.1ae was inactivated totally in resistant but not in sus-
ceptible oat variaia7--Re suggested that resistant plants contain some mechanism
for inactivating the toxin. However, Scheffer, et al. (1967) and Scheffer and
Yoder, 1972), working with several host-specific toxins, found that active toxin
could not be recovered after absorption by either susceptible or resistant varie-
ties. They proposed that phytotoxins might have to be absorbed on specific
receptors or sensitive sites to be active and that a lack of receptors might be
the cause of varietal resistance.

Differences in varietal resistance to disease have also been related to
reactions of plants to fungal filtrates, e.g., Verticillium wilt of lucerne (Carr,
1971). Filtrates in this instance contain seveiirEERTN7and no single toxin
showing the host-specificity has been isolated. Many facultative fungi, such as
Fusarium sp., Aspergillus sp., Helminthosporium sp., Sclerotinia sp., Altftrnaria
sp., ana bacteria, each produce numerous toxins (Herout, 1971; Turner,-MIT ETA
et al. (1972), which may vary qualitatively and quantitatively between species and
strains. Host specificity toward these pathogens may be determined to a great
extent by the plant's resistance to the composite of microbial toxins and enzymes,
but this is difficult to evaluate.

Antimicrobial substances.--Ward (1905), in his classical paper in 1905,
concluded: "the matter (disease resistance) has nothing to do with anatomy, but
depends entirely on physiological reactions of the protoplasm of the Fungus and the
cells of the host. In other words, infection, and resistance to infection, depend
on the power of the Fungus-protoplasm to overcome the resistance of the cells of
the host by means of enzymes or toxins; and, reciprocally, on that of the proto-
plasm of the cells of the host to form antibodies which destroy such enzymes or
toxins, or to excrete chemotactic substances which repel or attract the Fungus-
protoplasm." Ward further emphasized that external factors (temperature, moisture,
and nutrition) greatly affect the susceptibility of individual plants to their
pathogens. Following his suggestion, numerous workers (Butler, 1918; Chester,
1933; Price, 1932) attempted to find chemotactic substances, antibodies, and
acquired immunity (increased resistance to a disease resulting from previous infec-
tion by the same pathogenic agent, or one of its strains) in plants. The produc-
tion of specific antibodies was never found in plants. However, agglutinins,
precipitins, lysins, enzyme denaturants; and antimibrobial substances in plants
were demonstrated (Bawden, 1953; Bell, et al., 1962; Byrde, 1963$ Cook and
Taubenhaus, 1911; Cruickshank and Perrin, 1964; DeBaun and Nord, 1951; Farkas and
Kiraly, 1962; Fawcett and Spencer, 1969; Kosuge, 1969$ Kuc, 1964; Mandela and
Reece, 1965; Rennerfelt and Hecht, 1955; Scheffer and Cowling, 1967; Sehgal, 1961$
Spencer, 1962; Van Fleet, 1972; Virtanen, et al., 1957$ Walker and Stahmann, 1953$
and Whittaker, 1970). These materials were generally nonspecific and frequently
occurred in healthy as well as infected plants.

Preinfectional antimicrobial compounds have usually been found in dead
tissues of living plants (such as heartwood, bark, or bulb scales) or in
specialized living cells (such as endodermis and hypodermic, resin ducts, or gland
cells). These compounds function in the biochemical ecology of higher plants
competing with other plants, pests, and pathogens (Whittaker, 1970). Most toxic
chemicals found in dead tissue, glands, or specialized cells also are formed by
other living plant cells under stress of infection; therefore, the biochemistry
of their synthesis will be discussed under postinfectional chemical barriers.

Antimicrobial Compounds in Dead Tissues.--Cook and Taubenhaus (1911)
demonstrated that tannins were toxic to fungi at the concentrations found in bark,
cork, and heartwood. They extracted tannins from cork and found that fungal attack
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occurred unless the tannin was replaced. The work of Walker, Link, et al. (1929,
1933, 1924, 1963 and 1955) with onion further established the importance of poly-
phenols as preinfectional chemical barriers. Varieties with white bulbs were
uniformly susceptible, while those with red bulbs were resistant to Colletotrichum
circinans. Cold-water extracts from the dry outer scales of red, but not white,
=IDS were highly toxic to spores and mycelia of the fungus. When the dry outer
scales were removed, previously resistant, colored bulbs were readily infected.
The fungitoxic chemicals in red scales were identified as catechol (Link, and
Walker, 1933) and protocatechuic acid (Link, et al., 1929) (Flgure 4).

Numerous chemicals have been found in fungitoxic concentrations in bark
and heartwood (DeBaun and Nord, 1951; Erdtman, 1952; Fawcett and Spencer, 1969;
Rennerfelt and Nacht, 1955 and Scheffer and Cowling, 1967). These include con-
densed tannins, hydrolyzable tannins, lignins, tropolones (thujaplicin and
nootkatin), stilbenes (pinosylvin and 2,4,3',5'-tetrahydroxy stilbene), terpenoids
(chamic acid and carvacrol), flavanoids (taxifolin and quercetin), and quinones
(juglone and plumbagin); see Figure 1 for examples. The toxicity and concen-
trations of the materials, together with high C/N ratios, account for much of the
relative resistance of heartwoods to decay.

Antimicrobial Compounds in Live Cells and Glands.--Water extracts or juice
expressed from young plant leaves or shoots usually contain antimicrobial materials
(Bawden, 1954; Sehgal, 1961; Spencer, 1962; Van Fleet, 1972; Virtanen, et al.,
1957). In many of these, the toxic substances are formed from nontoxic precursors
by rapid enzymatic reactions; these are discussed under postinfectional mechanisms.
In others, the toxic substances seem to be isolated in vacuoles of certain living
cells, in resin ducts, or in glands. Such substances include alkaloids, terpe-
noids, polyacetylenes, and possibly proteins.

In 1938 Greathouse and Watkins demonstrated that roots of Mahonia
trifoliolata and M. swaseyi contained from 1.33 to 2.48% of the alkaloid, berberine
Triia7-7T7 This was more than 65 times the concentration required to inhibit
growth of Phymatotrichum omnivorum completely in culture. They suggested the alka-
loid was responsible for the high level of resistance that these plants had to
Phymatotrichum root rot. Berberine was distributed in walls of tracheids and
vessels in the xylem and in smaller amounts in lumina of cells in the wood rays.
In extracambial tissues, the alkaloid occurred in a nearly continuous zone of
parenchyma cells surrounding the phloem and below the periderm. The bast fibers
were impregnated with berberine, and small amounts were frequently observed in the
periderm. The fact that berberine was most concentrated in a zone of cells just
below the periderm was given special significance, since this is the zone of cells
first attacked by the fungus in susceptible hosts. Greathouse (1939) later showed
a similar relationship betwew. the alkaloids sanguinarine (Figure 2), chelery-
thrine, and protopine and resistance of Sanguinaria canadensis to Phymatotrichum
root rot.

Greathouse and Rigler (1940) later studied 62 alkaloids from 15 families
and more than 50 species. Toxicity of each alkaloid to P. omnivorum was generally
associated with the relative resistance of the plant from wEIFE-Triiis isolated.
They concluded that alkaloids constitute an important factor in root resistance to
P. omnivorum.

The steroidal glyco-alkaloids (Figure 2), tomatine (D-xylo-(1-3-)-(D-
gluco-(1-2)1-D-gluco-(1-4)-D-galacto-tomatidine) in tomato, and solanine (L-rhamno-
(1-4)-D-galacto-(1-4)-D-gluco-solanidine) and chaconine (L-rhamno-(1-4)-(L-rhamno-
(1-2)-1-D-gluco-solanidine) in potato, are fungitoxic and have been implicated in
resistance to diseases caused by Fusarium sp. (Arneson and Durbin, 1968; Fawcett,
and Spencer, 1969; Stoessl, 1970). Detoxification of tomatine by pathogenic
Se toria lycopersici, but not by nonpathogenic S. linicola or S. lactucae, has
een emonstrated (Arneson and Durbin, 1967).
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Other nitrogen-contcining compounds occur as preinfectional inhibitors in
young grasses. Avenacin (Figure 2), a glyco-triterpenoidal amino-acid ester,
occurs at concentrations of 155 mg/kg fresh weight in oat roots (Burkhardt, et al.
1964) and is toxic to many fungi at 3-50 ug/m1 (Maizel, et al., 1964). The oat
pathogen, Ophiobolus graminis avenae, but not avirulent strains of 0. graminis,
detoxified WEEMESy hydrolyzligi-BWe of the sugar moieties (Turner, 1961).

Extracts or juice from young barley plants are fungitoxic (Spencer, 1962;
Stoessl, 1969; Virtanen, et al., 1957). Ludwig, et al. (1960) observed that young
barley seedlings were not infected by the pathogen, Helminthosporium sativum, in
the first 5 days after emergence from seed. A group of closely relate compounds,
hordatines, apparently were responsible for the antifungal activity in young plants
(Stoessl, 1970). Hordatines are formed by a peroxidase-catalyzed dimerization of
cinnamyl amides formed with the organic base agmatine. Hordatine A (Figure 2), its
glucoside, and its methyl ether are equally fungitoxic at about 10-5 H. Loss of
resistance to H. sativum in young barley seedlings has been correlated ve.t.h accumu-
lation of Ca++ inag-gants. Fungitoxic activity of plant sap or hordatine A
was inactivated by addition of Ca++ or Mg++.

Many terpenes have antimicrobial activity (Fawcett and Spencer, 1969;
Robinson, 1969; Stoessl, 1970) and are frequently found in gland secretions,
resins, and essential oils of plants. Gossypol (Figure 3) occurs in subepidermal
glands of leaves and shoots and in root periderm of cotton (Bell, 1967). The
cyclic ketones, humulone and lupulone (Figure 3)-occur in soft resin of hop cones
(Lewis, et al., 1959; Salle, et al., 1949), and limonene (Figure 3) occurs in
essential oils of citrus (Stoessl, 1970). These compounds have broad-spectrum
fungicidal activity, but their roles in specific cases of disease resistance have
not been elucidated.

The acetylenic compounds are among the most potent antifungal compounds
found in plants. Capillin (Figure 3), which occurs in essential oils of Artemisia
capillaris (Imai, 1956) and Chrysanthemum frutescens (Boglmann and Kleine, 1961),
inhibits Trichophyton purpureum at 0.25 ug/l (Mai, et al., 1956) and Penicillium
italicum at 4 ug/M1 (Tanaka, 1961). Another acetylenic compound, wyeroRE71WW
3T-TiTesponsible for toxicity of extracts from Vicia faba (Deverall and Vessey,
1969). Fresh broad-bean seedlings yielded 10 mg wyeroniA7 fresh tissue. The
compound completely inhibited Alternaria brassicicola at 3 ug/ml. Nematicidal com-
pounds in roots of Tagetes areenylC727.flcomplsUhlenbroek and Bijloo, 1958,
1959), and the first acetylenic compound isolated from plants, carlina oxide
(Figure 3), is bactericidal (Robinson, 1969). More than 300 acetylenic compounds
have been isolated from fungi and higher plants ( Robinson, 1969). Those that con-
tain hydroxyl, carbonyl, or furan groups usually are antimicrobial. Acetylenic
compounds are particularly abundant in the Compositae, Umbelliferae, and
Araliaceae and are produced mainly by the endodermis or epithelial cells forming
ducts (Van Etten and Bateman, 1971; Van Fleet, 1971).

Several observations indicate that preinfectional proteins are important
in disease resistance.

1) Many plants contain proteins that inhibit mechanical transmission of viral
diseases when wound saps from infected plants are used to inoculate healthy plants
of a different species (Bawden, 1954). These inhibitors usually are not effective
when wound saps are used to inoculate healthy plants of the same species. The
inhibitor from pokeweed Las been identified as a glycoprotein.

2) Albersheim and Anderson (1971) found proteins in cell walls of bean hypo-
cotyls that inhibit enzymes secreted by fungal pathogens. The ability of these
proteins from differential bean varieties to inhibit endopolygalacturonases from
m, y, a; A 6 races of Colletotrichum lindemuthianum was nonspecific (1972).
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3) Abeles, et al. (1971) have shown that plants contain gluconase and chitinase
enzymes and have suggested that these may have an antibiotic role in attacking cell
walls of invading pathogens.

4) Doubly, et al. (1960) found that a specific antigen in each of 4 races of
Melampsora lini also was found only in lines of flax that were susceptible to each
particular race. Rust races were avirulent when they lacked a common antigen with
their host. Since each race was grown on its corresponding susceptible host, rust
spores used for antigen preparation might have been contaminated with host tissues
to account for the results. However, the same results subsequently were repeated
with spores of all races produced on the variety Bison ;Floc, 1971). Common anti-
gen relationships between susceptible hosts and their pathogens have since been
shown for several diseases (DeVay and Charudattan, 1972; DeVay, et al., 1967).
The common antigen of Fusarium ox s orum or Verticillium albo-atrum and cotton is
a soluble polysaccharide:ROM:1 comp ex, tat dis and corn
is present in ribosomes (Wimalajeewa and DeVay, 1971). Other common ant gene have
not been characterized. The role of common antigens in disease resistance is not
known.

Attempts to explain resistance on the basis of preinfectional toxic com-
pounds have generally been frustrated by inadequate concentrations of the com-
pounds or their occurrence only in dead or a few localized cells. Recent studies
have shown that synthesis of preinfectional toxins is greatly increased and occurs
generally in all or most cells when they are infected or chemically stressed.
Pinosylvin (Hillis and Inoue, 1968; Shain, 1967), safynol (Allen and Thomas, 1971;
Thomas and Allen, 1971), gossypol-related terpenoids (Bell, 1967, 1968) and
solanine and chalconine (Allen and Kuc, 1968; Locci and Kuc, 1967) are preinfec-
tional toxins, but their behavior is similar to that of the phytoalexins, which
are induced only by infection.

Postinfectional Resistance

While preinfectional mechanisms account for much of the general resistance
to nonpathogens, they usually do not prevent pathogens from penetrating and estab-
lishing themselves in their hosts (Akai, 1959; Akai, et al., 1967; Dickinson,
1960; Ellingboe, 1968; Flentje, 1958; Matta, 1971; Suzuki, 1965). Establishment
of pathogens induces numerous biochemical changes in the host, some of which cause
containment or death of the pathogen. These, therefore, are postinfectional (also
called induced, physiogenic, physiological, or biochemical) resistance mechanisms
and include both anatomical and chemical barriers to disease development.

Anatomical Barriers.--Infected plants form a number of characteristic
structures that appear to contain the growth or spread of the pathogen (Beckman,
1966; Muller, 1959; Suzuki, 1965; Van Fleet, 1972). Many of these same structures
also are formed in mechanically injured tissues, but they are not present in
healthy plants. Some anatomical defense structures result from differentiation of
tissues or deposition of substances (for example, callose, suberin, lignin, gums)
in advance of and around the pathogen. Other structures or responses are cellular
and include swelling of cell walls, hyphal sheaths, tyloses, permeability changes,
and hypersensitivity.

Formation of Periderm and Cork Layers. -- Infections of stems, roots, and
young fruits frequently result in the formation of cork layers, or periderm,
beyond the developing pathogens. These cells are differentiated from parenchyma
cells, which frequently are formed from new, stimulated meristematic activity in
the region of the infection. Cork or periderm cells are tightly arranged and
have thickc.sd walls strengthened by deposits of lignin and suberin. They appear
to prevent spread of the pathogen, contain pathogenic enzymes and toxins within
the infection site, and restrict flow of nutrients and water from plant cells to
the infection site. This type of defense response is commonly found with scab
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(Jones, 1931), anthracnose (Stanghellini, and Aragaki, 1966), or leaf-spot
(Cunningham, 1928) diseases. Effectiveness of periderm, or cork-layer, formation
depends largely on the speed of its development and the degree of compactness and
impregnation of the cells with lignin and suberin.

Formation of Abscission Layers.--Abscission layers are formed from
adjoining layers of parenchyma cells, which swell and become thin-walled, while
the pectic materials of the middle lamella between them are dissolved. These
layers most commonly form between leaf petioles and stems, but also may form in
localized areas of young leaves, particularly in stone fruits. For example, the
symptoms of "shot-hole" diseases (Samuel, 1927) result from abscission layers as
resistance responses. A layer of cork cells usually is formed just behind the
abscission layer, which confines the fungus to the infected tissues. Severe
infection of leaves, for example, in bacterial blight of cotton (Brinkerhoff, 1970)
frequently results in defoliation, which prevents spread of the pathogen from
leaves to the remainder of the plant.

Formation of Gums.--Intense deposits of gums frequently develop in cells
and intercellular spaces around infected tissues (Akai, 1959; Suzuki, 1965). Gums
also are secreted through pits of xylem parenchyma cells into vessels and tracheids
and function in resistance to wilt diseases (Beckman, 1964; Dimond, 1970). The
gums exuded by stone-fruit trees are composed mainly of pentosans. Wound gums
from various plants also give positive tests for lignin, andmany contain other
yellow or brown granulated substances. Gums of cotton are rich in antimicrobial
terpenoids and polyphenols (unpublished), and present a chemical as well as ana-
tomical barrier to infection. The speed and extent of gum deposits partly account
for resistance of rice varieties to Helminthosporium leaf spot (Akai, 1959).

Formation of Swollen Walls and Hyphal Sheaths.-,Fungal hyphae, even before
they initiate penetration, frequently induce thickening of epidermal cell walls
and slight protuberances into the lumen of the host cell (Akai, 1959; Akai, et al.
1967, 1971; Pierson and Walker, 1954). Later, the protuberances develop into a
sheath of materials between the plant cell wall and cytoplasmic membrane and
envelope the penetrating hyphal tip (Akai, 1959; Bell, 1972). Many of the
attempted fungal infections abort, with concurrent lysis of the hyphal tip, in
swollen walls or hyphal sheaths, which appear to represent structural
as well as possibly chemical barriers to microbial penetration. The swollen
epidermal walls usually become lignified. Some contain high levels of suberin.
Protuberances and hyphal sheaths may be composed primarily of callose (callosities)
lignin-related compounds (lignitubers), or cellulose. The last type is found
mostly around haustoria of rust, downy mildew, or smut fungi. Many investigators
have proposed that hyphal sheaths are produced mainly from cell walls of the host.
However, the ultrastructure studies of Griffiths (1971) show that lignitubers,
formed in response to V. dahlias, result from aggregation and lysis of small
vesicles pinched off fromER37Otoplasmic membrane. The contents of these
vesicles might interact with enzymes of the wall to form the gummy materials that
accumulate in hyphal sheaths.

Formation of Tyloses.--Beckman (1966) proposed that resistance to vascular
infections involves a three-step mechanism: a) screening out of mobile microbial
cells from the transpiration stream by perforation plates or their remnants in the
xylem vessels, b) formation of gels in the vessel to immobilize cells of the
pathogen, and c) overgrowth of vasicentric parenchyma cells to form tyloses, which
eventually seal off the infected portion of the vessel. Tylnses, which protrude
through half-bordered pits of the xylem vessel, have thin walls made of cellulose
and other carbohydrates. Beckman (1971) proposed that pasticizing of plant walls
and formation of tyloses may be conditioned by diurnal fluctuations in pH and the
presence of metabolic acids that remove calcium from cell walls and permit their
extension. The speed of formation of tyloses has been related to varietal resis-
tance of numerous plants to vascular diseases (Beckman, 1964, 1966; Bell, 1972;
Dimond, 1970). Gums frequently are deposited with tyloses to seal the vessel
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completely and possibly form a chemical as well as anatomical barrier.

Permeability Changes.--Thatcher (1943) found that increased permeability
of plant cells was consistently associated with susceptible host-parasite relation-
ships. Marked decreases in permeability to urea occurred in host cells surrounding
infection sites and were associated with resistance of Mindum wheat to stem rust.
Treating Mindum with chloroform vapors increased both permeability of these cells
and disease susceptibility. Decreases in permeability to water were found in cork
cells that restricted necrotic lesions caused by Phoma lin am in swede root.
Infection of cotton with V. dahliae caused markedTNEYeases n nutrient content
of xylem fluids collected from susceptible host-parasite combinations and decreases
in those from resistant combinations (Bell, 1972). This might be caused by the
differential effects on permeability. Pathogens producing host-specific toxins
cause much greater increases of permeability in susceptible than in resistant
cells (Scheffer and Samaddar, 1970). The nature of changes in permeability have
not been determined, but they probably involve structural changes in the plasma
membrane.

Hypersensitivity.--Hypersensitivity is characteristic of the specific
varietal resistance of plants to pathogens (Muller, 1959). However, the same type
of resistance is also exhibited against many nonpathogens (Cruickshank, 1963;
Matta, 1971). Ward, while studying rust of brome grass in 1902, was the first to
recognize clearly that hypersensitivity was a defense mechanism. Susceptible and
resistant brome varieties were penetrated equally well by the rust pathogen, and
differences in behavior of the fungus occurred only after direct contact between
the host and pathogen. In the susceptible host "the parasite slowly taxes its
host and even stimulates the cells for some greater activity," while in the
resistant host "the tissues turned brown and died, the destructive action of the
infecting tubes having killed the cells too rapidly." Stakman (1915) borrowed the
medical term "hypersensitivity" (literally meaning sensitivity of a host to a
pathogen beyond the norm) to describe this resistance mechanism. Muller (1959)
defines hypersensitivity as "all morphological and histological changes that, when
produced by an infectious agent, elicit the premature dying off (necrosis) of the
infected tissue as well as inactivation and localization of the infectious agent."

Early studies of hypersensitivity involved only the obligate fungal para-
sites. However, it soon became apparent that resistance to facultative fungi such
as Phytophthora infestans and Venturia inae ualis also involved hypersensitivity
(Muller, 1959). Hypersensitiviiiance now as been found for viruses (Diener,
1963; Mundry, 1968; Ross, 1966), bacteria (Klement and Goodman, 1967), and nema-
tode3 (Bingefors, 1971; Dropkin, 1969; Endo, 1971; Krusberg, 1963 and Rohde, 1960).

The ultrastructure of the hypersensitive response has been studied recently
(Goodman and Plurad, 1971; Heath, et al., 1971; Paulson and Webster, 1972). During
the hypersensitive reaction of tobacco to bacteria, there was widespread damage to
membranes of subeellular organelles (Goodman and Plurad, 1971). Plasmalemma,
tonoplast, bounding and internal membranes of chloroplasts and mitochondria, and
the external membrane of microbodies were all profoundly deranged. Damage to mem-
branes coincided with and was probably the cause of tissue collapse and rapid loss
of electrolyte-laden water. A much greater loss of semipermeability and electro-
lytes in hypersensitive than in susceptible cells, particularly from 12-96 hours
after infection, has been noted frequently (Muller, 1959).

In cowpea, the first sign of hypersensitivity to rust was deposition of
callose-containing material on the host cell wall around the point of entry of the
haustorium; this reaction did not occur in compatible reactions (Heath, 197i).
Next, the host plasmalemma around the haustorial body became convoluted and was
associated with aggregations of phospholipid-like material. Subsequently, simul-
taneous necrosis of both host cell and haustorium occurred, or the haustorium was
tnclosed in a callose sheath possibly derived from the activity, of dilated rough
endoplasmic reticulum.
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The hypersensitive reaction of tomato roots to nematodes first was charac-
terized by increased numbers of ribosomes, proliferation of endoplasmic reticulum,
and stainability of cytoplasmic ground substances (Paulson and Webster, 1972).
Concurrently, dense osmicphilic inclusions disappeared from vacuoles. Distinctness
of cell membranes then vas lost, and mitochondria and Golgi bodies disappeared.
The fibrillar structure also disappeared, and electron-dense inclusions appeared
in the nucleoplasm. Organized arrays of ribosomes appeared on the outer membrane
of the nuclear envelope. Plastid stroma lost their granular structure, but starch
grains persisted. Changes were restricted to cells close to the nematode.

Early concepts of the nature of hypersensitivity, which prevailed even
into the 1960's, are reflected in synonyms used for this defense mechanism--
suprasensitivity, hypersusceptibility, hyperenergy, necrogenous defense, and
necrotic defense. Hypersensitivity was thought to be a rapid host response (death)
caused by the extra-aggressive mechanisms (enzymes, toxins, etc.) of the pathogen.
The death and desiccation of the host was thought to retain the pathogen by
depriving it of nutrition and water. Some workers even stressed that crosses be-
tween the hypersensitive and truly resistant hosts should be avoided, since the
progeny were apt to be extremely susceptible because of the influence of the
hypersensitive parent.

Recently, Tomiyama (1963) concluded that hypersensitive resistance of
potato to P. infestans involves a 2-phase response: (a) a sequence of physio-
logical phinaW result in rapid cell death within a few minutes or at most
a few hours after cells are penetrated; and (b) a defense mechanism, which appears
to develop an inhibitory environment and repair in cells adjoining the dead invaded
cell. Cell death apparently did not inhibit fungal growth, since both compatible
and incompatible races of the fungus grew at equal rates for several hours after
cell death.

Hypersensitive death of cells appears to depend on metabolic activity.
The uncoupling toxins, sodium azide and 2,4-dinitrophenol, greatly delayed hyper-
sensitive death of potato cells when applied after penetration by incompatible
strains (1971). Hypersensitivity also occurred more slowly when freshly-cut
surfaces were inoculated than when similar cells were inoculated five or more hours
after cutting. The latter cells had a more greatly accelerated metabolic activity
than the former. C ?cloheximide (an inhibitor of protein synthesis on 80S ribo-
somes) inhibits the Aypersensitive reaction of tobacco to bacteria, even though it
has no effect on bacterial growth (Pinkas and Novacky, 1971).

A number of metabolic alterations that appear to be characteristic of dis-
eased tissues occur more rapidly and intensely in hypersensitive reactions than
in compatible reactions (Uehara, 1964). The following metabolic changes are
clearly established during hypersensitive reactions.

1) Oxidative metabolism increases greatly 12-96 hr after inoculation (Bell,
1964; Farkas, et al., 1960; Kuck, 1967; Millerd and Scott, 1962; Williams and
Kuc, 1969). This increase apparently is caused by enhanced activity of the
pentose phosphate pathway of respiration (Bell, 1964; Farkas, et al., 1960;
Uritani, 1963). Synthesis of the key enzymes, glucose-6-phosphate dehydrogenase
and 6-phosphogluconate hydrogenase, is greatly increased in hypersensitive cells
(Uritani, 1963; Uritani, et al., 1967). Synthesis of NADP, the cofactor of these
enzymes, is enhanced (Uritani, et al., 1967). As soon as necrosis is complete,
as seen from visible browning, oxygen uptake rapidly declines and becomes less
than that of healthy cells.

2) The content of polyphenols derived from the hydroxycinnamicacid pathway or
the shikimate pathway are increased during the hypersensitive reaction (Farkas
and Kiraly, 1962; Kosuge, 1969; Kuc, 1964). The key enzymes in polyphenol syn-
thesis, phenylaline ammonia-lyase (PAL) and tyrosine ammonia-lyase (Hanson, et al.
1967), and enzymes of the shikimic-acid pathway are newly synthesized, or their
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rate of synthesis is greatly enhanced in either hypersensitive or wounded tissue
(Cruickshank and Perrin, 1964; Hadwiger, 1968; Hadwiger and Schwochau, 1969, 1970;
Stahmann, 1965, 1967; Uritani, 1963). Shikimate:NADP oxidoreductase was formed
after a 2-hr lag phase, and PAL and dehydroshikimate hydrolyase were detected after
about a 6-hr lag phase in wounded tissue (Uritani, 1963). Various protein and RNA
synthesis inhibitors prevented PAL synthesis, implying that the enzyme was syn-
thesized de novo during the hypersensitive reaction (Hadwiger, 1968; Hanson, et al.
1967; Schwochau and Hadwiger, 1970; Uritani, 1963).

3) Peroxidase and phenolase enzyme contents and activities are increased during
the hypersensitive reaction (Cruickshank and Perrin, 1964; Farkas and Kiraly, 1962;
Farkas, et al., 1960, 1965; Kosuge, 1969; Kuc, 1964, 1967; Stahmann, 1967;
Tamiyama, et al., 1967; Tamiyama and Stahmann, 1964; Uritani, 1963, 1971; Uritani,
et al., 1967). Increases in activity of both enzymes frequently are associated
with the synthesis of new isozymes that are not found in healthy tissues (Farkas
and Stahmann, 1966; Lovrekovich, et al., 1968; Stahmann, 1967; Tamiyama, et al.,
1967; Tamiyama and Stahmann, 1964; Uritani, 1971; Weber and Stahmann, 1964). The
increase of peroxidase and phenolase enzymes also appears to be due to de novo
synthesis rather than to activation of preformed enzymes. In cut tissues, new
peroxidase and phenolase were formed after lag periods of less than 24 hr and 24
hr or more, respectively (Uritani, 1971). Synthesis of protoporphrin IX, the
prosthetic group of peroxidase, was stimulated concurrently with peroxidase syn-
thesis (Uritani, 1963).

4) The number and activity of mitochondria (Asahi, et al., 1966), microsomes
(Uritani and Stahmann, 1961), and ribosomes (Paulson and Webster, 1972) were
increased in cells adjoining the hypersensitive reaction. These changes were
accompanied by increased breakdown and consumption of stored carbohydrate
(Tamiyama, 1971) and increased activity of enzymes such as amylase, phosphorylase,
and hexokinase (Uritani, 1963). Activity of cytochrome oxidase and succinic de-
hydrogenase was greater per mitochondrion (Asahi, et al., 1966).

5) Secondary metabolites with antimicrobial activity are deposited in killed
cells and in live cells surrounding the hypersensitive reaction (Cruickshank, 1963;
Gaumann, et al., 1950; Muller, 1956, 1958, 1959, 1963; Muller and Borger, 1940;
Uritani, et al., 1963, 1967). These compounds are specific for the host plant
producing them. Unlike antibodies, they are nonproteins and nonspecific for the
organism incitilw them. Muller (1959) suggested calling these compounds
phytoalexins.

The various responses associated with hypersensitivity are consistent with
the hypothesis that hypersensitivity rapidly forms chemical barriers to contain
the pathogen and its metabolites. Chemical barriers are manifested in two stages:
a) the production of wound toxins (responses 1 through 4) within minutes or hours
of the penetration and -MIS-67-The cells, and b) the mobilization of stored car-
bohydrates and energy to deposit phytoalexins in the killed and surrounding cells
from 8-48 hr after penetration. Phytoalexin synthesis appears to be a unique
response in the hypersensitive reaction, since it frequently is not induced by
wounding or ethylene treatments, which consistently stimulate the other responses
similar to those of infection (Uritani, 1963, 1971). Many of the anatomical
structures induced by infection might be more important for maintaining high,
localized concentrations of toxic chemicals than for mechanical confinement of the
organism (Muller, 1959).

Wound Toxins.--Wound saps or juices expressed from many plant tissues
quickly form antimicrobial (Beijersbergen and Lemmers, 1972; Fawcett and Spencer,
1969; Sehgal, 1961; Spencer, 1962; Stoessl, 1970; Virtanen, et al., 1957; Walker
and Stahmann, 1955) and enzyme-denaturing (Bell, et al., 1962; Byrde, 1963;
Mandels and Reese, 1965; Williams, 1963; Wood, 1967) substances. The toxins
apparently are formed passively by the mixing of compartmentalized enzymes and
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substrates. Boiling water, or alcohol, extracts of tissues usually do not contain
toxins. Also, various protein and RNA inhibitors do not inhibit the formation of
these compounds, and living cells are not required for their formation. Wound
toxins are of three general types--oxidation products of dihydroxy polyphenols,
hydrolysis and oxidation or rearrangement products of nontoxic glycosides and
esters, and thiosulphinates formed from sulphoxides.

Oxidation Products of Polyphenols.--Phenolic compounds are among the most
abundant and varied compounds in plants (Geissman, 1962; Harborne, 1964). Some of
the more common polyphenolic compound! and their derivatives from the shikimic-acid
pathway are shown in Figure 4. Various derivatives from hydroxycinnamic acids are
shown in Figure 7. Any given plant part may contain many different types of
phenolic compounds. Contents vary qualitatively and quantitatively between species
plants of the same genotype, tissues of the same plant, or even individual cells.
Phenolic contents also vary markedly with age and under different environments.
Thus, phenolics have nearly unlimited potential in accounting for the many dif-
ferences that occur in disease resistance.

Cook, et al. in 1,;11 were the first to show experimentally that tannins
were fungitoxic and to suggest they were involved in disease resistance of green
apple and pear fruit. They further observed "that tannin as such does not exist
in any part of the normal, uninjured fruit previous to maturity, except possibly
a small amount in the peel, but exists as a poly-atomic phenol, which upon injury
is acted upon by the oxidase and forms a tannin or tannin-like body having the
property of precipitating proteid matter, and at the same time forming germicidal
fluid." Injury greatly increased the oxidase content in cells next to the injury.
In uninjured fruits, oxidase activity was concentrated just below the peel and
around the core. Activity was greatest in young fruits, decreased with aging, and
disappeared in fully ripe fruit.

Numerous workers (Cruickshank and Perrin, 1964; Farkas and Kiraly, 19b4;
Farkas, et al., 1965; Kosuge, 1969; Kuc, 1963, 1964, 1967; Muller, 1958; Rohringer
and Samborski, 1968; Rubin and Artsikhovskaya, 1964; Tomiyama, et al., 1967;
Uritani, at el., 1967; Williams and Kuc, 1969) have since shown that toxic acti-
vities of polyphenols depend largely on their oxidation by enzymes such as peroxi-
dase and o- or rdiphenyl oxidoreductase (polyphenol oxidase). Major products of
these reactions are o- and rquinones, which act as powerful enzyme and metabolic
inhibitors (Webb, 1955) because of their reactions with sulfhydryl and amino
groups. The o-quinones also readily undergo self-condensation, frequently with a
half-life of Tess than one minute. As a consequence, they seldom can be demon-
strated in tissues by dizect evidence Some of the less polar polyphenols
(catechol) are themselves antimicrobial, but this toxicity probably is caused by
formation of the o-quinone within the microorganism.

The effectiveness of polyphenols in disease resistance depends on: a)
quantity and type of polyphenols in healthy tissue, b) speed and quantity of poly-
phenol synthesis induced zy infection, c) quantity and type of oxidase in healthy
tissue, d) speed and quantity of oxidase synthesis induced by infection, e) lo-
cation of polyphenols and oxidases, f) sensitivity of pathogens and their enzymes
to polyphenols and oxidation products, and g) cellular environment (pH, tempera-
ture, presence of sulfhydryl, amino, or reducing compounds that greatly affect
oxidase activity and quinone formation; and preinfectional phenols that affect the
induction of enzymes that synthesize more phenolic compounds). A complete study
of the role of polyphenols in resistance should consider all these points.

Varietal resistance has been related to polyphenol content on numerous
occasions. Condensed tannins (complex polyphenols formed from flavolans like +-
catechin, Figure 4) and hydrolyzable tannins (complex polyphenols formed from
glucose and gallic acid, Figure 4) have been implicated in resistance of cotton,
strawberry, and apricot to Verticillium wilt (Bell, 1972) and the resistance of
chestnut to Endothia parasitica (Nienstaedt, 1953). The polyphenols,
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3,4-dihydroxyphenylalanine (DOPA) and 3-hydroxytyramine, have been implicated in
the resistance of banana to Fusarium wilt (Mace, 1964; Mace and Solit, 1966) and
of sugarbeet to Cercospora lea spot (Harrison, et al., 1961; Rautela and ^ayne,
1970). Protocatechuic acid and catechol contents of onion scales were strongly
correlated with anthracnose resistance in onion (Link, et al., 1929; Link and
Walker, 1923, Walker /tad Link, 1335; Walker and Stahmann, 1955). Concentrations
of hydroxycinnamic acids and their esters with quinic acid, shikimic acid, and
glucose have been related to resistance of: potato to scab (Johnson and Schaal,
1952, 1957); Verticilliwt wilt (Lee and LeTourneau, 1958; McLean, 1921; McLean,
et al., 1961; Patil, et al., 1964), and late blight (Sokolava, et al., 1961;
Tomiyama, et al., 1967; Virtanen, et al., 195* wheat to rust (Walker and Stahmann,
1955); apples end pears to storage rots (Byrde, et al., 1959; Hulme and Edney,
1960; Williams, 1963) and scab Axkham, 1958; Williams and Xuc, 19691; carrots to
storage rots (Hampton, 1962); toffee to canker (Echandi and Fernandez, 1962); and
Nicotiana glutinosa to virus (Farkas, et al., 1960).

The importance of oxidase enzymes is indicated in several studies. In-
filtration of N. glutinosa leaves with ascorbic acid (which reduces quinones)
resulted in fegeriNariF4er local lesions from virus infections (Farkas, et al.,
1960; Parish, et al., 1962), and infected plants consumed 50% more ascorbate than
healthy plants. Polyphenols with pLenolase or peroxida .3e, but not polyphenols
alone, rapidly inactivate pectinase and to a lesser extent celllase enzymes
(Byrde, 1963; Mandels and Reese, 1965; Williams, 1963; Wood, 140). Deverall
(1964) found that varietal resistance of French beans to 10o-W.ight was associated
with a marked increase oxygen consumption by leaf homogenates. A substrate
that appeared to stimulate oxygen uptake was isolated and had properties of a
galactolipid. Lipoxygenase (lipoxidase), which specifically oxidizes linoleic or
linolenic acid (a major component of galactolipids), was found in the homogenate.
Mace (1964a, b) concluded that vascular browning associated with resistance of
banana to Fusarium oxyspoFium f. cubense probably was caused by phenol oxidases
and peroxiaiiira both the Kedar (1959) concluded that the
correlation between general resistance of potato to Phytophthora infestans and
peroxidase activity of crude sap of healthy plants was good enougH-17-Uirin field
selection programs. Peroxidase activity of different organs of the potato plant
also was correlated with their resistance to P. infestans (Fehrmann and Dimond,
1967). The wheat variety, Transfer, bears leil-FUE-Farstance that resulted from
incorporation of a segment of an Ae ilo s umbellulata chromosome (Macdonald and
Smith, 1971). This segment carries gene srniRFECtion of a unique peroxidase,
which appeared to be suppressed in the parent variety but was expressed in Trans-
fer, possibly by deletion of a suppressor element.

Only potato varieties immune to late blight showed marked increases of
phenoloxidase activity directly after fungl penetration (Rubin and Artsikhovskaya,
1964). Concurrent inhibition of dehydrogenase occurred, presumably by products of
phenol oxidation. However, tyrosinase can inactivate alcohol dehydrogenase by
diretA oxidation (Lobarzewski, 1962), and DOPA and catechol accelerate this reac-
tion. Resistance of sugar beets affected with Cercospora leaf spot was correlated
with both the speed and magnitude of increased peroxidase and o-diphenol oxidase
activities (Rautela and Payne, 1970). Similar relationships between increased
peroxidase activity and varietal resistance are reported for beau infected with
Pseudomonas phaseolicola (Imaseki, et al., 1968) and tomato infected with Fusarium
agiiEFUE7.TVEOTII_Fiiii (Van Fleet, 1971). The ability of nonpathogenic FEs
and ethylene to Induce disease resistance in sweet potatoes to C. fimbriata was
related So their ability to induce new peroxidase and polyphenor oirdiii7i7nthesis
(Imaseki, et al., 1968; Stahmann, 1967). Heat-killed cells of Pseudomonas tabaci
injected into tobacco leaves increased peroxidase activity and induced resistance
to subsequent inoculation with the live bacterium (Lovrekovich, et al., 1968).
Cartalt physiological diseases, for example, scald of apple and blackheart of
potato, have symptoms similar to those of the hypersensitive reaction. Varieties
susceptible to these physiological diseases have higher phenolic contents, higher
phenolase activity, and lower dehydrogenase activity than resistant va...keties.
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In preparations from healthy plants, phenolaso is bound to chloroplasts,
mitochondria, and other particulate fractions, from which it is extracted with
Triton A-100. Latent phenolase in broad-bean extracts is activated by acid or
alkali (Kenten, 1957), anionic wetting agents (Kenten, 1958), or pectic substances
released by enzymes of pathogens (Deverall and Wood, 1961). The cambium that gives
rise to the cork of oak bark contains both polyphenolixidase and B-glucosidase,
which are probably responsible for tannin synthesis. 8- Glucosidase and esterase
enzymes also are found in association with oxidases in other cells.

Peroxidase occurs abundantly in secondary walls, in which lignification or
polymerization of polyphenols occurs (Harkin, 1967). Both peroxidase and poly-
phenolase are prominent in endodermal cells, particularly in the root (Van Fleet,
1971). During development of the epidermis, per tidase first is distributed in
the cytoplasm, later it becomes localized in a mosaic in the tangential walls next
to the stele and in plasmodesmatal tubules connecting epidermal and adjoining cells
The enzyme appears to be bound in a lipid-like polymer, and binding can be blocked
by ethylene (Van Fleet, 1971). Peroxidase is also found abundantly in cells of the
duct canals, bundle sheaths, hypodermis, and meristems, phloem companion cells,
wound-regeneration cells, and scattered parenchyma cells throughout the plant. In
cotton parenchyma cells, the enzyme appears to be bound to the outer part of the
plasma membrane and occurs in particulate bodies in the cytoplasm (unpublished).

The localization of phenoloxidases and peroxidases in diseased tissues
has not been studied extensively. Mace (1964a, b) found both enzymes concentrated
in particulate bodies in cytoplasm of banana and F. oxys orium f. cubense. In
sugar beet leaves affected with Cercospora leaf spot, owever, peroxidase was
mainly in the soluble fraction, while o-diphenol oxidase was in the chloroplasts
and mitochondria (Rautela and Payne, 1F70).

Polyphenols usually are located in tonoplasts (vacuoles) of the same cells
that contain the oxidase enzymes in other structures (Rautela and Payne, 1970;
Reeve, 1951; Van Fleet, 1971). Cell injury apparently can liberate the polyphenols
and allow them to be quickly oxidized. Beckman, et al. (1972) found that the
bulbous part of stalked glands on stems and leaves of many plants contained intense
amounts of polyphenols; Veech (unpublished) has shown intense polyphenolase activi-
ty, particularly in the stalks, in the same glands in tomato. Thus, rupture of the
fragile gland should readily generate quinones on the surface of the stem or leaf.
The endodermis and hypodermis also have intense polyphenol as well as oxidase con-
tents. Greater phenolic contents in resistant than in susceptible varieties may
be because of greater percentages of phenol-containing cells (McLean, et al., 1961;
Van Fleet, 1972), or phenolic content per cell. Individual cells in cherry and
peach fruits undergo a 90-fold increase in polyphenol content from the beginning of
cell enlargement until fruits reach about half-mature size (Reeve, 1959). During
ripening, the phenolic content per cell drops to about 15% of that in green fruit.
Similar changes occur in polyphenol content in other fruits. Resistance of green
fruits to various rots usually parallels the phenol content.

Microorganisms vary considerably in their sensitivity to different phenolic
compounds (Bell, 1967; Cook and Taubenhaus, 1911; Farkas and Kiraly, 1962; Fawcett,
et al., 1969; Fawcett and Spencer, 1969; Walker and Link, 1935). The order of
sensitivity of fungal pathogens to polyphenols is: obligate parasites>facultative
saprophytes>facultative parasites>saprophytes. Thus, spore germination of mildew
and rust fungi frequently is inhibited by polyphenols, while the saprophytes
Aspergilios and Penicillium readily make use of moderate concentrations of
pcayphenol% as carbon sources.

The toxicity of polyphenols is inversely related to their polarity (for
example, o-dihydroxybenzene>3,4 dihydroxybenzaldehyde>3,4 dihydroxycinnamic acid>
3,4 dihydFoxybenzoic acid) and directly related to their oxidation potential (for
example, o-dihydroxybenzene>2.-dihydroxybPrizenem-dihydroxybenzene). The toxicity
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of phenolics, particularly acids, increases markedly as pH is lowered from 6 to 3.
The effect of various cell components on toxicity of phenolics have not been
elucidated. Amino acids, peptides, and reducing compounds probably adversely
affect the toxic efficiency of phenolics, since quinones readily react with
sulfhydryl and amino groups. The possible relationships between toxic efficiency
of phenolic compounds and varietal resistance have not been studied.

Antimicrobial Compounds from Glycosides or Esters.--Many plants contain
nontoxic glycosides (usually glucosides) that form highly toxic, labile compounds
in wound sap. Formation of the toxic entity depends on the action of glycosidase
(usually 0-glucosidase, which occurs in cell walls and cytoplasmic particles of
plants (Chkanikov, et al., 1969; Mace,. 1973), or membranes and cytoplasmic parti-
cles of fungi (Kaplan, Tacreiter, 1966; Mace, 1973). The glycosidases and their
substrates are spatially separated in the same cell. Their distribution in tissues
is sioillar to that of the polyphenols and oxidases.

The glycosidic-bound toxins appear to be a higher form of defense evolu-
tion. They ere unique to certain taxonomic groups of plants; and the toxins are
more potent than phenols and have greater half-lives than the o-quinones. These
compounds, in general, can be placed into five major groups ( FTgure 5): phenolic
glycosides (particularly 1,4-dihydroquinone glycosides), benzoxazinone gluco-
sides, cyanohydrin (or mandelonitrile) glucosides, isothiocyanata glucosides, and
lactone glucosides or glucose esters.

Glucosides of 1,4-hydroquinones, 174-hydronaphthoquinones, and anthranols
occur in the plant families Gramineae and Rosaceae; Juglandaceae, Ericaceae, and
Boraginaceae; and Rubiaceae, Rhamnaceae, and Polygonaceae, respectively (Robinson,
1969; Van Fleet, 1971). B-Glucosidase and an oxidase are found spatially separated
in the same cells (Fan Fleet, 1972). Thus, quinones are quickly formed from the
glucosides by cellular injury and concomitant decompartmentalization. In healthy
plants the glucosides and activeting enzymes have been found in the endodermis
(Robinson, 1969), but they probably occur in other cells as well.

Mace and Hehert (1963) reported that anaerobic treatments that control
loose smut in wheat and barley grains also induce loss of 2-methoxy-hydroquinone
glucoside, with an apparent accumulation of the toxic quinone in tissue. The
hydroquinone glucoside, arbutin (Figure 5, No. 1) has been implicated in the
resistance of pears to fireblight (Hildebrand and Schroth, 1965; Powell and
Hildebrand, 1970; Smale and Keil, 1966). Other hydroquinone glucosides also yield
antimicrobial quinones--juglone in walnut; trichocarpin in poplar; plumbagin in
European leadwort; and 2- methoxy -1,4- naphthoquinone in balsam (Fawcett and Spencer,
1969; Robinson, 1969). Most of these have EDso concentrations of 5-25 ug/m1
against pathogenic fungi. Their roles in disease resistance have not been
elucidated.

Nearly all flavanoids, except flavan-3-ols and flavan-3,4-diols, exist as
glycosides, and many of the aglycones exhibit antimicrobial activity (Geissman,
1962; :Iarborne, 1964). Many of these glycosides have free o-dihydroxy groups and,
like the glucoside arbutin (Powell and Hildebrand, 1970), they might be oxidized
directly to toxic quinones. The content of flavanoids in plants changes markedly
with different conditions of stress. However, their role in resistance is largely
unexplored. One exception is the dihydrochalcone glucoside, phloridzin, which
appears to be involved in resistance of apple to scab (Kuc, 1967; Williams and Kuc,
1969). Phloridzin is hydrolyzed by 8-glucosidase, and the aglucone is oxidized by
a tyrosinase to yield fungicoxic compound(s) (Noveroske, 1964). A heat-stable
metabolite isolated from the apple-scab fungus caused lysis of appleleaf cells;
this compound might cause mixing of enzymes and the glucoside in the natural
host-parasite relationship.

Virtanen, et al. (1955, 1957, 1965) found glucosides (Figure 5, No. 2) in
rye, corn, avid wheat, which are hydrolyzed by B-glucosidase to yield'the unstable
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benzoxazinones. The latter readily lose formic acid and rearrange to benzoxazo-
linones, which are isolated readily from expressed juice. The glucoside of 2,4-
dihydroxy-1,4-benzoxazine-3-one (DIBOA: Figure 5, No. 2, R = H) occurs in rye.
The glucoside of a similar compound with a 7-methoxy group (DIMBOA: Figure 5, No.
2, R = OCH3) occurs in wheat and corn. Recently a 6,7-dimethoxy and a 4-deoxy,
7-methoxy derivative have been isolated from Corn (Klun, et al., 1970; Tipton, et
al., 1967) and may be related to insect and disease resistance. The aromatic ring
of these compounds is derived from quinic acid, and the heterocyclic ring is
derived from ribose (Reimann and Byerrum, 1964). The origin of the hydroxyamate
moity is unknown. All free aglucones and benzoxazolinones, except for 4-deoxy
derivatives, are fungitoxic (Stoessl, 1970; Virtanen, 1965; Virtanen and Hietala,
1955). ED513 values range from 50-500 pg/m1 for benzoxazolinones and 1-20 pg/m1
for benzoxazinones.

Decrease of DIMBOA glucoside in cornstalks with age is correlated with loss
of resistance to st:tlk rots (BeMiller and Pappelis, 1965). Likewise DIMBOA gluco-
side content in wheat has been related to varietal resistance to rust (ElNaghy and
Linko, 1962; ElNaghy and Shaw, 1966). In corn the dominant gene, Bx, mediates
production of the hydroxamates, so that homozygous recessive lines are deficient
in DIMBOA glucoside (Couture, et al., 1971). When bxbx genes were incorporated
into either resistant or susceptible genotypes, the percentage of leaf area
infected by Helminthosporium turcicum was significantly increased, suggesting that
cyclic hydroxamate glucosidesFririg important role in normal resistance to this
fungus. Resistance of 12 inbred strains of corn to the same fungus also was
closely related to their contents of hydroxamate glucosides ;Molot and Anglade,
1968).

Cyanogenic glucosides (Figure 5, No. 3) are formed from decarboxylated,
aliphatic or aromatic amino acids and glucose (Robinson, 1969). These
compounds occur in various species of the Leguminosae, Rosaceae, and Gramineae.
They are best known for their toxi :ity to animals (Montgomery, 1969). Wound saps
of plants usually contain both 8- glucosidase, which hydrolyzes the glucosides to
glucose and a cyanohydrin, and oxynitrilase, which converts the latter to an
aldehyde and HCN (Figure 5, No. 3). Cyanohydrins also decompose spontaneously
above pH 7, but are much more stable below pH 6. All of the hydrolytic products
are fungitoxic, but the cyanohydrins are much more toxic to fungi than the
aldehydes (Bell, 1970).

Valenta and Sigler (1962) correlated resistance of lima bean varieties to
downy mildew with the toxicity of expressed juice from stems toward zoospores of
the pathogen. The toxicity later was shown to develop only after the juice was
expressed (Bell, 1967). Part of the toxicity was attributed to hydrolysis of
the cyanohydrin glucosides, that give rise to 4-hydroxy- and 3-methoxy- 4-hydroxy-
benzaldehyde (Bell, 1970). The glucosides were formed only in aerial parts of lima
bean after seedlings emerged from the soil and were much more prevalent in leaves
than in stems.

The resistance of flax varieties to Fusarium wilt has been related to the
amount of KCN exuded by roots (Timonin, 194117Fiiiumably, the cyanide originated
from the cyanogenic glucosides known to occur in flax (Montgomery, 1969).

The isothiocyanates are formed from sulfur-linked glucosides (Figure 5,
iNo. 4), which occur abundantly in the Cruciferae and are found in a few species of

other plant families (Sehgal, 1961). The enzyme thioglucosidase (myrosinase)
cleaves glucose from the aglucone, which then rearranges to form the isothio-
cyanate (Virtanen, 1965: Figure 5, No. 4). Synthesis of isothiocyanate glucosides
appears to proceed by homologation of amino acids with acetic acid (Chisholm and
Wetter, 1967). The mustard oils, which contain allyisothiocyanate formed from
the glucoside, sinigrin, have been known for more than 100 years to have anti-
microbial activity (Virtanen, 1965). Various isothiocyanates have since been
shown to be fungitoxic at concentrations of 5-80 pg/m1 (Drobnica, et al., 1967;
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Virtanen, 1965). Contents of isothiocyanate glucosides have been correlated with
clubroot resistance in cabbage, but later work refuted the involvement of these
compounds in resistance (Walker and Stahmann, 1955). The causal fungus is an
intracellular parasite, which caused no tissue maceration. Thus, the thiogluco-
sidase and glucoside probably would not be combined to form the isothiocyanates.
Davis (1964) was unable to establish any clear relationship between resistance of
cabbage and toxicity of phenylethylisothiocyanate to isolates of Fusarium oxysporum
Toxicity of cabbage-root homogenates had the same specificity as aiNOThiocyanate
but also was unrelated to fungal virulence.

Tulipalin is a highly fungitoxic lactone (Figure 5, No. 5) found in wound
sap of tulip and other species of the Liliaceae (Bergman, 1966; Bergman, et al.,
1967). The lactone probably is synthesized from y-methyleneglutamic acid, which
also occurs in tulip (Bergman, et al., 1967). Tulipalin and 0-hydroxytulipalin are
hydrolyzed from the nontoxic glucose esters tuliposide A and B (Figure 5, No. 5;
R H and OH, respectively), which occur in intact tissues (Kovacs, 1964; Tscheshe
et al., 1969, 1968). Tuliposides readily break down nonenzymatically at pH 7.5 or
above. Tulipalin is lethal to many fungi at 100 ug/ml. Since the lactones are
inactivated by cysteine and other thiols, their activity probably is caused by
interference with sulfhydryl groups (Sehgal, 1961).

Bergman (1966) found that tulipalin content of tulip bulbs was correlated
with their resistance to rots. Water-soluble substances from pistils (presumably
containing tulipalins) were inhibitory to many fungi but not to tulip pathogens
(Schonbeck, 1967). The nonpathogen Botrytis cinerea caused a more rapid release
of tuliposides from infected tissue than the PrEEFiin Botrytis tuli ae (Schonbeck
and Schoeder, 1972). Also, lactones were formed in the presence o cinerea,
while B. tulipae caused cleavage of the tuliposides to the correspondiRTiads,
which Faye very low activity. B. cinerea was more sensitive to the inhibitory
substances than B. tulipae.

The lactone protoanemonin (5-methylene-2-oxodihydrofuran) is released from
a glucoside, ranunculin, in foliage of the Ranunculaceae. On standing, the lac-
tone polymerizes to the less toxic anemonin and other products (Holden, et al.,

1947; Sehgal, 1961). Protoanemonin is toxic to many bacteria and fungi at 3-20
ug/ml, but its role in resistance has not been determined.

Other antimicrobial unsaturated lactones that have been found in plants
include: parasorbic acid (delta - hexane- lactone) in ash; plumericin in roots of
Plumeria multiflora; and tEFEBUmarine, scopoletin and umbelliferone, in many
pants Fawcett, 1969; Sehgal, 1961; Uritani, 1963). These lactones are
fungitoxic at concentrations of 100-1,000 ug/ml. Whether they are all derived
from glucosides has not been ascertained. The concentrations of coumarins and
their glycosides increase dramatically in infected plants such as sweet potato,
tobacco, potato, and cotton (Bell, 1972; Fawcett, Spencer, 1969; Van Fleet, 1971).
However, these concentrations still are usually less than those required for
appreciable fungitoxic activity.

The saponins, glycosides of steroids (C27) or triterpenoids (C30), are
distributed in more than 400 species and 80 families of the plant kingdom (Birk,

1969). They are extremely variable in structure, with five or more different
types occurring in single species (alfalfa and soybeans). Many saponins possess
antifungal properties. The hydrolysis of at least one saponin, sarsaparilloside,
forms an aglycone that is more toxic than the glycoside (Stoessl, 1970). The role

of saponins in plant disease resistance is unexplored.

Thiosulfinates from Sulfoxides.--The possible therapeutic effects of onion
and garlic were recognized by the early Romans and Egyptians (Virtanen, 1965).
Garlic and onion juice have since been known to contain potent bacteriocidal and
fungicidal activities (Kovacs, 1964; Virtanen, 1965). The major toxicant in
garlic juice is allicin (allyl -2- propene- l- thiosulphinate), which is formed from
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alliin (S-allyl-L-cysteine sulfoxide) by the enzyme, alliinase, by a lyase-type
reaction. Allicin is present to the extent of 0.4% in garlic and is toxic to some
fungi at 1 pg/ml (Fawcett and Spender, 1969).

Volatile toxins in onion juice were identified as methyl- and propyl-
thiosulphinates (Virtanen, 1965). These are less toxic than allicin, but the
total toxicity of onion juice also depends on a number of related organic sulfides,
which have been described (Virtanen, 1965). In total, these may constitute 4-5%
of the dry weight of onion. The antibiotic effect of thiosulphinates appears to
be caused by their binding of essential sulfhydryl groups (Sehgal, 1961). Walker
and Stahmann (1955) found that pungent onion varieties were more resistant to
smudge or neck rot than corresponding mild varieties. This seems to be the only
attempt to relate thiosulfinates to disease resistance.

Phytoalexins,--These anitmicrobial compounds occur only in trace amounts in
living cells of healthy plants but are synthesized extensively after infection or
inoculation, particularly with avirulent microorganisms. Phytoalexins are not
formed in wound sap or dead tissue because their synthesis is energy-dependent.
Since each phytoalexin is unique to a closely related group of plants, their syn-
thesis appears to represent an evolutionary advance in resistance mechanisms.

The original phytoalexin theory proposed by Muller (1956, 1958, 1963;
Muller and Borger, 1940) and restated by Cruickshank (1963, 1966; Cruickshank and
Perrin, 1964) included the following postulates: phytoalexins are antifungal sub-
stances, formed or activated in hypersensitive tissue only when host cells come
into contact with the fungal parasite; the reaction occurs only in living cells;
phytoalexins are chemicals and may be regarded as products of necrobiosis of the
host cell; they are nonspecific in toxicity, but fungal species are differentially
sensitive; the basic response in susceptible and resistant hosts is similar, but
the speed of phytoalexin formation is greater in resistant hosts; the reaction is
confined to colonized and immediately adjacent tissue; and the sensitivity of the
host cell to the fungus is specific, it is genotypically determined, and it deter-
mines the speed of host reaction. The original phytoalexin theory was based pri-
marily on the response of potato tubers, pea pods, bean pods, and orchid rhizomes
to various fungi. Further elucidation of the theory was based mostly on behavior
of pisatin in pea and phaseollin in bean as model phytoalexin systems.

Our current undarstanding of phytoalexins reveals that several modifi-
cations of the original theory are needed.

1) Phytoalexin synthesis may be induced by various agents other than fungi.
These include bacteria (Bell and Stipanovic, 1972; Cruickshank and Perrin, 1971;
Stholasuta, et al., 1971), viruses (Bailey, Ingham, 1971; Klarman and Hammerschlag,
1972), toxic chemicals (Bell, 1967; Cruickshank and Perrin, 1963; Hadwiger, 1972;
Hadwiger and Martin, 1971; Hadwiger and Schwochau, 1969, 1971; Hess and Hadwiger,
1971; Schwochau and Hadwiger, 1970; Uehara, 1963; Uritani, et al., 1960), microbial
metabolites (Cruickshank and Perrin, 2968; Schwochau and Hadwiger, 19701 Varns, et
al., 1971), and physical treatments such as chilling or ultraviolet irradiation
(Bell and Christiansen, 1968; Hadwiger and Schwochau, 1971). Most effective in-
ducers cause cell damage, as evidenced by cell leakage or necrosis. Cell injury
inflicted by cutting induces small detectable concentrations of phytoalexins in
the absence of microorganisms.

2) Phytoalexins and closely related compounds also occur in cells or tissues
of healthy plants. These include heartwood (Hillis and Inoue, 1968; Scheffer and
Cowling, 1967; Shain, 1967; Stoessl, 1970), bark or peel (Allen and Kuc, 1968;
Bell, 1967, 1972; Stoessl, 1970), epithelial cells and resin ducts (Langcake, et
al., 1972; Van Fleet, 1972), su'aepidermal and hair glands (Beckman, et al., 1972;
Bell, 1967), and endbdermis (Van Fleet, 1972). Early investigators failed to
recognize phytoalexins in healthy plants because they studied only fleshy paren-
chyma cells, mostly of edible vegetable crops.
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3) Phytoalexins in the susceptible and resistant reactions of a given plant
may vary qualitatively (Bell and Stiponovic, 1972) and in the speed of their
destruction or detoxification (Higgins and Millar, 1969; Wit-Elschove, et al.,
1971), as well as in the speed of their formation.

4) Phytoalexins may be general antibiotics (Bell, 1967; Cruickshank and Perrin,

1968) and not just antifungal antibiotics.

The original concept of phytoalexins was too rigid and needs to be expanded.

A more realistic definition of phytoalexins is antibiotics produced by anabolic
biosynthesis in plant cells irritated by microorganisms or other agents.

Compared to wound toxins, phytoalexins a) form more slowly (usually from
12-96 hr) after infection, b) accumulate in much higher concentrations (frequently
1-2% of dry weight in lesions involving storage parenchyma, endocarp, or cambial
tissues), c) are generally less toxic to microorganisms (ED50 m 25-1,000 ug/ml)g
d) are more persistent (half-life of days or weeks in many host tissues), and )

I

are less phytotoxic. The mode of action of phytoalexins against microorgan sms
may be different from that of wound toxins, which affect mostly sulfhydryl r

amino groups. The phytoalexin, phaseollin, appears to affect permeability f

fungal membranes (VanEtten and Bateman, 1971).

Phytoalexin synthesis usually occurs in connection with the hypersensitive
response (Muller, 1959; Uritani, 1963). It appears to result primarily from de
novo synthesis of enzymes as a result of gene activation (Hadwiger and Schwachau,
1969; Schwachau and Hadwiger, 1970). Phytoalexins are derived biochemically from
acetate or hydroxycinnamates by various condensation, rearrangement, andoxidative
reactions.

Acetate-Derived Phytoalexins.--Terpenoid phytoalexins (Figure 6) include
ipomeamarone, ipomeanine, and related compounds in sweet potato (Uritani, 1971;
Uritani, it al, 1967); gossypol (Bell, .1967, 1969), hemigossypol (Bell, 1972;

Bell and Stiponovic, 1972; Zaki, et al., 1972), vergosin (Bell and Stiponovic,
1972; Zaki, it al., 1972), gossylic acid lactone (Bell and Stipanovic, unpublished)

and related compounds (Bell, 190, 1969) in cotton, rishitin in potato (Sato, it
al., 1971; Sato and Tomiyama, 1971; Varns, et al., 1971), tomato (Sato, et

al, 1969); and phytuberin in potato. The antimicrobial, preinfectional terpenes
that occur abundantly in heartwoods, resins, and essential oils of many plants
also might act as phytoalexins, but they have not been studied in diseased tissues.

Terpenoid phytoalexins have been related to both general and specific dis-

ease resistance. Ipomeamarone was less toxic to pathogenic than to related non-

pathogenic fungi of sweet potato (Nonaku, 1966). Rishitin was studied in the
specific resistance of potato to Phytophthora infestans and in general resistance
to nonpathogens (Ishiyawa, et al., 1969; Sato,iEr1771971; Sato and Tomiyama,
1969; Tomiyama, 1963; Varns, et al., 1971; Varna and Kuc, 1971; Varns, et al.,

1971). It was equally toxic to all races of P. infestans (Ishiyawa, it al., 1969;
Tomiyama, 1971), and the C-3 hydroxyl was essintIiiTarictivity. Most of the

rishitin was present in the brown infected and immediately adjacent cells. 'The
compound was first found at 7-8 hr after inoculation, when mycelial growth also
first became inh.bited ( Tomiyama, 1971); concentrations of rishitin increased
linearly after 11 hr, reaching a maximum in 2-3 days, and then decreased rapidly
(Sato, et al., "J;i; Sato and Tomiyama, 1969). Rishitin reached a completely
inhibitory concentration of 100 mg/g at the same time that lesion development was

ceasing (Sato, it al., 1971).

Substantial amounts of rishitin and phytuberin were synthesized in tuber

slices from various potato varieties inoculated with avirulent strains of P.

infestans or with nonpathogens of potato (Tomiyama, 1971; Varns and Kuc, 1371).
WiiiiiiF7-slices from various susceptible host-fungus combinations produced little

or no detectable phytoalexins. Mycelial contents of all strains of P. infestans
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obtained by sonification induced necrosis and similar accumulation of the phyto-
alexins in tuber slices of either susceptible or resistant potatoes. SuscepU-
bility was related to a delay or absence of phytoalexin synthesis. Varns, et al.
(1971), however, were unable to show a similar relationship in sprouts and sug-
gested that caution be exercised in extrapolating results from tubers to foliage
and stems.

Phytoalexins in cotton have been related to disease resistance in several
ways:

1) The resistance of Gossypium barbadense, compared with susceptible Gossypium
hirsutum, to Verticillium dahliae wii7iii6Erited with a faster rate of accumulation
5r-iiii-jossypol-related phytoalexins (Bell, 1969, 1972; Zaki, at al., 1972) and
with a much greater proportion of vergosin in the total phytoalexin content LBell
and Stipanovic, 1972; Zaki, et al., 1972).

2) Tolerant G. hirsutum varieties inoculated with mildly virulent strains
accumulated phytoalexins rapidly than those inoculated with severe defoliating
isolates (Bell, 1969; Zaki, et al., 1972). Virulent and avirulent strains were
equally sensitive to the phytoalexins.

3) Infection of susceptible cotton varieties with V. dahlias is confined pri-
marily to the stele, vascular bundles of petioles, and lair Eiiiims. Resistance
of specific tissues to fungal infection was related to speed and extent of phyto-
alexin synthesis. Cambial tissues and root cortex, boll endocarp, and xylem
parenchyma formed concentrations of phytoalexins completely toxic to V. dahlias in
24, 48 and 72-96 hr, respectively; leaf tissues formed only trace concenEas
of phytoalexins (Bell and Stipanovic, 197?).

4) Marked increases in Verticillium wilt resistance with increasing tempera-
tures from 23-30C were correlated with an increase in the ratio of the rate of
phytoalexin synthesis to the rate of conidial production (Bell and Presley, 1969).

5) The degree of induced resistance in cotton to Verticillium wilt by injec-
tions of avirulent, killed, or temperature-inhibited FEFUTrrirEE was strongly
related to the amount of phytoalexin induced by these treatments (Bell and
Presley, 1969).

6) In cotton varieties inoculated with races of Xanthomonas malvacearum,
phytoalexins accumulated in similar patterns for 12-36 hr in susceptible and
resistant host-bacteria combinations (Bell, unpublished). Beyond 36 hr, little
or no additional biosynthesis occurred in susceptible combinations. The capsular
slime from the bacterium also induced appreciable phytoalexin synthesis in resis-
tant but little or no synthesis in susceptible varieties. Virulence of these
bacteria may be related to their ability to prevent phytoalexin synthesis.

The steroid alkaloids in potato and tomato have similarities to phyto-
alexins (Allen, 1970; Allen and Kuck, 1968; Langcake, et al., 1972; Tomiyama, et
al., 1968; Locci, and Kuc, 1967; Mohanakumarane, et al., 1969). a-Solanine and
a-chaconine, major fungitoxins in healthy potato peels (Allen, 1970), also are
synthesized at cut surfaces of the tuber (Allen, 1970; Allen and Kuc, 1968; Locci
and Kuc, 1967). Infection with nonpathogens or avirulent strains of Phytophthora
infestans stimulated production of solanidine, a-solanine, and a-chaconine to about
t e same degree as wounding (Locci and Kuc, 1967; Tomiyama, et al., 1968). Little
or no increase of the steroidal alkaloids occurred in susceptible potatoes after
infection.

Concentrations of a-tomatine in roots of tomato varieties resistant to
Pseudomonas solanacearum'were much higher than in those of susceptible varieties
(Mohamakumar77W7r7a1.1969). Infection with the bacterium caused the tomatine
content to double only in resistant varieties. Fusarium oxysporum f. lycopersici
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caused marked increases of a-tomatine content in roots and stems 2-3 days after
inoculation, but responses were similar in resistant and susceptible hosts (Lang-
cake, et al., 1972). Various fungal pathogens of tomato were considerably less
sensitive to a-tomatine than were nonpathogens (Arneson and Durbin, 1968).

The acetylenic compounds, safynol and dehydrosafynol in safflower (Allen
and Thomas, 1971a, b, c; Thomas and Allen, 1970, 1971) and wyerone in broad bean
(Fawcett, et al., 1971), behave like phytoalexins, even though they occur in small
concentrations in healthy plants. Wyerone increased from 0.1 pg/g to 45 pg/g 4
days after inoculation with Botrytis fabae. Safynol increased from 0.83 and 0.55
pg/g to 33.7 and 22 pg/g at 2 and 4 days, respectively, and dehydrosafynol
increased from 0.01 pg/g to 2.96 pg/g at 2 days, after inoculation of safflower
hypocotyls with Phytophthora drechsleri (Allen and Thomas, 1971c; Thomas and
Alien, 1970). The ED50 of safynol and dehydrosafynol to P. drechsleri were 12
and 1.7 pg/ml, respectively. Van Fleet (1971) reported tRit-FaViEiEilenes in
healthy tissues occur in the endodermis and epithelial cells of ducts. Induced
safynol occurred mostly in tissues outside the vascular ring.

In the resistant safflower variety, Biggs, safynol concentrations in-
creased rapidly in the first 48 hr and remained relatively constant at 30 pg/g
fresh weight during the next 48 hr after inoculation with P. drechsleri. In a
susceptible variety, concentrations increased rapidly in tEe first 24 hr to 17
pg/g fresh weight, but then decreased during the next 72 hr (Allen and Thomas,
1971a). Differences in safynol content of susceptible and resistant varieties
were even greater on a dry-weight basis, since loss of water was greater in the
susceptible variety.

Plants of the Biggs variety held in photoperiods of 0, 8, 16, and 24 hr/24
hr after inoculation with P. drechsleri were susceptible, moderately susceptible,
and resistant, respectively. At 48 hr after inoculation, safynol concentrations
were 11.2, 22.3, 27.0, and 30.5 pg/g fresh tissue, and dehydrosafynol concentra-
tions were 0.13, 0.94, 2.51, and 3.73 pg/g fresh tissue, respectively (Thomas and
Allen, 1971). In another experiment, Biggs plants inoculated with the nonpathogen
P. megasperma var. sojae contained 15 pg safynol and 7.5 pg dehydrosafynol /g, fresh
tissue at 4 days after inoculation and were resistant to subsequent infection by
P. drechsleri, even when plants were grown in darkness for 4 to 6 days.

Hydroxycinnamate-Derived Phytoalexins.--Numerous antibiotic compounds
derived from tRe hydroxycinnamic acids (Figure 7) are stimulated by infection.
The free acids and their coumarins, lignins, and esters (for example, chlorogenic
acid) occur in many different plant families. These compounds are readily induced
by wounding or infection, but they have weak antibiotic activity. Other compounds,
like the stilbenes, dihydrophenanthrenes, pterocarpins (formed from chalcones),
and amides (Figure 7), are mcve toxic, and each occurs in a single or few plant
families.

The first phytoalexin to be identified in this group was the dihydro-
phenanthrene, orchinol, in orchids (Gaumann, et al., 1950, Figure 6). A related
compound, hircinol (Uhlenbroeck and Bijloo, 1959, Figure 6), was later found.
The stilbenes have been known for many years to occur in heartwood (Schieferstein
and Loomis, 1959). Pinosylvin (Figure 1) also is formed rapidly by infected
living tissues of pine (Hillis and Inoue, 1968; Shain, 1967). The most studied
group of phytoalexins is the pterocarpins (or chromanocoumarans), Figure 6, which
include: pisatin in pea (Perrin and Bottomley, 1962); phaseollin (Perrin, 1964),
and a related compound (Smith, et al., 1971) in bean; hydroxyphaseollin in soy-
bean (Keen, et al., 1971); medicarpin in alfalfa and clover (Higginftand Smith,
1972; Smith, et al., 1971); and trifolirhizin, maachiain, and maachiain-0-o-
glucoside in red clover (Higgins and Smith, 1972). At least 10 other fungttoxic
pterocarpins are known to occur in heartwood of various trees and probably will
be shown to act as phytoalexins (Geiseman, 1962; Harborne, 1964; Stoessl, 1970).
Medicarpin occurs both in alfalfa and in heartwood of several tropical leguminous
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trees (Smith, et al., 1971). Recently, the fungitoxic cinnamylamides,
coumaroy1)-2-hydroxy-putrescine and N-(feruloy1)-2-hydroxyputrescine, have been
shown to accumulate in infected wheat leaves (Samborski and Rohringer, 1970) and
might act as phytoalexins (Stoessl, et al., 1969).

Involvement of pterocarpin'phytoalexins in general disease resistance to
facultative fungal parasites is suggested by numerous experiments with pea
(Cruickshank, 1962, 1965; Nonaka, 1967; Perrin and Cruickshank, 1969; Uehara, 1964)
bean (Cruickshank and Perrin, 1971; Perrin and Bottomley, 1962), alfalfa (Higgins,
1972; Higgins and Millar, 1968), and Vicia faba (Deverall and Vessey, 1969).
Phytoalexin synthesis was induced by BOTE-1/111Tent and avirulent pathogenic fungi
and by nonpathogens. After infection of resistant hosts, phytoalexin accumulation
began at 6-9 hr and progressed almost linearly for 48-72 hr. An ED50, or greater,
concentration of phytoalexin was formed within 48-72 hr after inoculation, and
usually within 96 hr a completely fungistatic concentration was formed. In sus-
ceptible hosts, accumulation also began at 6-9 hr after inoculation, but com-
pletely fungistatic concentrations failed to develop within a week or more after
inoculation. Either pathogens were more insensitive than nonpathogens to the
phytoalexins, or phytoalexin accumulation was much slower or did not persist when
plants were inoculated with the pathogens. Slow accumulation of phytoalexin in
response to infection by pathogens frequently was shown to result from degradation
of phytoalexins by the microorganism (Deverall and Vessey, 1969; Higgins, 1972;
Higgins and Millar, 1968; 1970; Nonaka, 1967; Turner, 1961; Wit-Elshove, 1968;
Wit-Elshove and Fuchs, 1971).

Heath and Wood (1971) reported that in leaf lesions caused by Ascoch to
Lai and Mycosphaerella pinoides, pisatin continued to accumulate in in ecte
triiue until it finally was present in inhibitory concentrations in brown tissue
beyond the region colonized by the pathogen (Heath and Wood, 1971); this coin-
cided with retarded lesion development. Pierre and Bateman (1967) also proposed
that phytoalexins of bean contain lesions caused by Rhizoctonia solani. Phyto-
alexins were most concentrated in lesions, but they also accumulitiarn tissues
near the lesion during the course of pathogenesis. Concentrations present in
young, water-soaked lesions were sufficient to inhibit linear growth of R. solani.
Since lesions become delimited in this stage, the phytoalexins appeared to con-
tribute to the induced resistance of the host to progressive invasion by the patho-
gen. Pierre (1971) also examined the nature of general varietal resistance of
beans to Fusarium and Thielaviopsis root rot. In each case greater quantities of
phytoalexia-Tarimulated in resistant than in susceptible varieties. The greater
restriction of lesion sizes in the resistant variety was attributed to this dif-
ference in concentration.

With physiologically specialized pathogens, induction of phytoalexin syn-
thesis is delayed or fails to occur in susceptible, but not resistant, host-

parasite combinations. narge amounts of phaseollin were found in bean tissue that
showed hypersensitive reactions to an incompatible race of the bacterium
Pseudomonas phaseolicola (Stholasuta, et al., 1971). Very little phaseollin was
17312-171-Iiives deevedeveloping halo-blight symptoms typical of a susceptible reaction.
Likewise, bean varieties hypersensitive to rust formed significant amounts of

phaseollin, but none could be detected in susceptible varieties showing chlorotic

flecks (Bailey and Ingham, 1971). Bean and soybean developed appreciable concen-
trations of phaseollin and hydroxyphaseollin in necrotic tissue incited by infec-
tion with tobacco necrosis virus (Bailey and Ingham, 1971; Klarman and
Hammerschlag, 1972). However, no phytoalexin has been found with systemic viruses

that cause no necrosis.

In bean varieties differentially resistant to races of Colletotrichum
lindemuthianum, phaseollin accumulated much earlier during hypersensitive resistant

responses than during susceptible responses in which a lesion eventually formed
(Bailey and Deverall, 1971). Phaseollin accumulation was limited to infected
tissue that was visibly brown. Phaseollin synthesis was not incited by the
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initial, extensive intracellular growth of compatible races of C. lindemuthianum;
after several days, however, host cells collapsed and became brown7iarrirat7----
phaseollin synthesis occurred. Rahe, et al. (1969) also found phaseollin and other
phenolic accumulation closely correlated with browning in the same host-parasite .

combinations; browning occurred earlier in resistant combinations.

Hydroxyphaseollin apparently is involved in the specific resistance of
soybeans to Phytophthora sojae. Klarman and Gerdemann (1963) demonstrated that
only the resistant Harosoy 63, produced a phytoalexin, presumably hydroxy-
phaseollin (Keen, 1971), in response to this fungus. However, the susceptible
variety, Harosoy, produced similar amounts of the phytoalexin in response to the
nonpathogens, Phytophthora megasperma and Phytophthora cactorum. The phytoalexin
was equally toxic to the three fungi. Susceptibility wirialiEed in Harosoy 63 by
inserting a wick through the inoculation site and continuously flushing with
distilled water to remove the phytoalexin (Klarman and Gerdemann, 1963). Heat
treatment (44C for 1 hr) of inoculated resistant soybeans abolished resistance
and decreased hydroxyphaseollin production to 10% of that in inoculated control
plants (Chamberlain, 1970; Keen, 1971). Greater plant age increased both resis-
tance and potential for hydroxyphaseollin accumulation (Pa.xton and Chamberlain,
1969).

The nature of accumulation of hydroxyphaseollin in Phytophthora-infected
soybeans was further elucidated in recent studies (Gray, et al., 1967; Keen, 1971;
Keen, et al., 1971) Some phytoalexin synthesis was found in susceptible host-
pathogen combinations, especially in those showing intermediate degrees of sus-
ceptibility. The degree of resistance always was directly related to the speed and
magnitude of phytoalexin accumulation, particularly during the 72 hr after inocu-
lation. Thus, the resistance conferred to soybean by the dominant Rps and Rps2
allelomorphs appears associated with ability to accumulate phytoalexin rapidly in
response to the pathogen, P. megasperma var. sojae (Keen, 1971).

Antimicrobial compounds found in various other infected plants have been
called phytoalexins (Fawcett and Spencer, 1969; Stoessl, 1970). These compounds
have not been identified, however, and data are inadequate to show whether the
compounds are formed as wound toxins, phytoalexins, or products of the infecting
microorganism. Two cases illustrate the need for caution in recognizing a com-
pound as a phytoalexin. Numerous studies indicated that 6-methoxy-3-methy1-8-
hydroxy-dihydroisocoumarin (IC) was the natural phytoalexin of carrot; and the
behavior of this compound in host-pathogen relationships between Ceratocystis
fimbriata and carrot was frequently studied (Fawcett and Spencer, 1969; Rosuge,
1969; Stoessl, 1970). Recent studies (Curtis, 1968; Stoessl, 1969), however,
show that 6-methoxy-3-methyl-8-hydroxyisocoumarin is a natural metabolite of C.
fimbriata, and identification of IC as a phytoalexin is doubtful. Fawcett and.
lIATIEW11969) isolated the toxic phenolic acids, 4-hydroxy-benzoic acid and vanil-
lic acid, from apple infected with Sclerotinia fructi ena. However, they pointed
out that these were false phytoalexins because t ey are produced by metabolism of
host-produced chlorogenic and quinic acid by fungal rather than by host enzymes.

Conclusions

Much of the general resistance of plants to microorganisms appears to
depend on their preinfectional characteristics such as anatomical barriers, pre-
disposition to microbial enzymes and toxins, and chemical barriers. Those decrease
the availability of nutrients and water at plant-microbe interfaces or exert
physical and chemical resistance to penetration and invasion of the microorganism.
Organisms that cause infectious disease generally have developed means of over-
coming or circumventing the preinfectional resistance mechanisms. Specific resis-
tance of plants to these pathogens appears to depend largely on postinfectional
development of antimicrobial compounds. Many of the induced anatomical responses
probably enhance the effectiveness of the antimicrobial compounds by preventing
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their diofusion and thereby increasing their concentrations at localized sites.

Attempts to correlate resistance with the quantity or quality of wound
toxins or phytoalexins in whole tissues frequently have been unsuccessful. In
cotton infected with V. dahliae, the concentrations of antimicrobial compounds in
stems is consistently greater In susceptible than in resistant varieties two or
more weeks after infection (Bell, 1969, 1972). The concentrations in this instance
reflect the percentage of cells infected and producing delayed defense responses.
Plant varieties with marked differences in specific resistance usually produce the
same antimicrobial compounds in response to various nonpathogens and races of
pathogens. The speed of accumulation of antimicrobial compounds after infection
appears to be more important in disease resistance than their quality or the final
quantity produced.

A model consistent with various resistance responses is illustrated in
Figure 8. According to the model, resistance depends on the speed of accumulation
of antimicrobial substances relative to the speed of colonization by the pathogen.
The pathogen is contained only after the development of a completely inhibitory
environment. If an EL400 concentration of antimicrobial substances is developed
before secondary colonization, infection is confined to the initially penetrated
cell, and the plant is perfectly resistant (immune). If an ED100 concentration
fails to develop, the disease becomes progressive, and the host is susceptible.
If only slight secondary colonization occurs in advance of ED100 concentrations
(as illustrated in Figure 8), the disease is slowly progressive, but the host is
tolerant. In some instances, ED100 concentrations develop in advance of coloni-
zation only after several sequences of successful penetration of cells; cankers,
leaf spots, or other confined diseases result. In a few instances, nutrient and
water deprivation may become so acute that colonization is halted without an ED100
concentration of antimicrobial substances.

The speed of attaining an ED100 concentration of antimicrobial substances
is controlled by several genetically-controlled characteristics of the host and
pathogen. Sequentially in the host, the preinfectional concentrations, the con-
centrations formed quickly from cell injury (that is, formed from preformed sub-
strates and enzymes), and concentrations formed by de novo synthesis after
infection, may contribute to the total accumulation of antimicrobial substances.
In some instances, for example, plants bearing alkaloids in root bark, the pre-
infectional concentrations are so high that induced synthesis of antimicrobial
substances is not nenessary for resistance. Plants that form wound toxins from
preformed glucosides have not been shown to contain appreciable concentrations
of preinfectional antimicrobial substances or phytoalexins; thus, wound toxins
alone may contain many infections. In potatoes, legumes, and cotton, particularly
in storage and endocarp tissues, the only effective means of accumulating anti-
microbial substances appears to be from phytoalexin synthesis. Qualitative and
quantitative variations of antimicrobial substances occur among varieties and
determine the speed of reaching ED100 concentrations.

The pathogen also affects accumulation of antimicrobial substances in
several ways. Various facultative fungal parasites that cause leaf spots and
stem cankers can degrade or detoxify phytoalexins. These same fungi 'use phenolic
metabolism and oxidation to form melaniE pigments in hyphae and spores. Fungi
that do not produce melanin or pigments have not been shown to degrade phyto-
alexins. These, particularly the obligate parasites, cause no appreciable injury
to host tissues in early stages of infection, and phytoalexin synthesis is greatly
delayed or does not occur. Whether the delay is due to "immunological tolerance"
of the host to the pathogen, or to an active suppression of induced resistance
mechanisms, is not known. Other pathogens secrete powerful enzymes or phytotoxins,
which might prevent infection-induced synthesis of antimicrobial substances by
total disruption of cell metabolism. The quantitative distribution of phytoalexins
and therefore their efficiency, also varies somewhat according to the specific
pathogen (Pierre, 1971), and might depend on redox changes created by the pathogen.
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The speed of pathogen colonization also depends on several genetically-
controlled characteristics of both the host and pathogen. The genetic potentials
of the pathogen to utilize rapidly host components as nutrients, and to produce
enzymes and toxins that cause cell leakage, contribute to the speed of coloni-
zation. The plant's ability to convert reserves, such as starch, lipids, and
globulins, to callose, suberin, cutin, lignin, tannin, and ammonia probably is an
important means of depriving the pathogen of nutrients, in addition to its value
in creating mechanical barriers. The synthesis of phenolic compounds and their
oxidation to quinones and tannins occur universally in plants and are probably
most important for inactivation of hydrolytic enzymes and toxins. Recent reports
indicate that proteinaceous, preinfectional inhibitors of enzymes occur in plants
and may affect colonization. The susceptibility of the host to specific microbial
toxins is extremely important and probably determines host resistance to some
extant by affecting pathogen colonization. Plants also secrete lytic enzymes,
which might affect rates of colonization (Abeles, et al., 1971).

Pathogenic organisms appear to have evolved in two directions to overcome
disease resistance. Facultative parasites have developed simple nutritional
requirements and potent enzymes and toxins that allow them to colonize plant
tissues rapidly. Pathogens in this group usually induce the synthesis of wound
toxins and phytoalexins with the same efficiency as nonpathogens or saprophytes.
Pathogens frequently degrade the antimicrobial substances of their host and pre-
vent their accumulation. In other instances, pathogens are less sensitive, than
nonpathogens or saprophytes to the antimicrobial compounds. Many facultative
pathogens are contained in lesions and cankers, probably because their metabolites
or massive injury finally induces high concentrations of antimicrobial substances
in advance of pathogen development. Varietal resistance to facultative parasites
usually depends on slightly faster rates or greater extent of accumulation of anti-
microbial substances, occurrence of antimicrobial substances with greater activity,
and more rapid or efficient inactivation of pathogenic enzymes and toxins.

Physiologically specialized pathogens (obligate parasites and facultative
saprophytes) have developed increasingly efficient mechanisms for preventing the
infection-induced resistance responses of plants. These organisms usually are
much more sensitive to infection-induced antimicrobial compounds than are sapro-
phytes or facultative parasites. As a consequence, whenever they do induce the
normal resistance response, they are contained in a small volume of necrotic
tissue (hypersensitive reaction). Thus, the major difference between resistant
and susceptible plant varieties is the speed of the infection-induced biochemical
responses. With some obligate pathogens, such as viruses causing systemic invasion
infection-induced host responses appear to be absent during the infection. With
facultative fungal saprophytes, infection-induced responses are delayed for only a
few days after infection. When hypersensitive resistance occurs in response to
specialized pathogens, the speed of infection-induced resistance approaches that
shown to facultative parasites and saprophytes. Understanding specific resistance
to physiologically specialized pathogens appears to depend on understanding the
mechanism of infection-induced resistance.

Hadwiger and Schwochau (1969h Schwochau and Hadwiger (1970) have proposed
"an induction hypothesis" to explain infection-induced resistance of plants. When
genes for resistance in the host and genes for avirulence in the pathogen are
dominant, the genes of the pathogen direct synthesis of fungal metabolites that
activate (de-repress) the resistance genes in the host. These activated host
genes alter cellular organization of the host, resulting in a hypersensitive
response and destroying the symbiosis necessary for disease development. Hopper,
et al. (1972) recently proposed a similar model to explain plant resistance to
bacterial diseases.

Evidence that supports the induction hypothesis includes: a) synthesis of
new proteins and enzymes (phenylaline ammonia lyase, glucose-6-phosphate
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dohydrogenase, and peroxidase) associated with induced disease resistance can be
detected a few hours after infection (Hadwiger, 1968; Hadwiger, et al., 1970;
fleas, et al., 1971; Stahmann, 1967; Uritani, 1963; von Broembsen, et al., 1972);
b) radioactive precursors are readily incorporated into polyphenols and phyto-
alexins only after infection, indicating that these compounds are newly synthe-
sized (Hadwiger, 1966; Hess, et al., 1971; (teen, et al., 1972); various anti-
biotics produced by saprophytic fungi affect genetic transcription and trans-
lation (Franklin and Snow, 1971), and these induce and inhibit phytoalexin syn-
thesis in plants at low and high concentrations, respectively (Hadwiger, 1972;
Schwochau and Hadwiger, 1970); d) various chemicals that intercalate with DNA
(Franklin and Snow, 1971) induce phytoalexin synthesis (Hadwiger and Martin, 1971;
Hadwiger and Schwochau, 1971; Hess and Hadwiger, 1971); e) various chemicals known
to react with DNA or affect histo:les (repressors are thought to be composed of
histones and RNA) also induce phytoalexin synthesis (Hadwiger and Schwochau, 1970);
and, f) phytoalexin synthesis is activated by ultraviolet light, which is known to
affect genetic transcription by causing thymine-thymine bonding in DNA (Hadwiger
and Schwochau, 1971). Microbial metabolites exhibiting some specificity for
induction of phytoalexin synthesis have been reported (Cruickshank and Perrin,
1968). However, no microbial metabolite showing the predicated specificities
required by the induction theory has been found.

Frank and Paxton (1971) proposed a modified induction theory for soybean
resistance to Phrophthora megaspermae var. sojae. They suggested that the host
resistance gene induces the fungus to produce a compound, which in turn induces
phytoalexin synthesis. The fungus does not produce this compound in susceptible
varieties.

Ruc (1968) proposed that induced resistance responses are a part of a
general response of cells subjected to stress by infection agents or wounding.
Membrane damage may be particularly important in inciting such responses. Evi-
.dence th supports this concept includes: a) death of the in-tially penetrated
cell precedes phytoalexin synthesis in adjoining cells by more than 5 hr in the
hypersensitive response of potato (Tomiyama, 1963); b) extensive membrane injury,
as shown by leakage of electrolytes and organic substances usually precedes
phytoalexin synthesis in hypersensitive reactions (Goodman and Plurad, 1971;
Muller, 1959); c) ultrastructure studies reveal extensive membrane injury associ-
ated with hypersensitive responses (Goodman and Plurad, 1971; Paulson and Webster,
1972); d) toxic chemicals that disrupt cell structure and metabolism also induce
phytoalexin synthesis at low concentrations (Bell, 1967; Uehara, 1963; Uritani,
et al., 1960); e) chilling and physical injury of cells induce resistance responses
similar to those in diseased plants (Bell and Christiansen, 1968; Hirai, et al.,
1968); f) sloughing-off of the primary root cortex and deposition of heartwood in
healthy perenriale involve disruption of cell structure and metabolism and initiate
the same responses as infection (Bell, 1967; Stoessl, 1970); g) obligate parasites
produce few (if any) injurious metabolites, such as phytotoxins (Wood, et al.,
197Z and enzymes (Albersheim, et al., 1969; Bateman and Millar, 1966), and they
induce phytoalexins slowly or not at all in susceptible hosts (Bailey and Ingham,
1971); and h) progressively more saprophytic fungi :secrete progressively greater
numbers of hydrolytic enzymes ( Albersheim, et al., 1969; Bateman and Millar, 1966)
and toxins (Herout, 1971; Wood, et al., 1972) and more readily induce phytoalexin
synthesis (Cruickshank and Perrin, 1963;1971). Current evidence favors the con-
cept of genetic activation of postinfectional resistance by inducers or metabolic
disturbances in host tissues.

The selective delay or absence of infection-induced resistance in plants
infected with virulent physiological races of pathogens presents an intriguing
problem to plant pathologists. The occurrence of common antigens between such
pathogens and their hosts (DeVay and Charudattan, 1972; DeVay, et al., 1967)
suggests plants might have an "immunological tolerance" to these organisms. The
glycopeptides and glycolipids found in membranes and cell walls of various patho-
gens could be important for such tolerance. These compounds night act as
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insulators between the pathogen wall and cytoplasmic membranes of the host and
thereby prevent eleLerical or chemical disturbances of the membrane that result in
infection-induced resistance.

The highly specialized pathogens also might suppress directly the metabo-
lism of the host required for postinfectional resistance. The fungal product,
cycloheximide (Pinkas and Novacky, 1971), which inhibits protein synthesis on SOS
ribosome2, and cytokinins (Novacky, 1972), which are produced by microorganisms
and plants, inhibited hypersensitivity of tobacco to bacteria. Susceptible
reactions were mostly unchanged by either treatment. Bacterial populations in
treated tissues were equal to or greater than those in untreated tissues. Patho-
gens might produce similar compounds to suppress infection-induced resistance.
These compounds might include reactant,/ for host inducers, substitute repressors,
hormones to stimulate synthesis of the host repressors, inhibitors of translation,
inhibitor; of RNA or protein synthesis, or specific inhibitors of enzymes involved
in wound toxin and phytoalexin synthesis. Unierstanding the nature of induced
disease resistance and its prevention by specialized pathogens is of utmost
importance in determining our future approaches to plant disease control.

teupplicin

HO

pH

COOH

tharele sad

teatelln

jug Ione

HO

OH

3°.142.4tetrahydresteetileene

OH

corvette'

Quetta'',

plurnbag in

CH3

Figure 1.--Examples of fungitoxic compounds found in heartwood.

[432]



Bell, A. A. Resistance to Plant Pathogens and Insects

AOMIIMIAO

BEST COPY AVAILABLE

Sielpile WWI .

lAmilt;Moo

OM
lie rdstiee A

solseedlee

Awn: 101CCCC-001kN",

CHAN

CarbGlveGlme-0 }
HOCH,

In

MM C

Figure 2.--Examples of alkaloids, steroidal alkaloids and other nitrogenous
compounds found in fungitoxic concentrations in healthy plants.

[433]



Bell, A. A. Resistance to Plant Pathogens and Insects

BEST co"': MAKE

CCC00CC

C 0C CmC

111111,111111

0,4 ON

cccatccmecaccocc=cc
*soya.'

0
C \C-CC

g...e..../C
C, c

0c. cccc c=cc
C '

C00C

mums side

OH

OH

CCCCatCCC

0
,C

C,_ II
C CC

C

C
II C

OH

HO C-C(C
C

11111101301111

Figure 3.--Examples of fungitoxic acetylenes, terpenoids and related compounds
found in endodermis, ducts and glands of healthy plants.

[434]



Bell, A. A. Resistance to Plant Pathogens and Insects

:1::rCOON

II
O

d-denydreanskimic
acid

COON 0
CH, -C -COOS

ampinanic acid

BEST COPY AULABLE

ON

Oretaclitesanit
disod

NrCNIVN40OON

phony MMno

OCN

a41-c44044c0014

tyemn

NO

laliic
acid

DOPA

cinnamic acid

CIPACNCOOM

NO

Innaalc aC it

0011,

CONCH-CHAN

esnapyl alcohol

fanatic acid

OCNs

COON

111

Nrc40144000sl

CNACN"COON

lcommiult acid

is01.-CNION

candarylaMalml

ON

CNACN-COON

Callow acid

0C PIC nin

Figure 4.--Relationships and biosynthetic derivation of various polyphenols from
the shikimic acid pathway.

1435)



Bell, A. A. Resistance to Plant Pathogens and Insects

BESI to IVALABLE

(1)

(2)

(3)

(4)

Glue

ON ON

OH

O
II

O

H

14CH

R
I

(S) CH 1=C CH CHAN
H te.4*

4=0
I 0.0Gluc

Figure 5.-Formation of wound toxins from glucosides or glucose esters. (1)

hydroquinones and paraquinones, (2) benzoxazinones and benzoxazolinones, (3)
cyanohydrins (or mandelonitriles), aldehydes and cyanide, (4) isothicyanates, and
(5) unsaturated lactones.

(436]



Bell, A. A. Resistance to Plant Pathogens and Insects

T111141101111 4nTOALIIIIINS

isidiesdist M.

MIC

W41111111MiNI

BEST COPY AVAILABLE

PNINANTNNINI and TINOCANPIN Pin TOAL 'MS

1111111MOI

I 0043
ON

MIC

INMedeimmoipm
IHMOOdWimid

modisulom

a

do Hid i.e....

lin

111"000/indinav-Pneennilin

041841118111

Figure 6.--Examples of phytoalexins derived from acetate (terpenoids) or
hydroxycinnamates (phenanthrenes and pterocarpins).

(4371



Bell, A. A.

BEST
CON

MOO

thltydre t hh

Resistance to Plant Pathogens and Insects

IOW

ielltetentet In*

cirtrtetityl 6111,11

'tenant,' Stitidlle

Figure 7.--Various types of antimicrobial compounds derived from hydroxy-
cinnamic acids. R = H, OH or OCH3 groups, R'-NH2 = organic bases, AC in acetate,
X = glucose, quinic acid or shikimic acid, CA = hydroxycinnamic acids.

[438]



Bell, A. A. Resistance to Plant Pathogens and Insects

3

2

c w
0

c

c 3
3.12

E 3
IELS
c c

3
0

iC
O

ED100conc.

44 pS

P

TIME

fr1 COPY MUMBLE

Figure 8.--A model illustrating the factors which contribute to the effective-
ness of induced disease resistance.

(439]



Bell, A. A. Resistance to Plant Pathogens and Insects

Literature Cited

Abeles, F. B., R. P. Bosshart, L. E. Forrence, and W. H. Habig. 1971. Preparation
and purification of glucanase and chitanase from bean leaves. Plant

Physiol. 47: 129-134.

Akai, S. 1959. Histology of defense in plants, pp. 391-434. In Plant Pathology,
Vol. 1 (J. G. Horsfall and A. E. Dimond, eds.). AcademiE Press, New York.

Akai, S., M. Fukutomi, N. Ishida and H. Kunoh. 1967. An anatomical approach to
the mechanism of fungal infections in plants, pp. 1-20. In The Dynamic
Role of Molecular Constituents in Plant-Parasite Interaction (C. J. Mirocha

and I. Uritani, eds.). Amer. Phytopathological Soc., St. Paul, Minnesota.

Akai, S., 0. Horino, M. Fukutomi, A. Nakata, H. Kunoh and M. Shiraishi. 1971.
Cell wall reaction to infection and resulting change in cell organelles,
pp. 329-347. In Morphological and Biochemical Events in Plant-Parasite
Interaction (17 Akai and S. Ouchi, eds.). Phytopathological Soc. of Japan,
Tokyo.

Albersheim, P. and A. Anderson. 1971. Host pathogen interactions. III. Proteins
from plant cell walls inhibit enzymes secreted by plant pathogens. Proc.

Nat. Acad. Sci. 68: 1815-1819.

Albersheim, P., T. M. Jones and P. D. English. 1969. Biochemistry of the cell
wall in relation to infective processes. Ann. Rev. Phytopathology
7: 171-194.

Allen, E. H. 1970. The nature of antigunfal substances in the peel of Irish
potato tubers. Phytopathol. Z. 69: 151-159.

Allen, E. H. and J. Kuc. 1968. a-Solanine and a-Chaconins as fungitoxic compounds
in extracts of Irish potato tubers. Phytopathology 58: 776-781.

Allen, E. H. and A. Thomas. 1971. Time course of safynol accumulation in resis-
tant and susceptible safflower infected with Phytophthora drechsleri.
Physiol. Plant Pathol. 1: 235-240.

Allen, E. H. and C. A. Thomas. 1971. Trans-trans-3,11-tridecadiene-5,7,9-triyne-
1,2-diol, an antifungal polyacetfriEe-176i diseased safflower (Carthamus

tinctorius). Phytochem. 102 1579-1582.

Allen, E. H. and C. A. Thomas. 1971. A second antifungal polyacetylene compound
from Phytophthora-infected safflower. Phytopathology 61: 1107-1109.

Allen, P. J. 1959. Physiology and biochemistry of defense, pp. 435-467. In

Plant Pathology, Vol. 1 (J. G. Horsfall and A. E. Dimond, eds.). Academic

Press, New York.

Anderson, A. and P. Albersheim. 1972. Aspects of the specificity of the plant
proteins which inhibit pathogen secreted endopolygalacturonases.
Phytopathology 62: 744 (Abstr.).

Appel, O. 1915. Disease resistance in plants. Science 41: 773-782.

Arneson, P. A. and R. D. Durbin. 1967. Hydrolysis of tomatine by Septoria
lycopersici: a detoxification mechanism. Phytopathology 577-1117=1360.

Arneson, P. A. and R. D. Durbin. 1968. The sensitivity of fungi to a-tomatine.
Phytopathology 58: 536-537.

(440]



Bell, A. A. Resistance to Plant Pathogens anu Insects

Arneson, P. A. and R. D. Durbin. 1968. Studies on the mode of action of tomatine
as a fungitoxic agent. Plant Physiol. 43: 683-686.

Asahi, T., Y. Honda and I. Uritani. 1966. Increase of mitochondrial fraction in
sweet potato root tissue after wounding or infection with Ceratocystis
fimbriata. Plant Physiol. 41: 1179-1184.

Bailey, J. A. and B. J. Deverall. 1971. Formation and activity of phaseollin in
the interaction between bean hypocotyls (Phaseolus vul aria) and physio-
logical races of Colletotrichum lindemuthriEUW7--Fhys ol. lant Pathol.
1: 435-449.

Bailey, J. A. and J. L. Ingham. 1971. Phaseollin accumulation in bean (Phaseolus
vul aria) in response to infection by tobacco necrosis virus and rust
romyces appendiculatus. Physiol. Plant Pathol. 1. 451-456.

Bateman, D. F. 1964. An induced mechanism of tissue resistance to polygalacturo-
nase in Rhizoctonia-infected hypocotyls of bean. Phytopathology 54: 438-
445.

Bateman, D. F. and R. D. Lumsden. 1965. Relation of calcium content and nature of
the pectic substances in bean hypocotyls of different ages to suscepti-
bility to an isolate of Rhizoctonia solani. Phytopathology 55: 734-738.

Bateman, D. F. and R. L. Millar. 1966. Pectic enzymes in tissue degradation.
Ann. Rev. Phytopathology 4: 119-146.

Bawden, P. C. 1954. Inhibitors and plant viruses. Adv. Virus Res. 2: 31-57.

Beckman, C. H. 1964. Host responses to vascular infection. Ann. Rev.
Phytopathology 2: 231-252.

Beckman, C. H. 1966. Cell irritability and localization of vascular infections
in plants. Phytopathology 56: 821-824.

Beckman, C. H. 1971. The pasticizing of plant cell walls and tylose formation- -
a model. Physiol. Plant Pathol. 1: 1-10.

Beckman, C. H., W. C. Mueller and W. E. McHardy. 1972. The localization of stored
phenols in plant hairs. Physiol. Plant Pathol. 2: 69-74.

Beijersbergen, J. C. M. and C. B. G. Lammers. 1972. Enzymic and non-enzymic
liberation of tulipalin A. (m-methylene butyro-lactone) in extracts of
tulip. Physiol. Plant Pathol. 2: 265-270.

Bell, A. A. 1964. Respiratory metabolism of Phaseolus vulgaris infected with
alfalfa mosaic and southern bean mosaiE-7171a7- Phytopathology 54: 914-922.

Bell, A. A. 1967. Formation of gossypol in infected or chemically irritated
tissues of Gossypium (cotton) species. Phytopathology 57: 759-764.

Bell, A. A. 1967. Formation of fungitoxins in wound sap of Phaseolus lunatus.
Phytopathology 57: 1111-1115.

Bell, A. A. 1969. Possible relationship between activation of phytoalexin syn-
thesis and peroxidase enzymes in cotton. Phytopathology 59: 1018 (Abstr.)

Bell, A. A. 1969. Phytoalexin production and Verticillium wilt resistance in
cotton. Phytopathology 59: 1119-1127.

[441)



Bell, A. A. Resistance to Plant Pathogens and Insects

Bell, A. A. 1970. 4-Hydroxybenzaldehyde and vanillin as toxins formed in leaf
wound sap of Phaseolus lunatus. Phytopathology 60: 161-165.

Bell, A. A. 1972. Nature of disease resistance. In Verticillium wilt of Cotton.
USDA ARS 34-137 (ir, press).

Bell, A. A, and M. N. Christiansen. 1968. Gossypol synthesis in chilled cotton
tissues. Phytopathology 58: 883 (Abstr.)

Bell, A. A. and C. R. Howell. 1971. Comparative physiology of Verticillium albo-
atrum isolates. II. Induction of phytoalexins in cottollgt.Roc.
ifiniade Cotton Prod. Res. Conf., Atlanta, Georgia.

Bell, A. A. and J. T. Presley. 1969. Temperature effects upon resistance and
phytoalexin synthesis in cotton inoculated with Verticillium albo-atrum
Phytopathology 59: 1141-1146.

Bell, A. A. and J. T. Presley. 1969. Heat-inhibited or heat-killed conidia of
Verticillium albo-atrum induce disease resistance and phytoalexin syn-
thesis in cotton. Phytopathology 59: 1147-1151.

Bell, A. A. and R. D. Stipanovic. 1972. Chemistry and nature of fungitoxic ccm-
pounds in diseased cotton. Proc. Beltwide Cotton Prod. Res. Conf.,
Memphis, Tenn. pp. 87-88.

Bell, T. A., J. L. Etchells, C. F. Williams and W. L. Porter. 1962. Inhibition
of pectinase and cellulase by certain plants. Botan. Gaz. 123: 220-223.

BeMiller, J. N. and A. J. Pappelis. 1965. 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-
3-one glucoside in corn. Relation of water-soluble, 1-butanol-soluble
glucoside fraction content of pith cores and stalk rot resistance.
Phytopathology 55: 1237-1240.

Bergman, B. H. H. 1966. Presence of substance in the white skin of young tulip
bulbs which inhibits the growth of Fusarium oxysporum. Netherlands J.
Plant Pathol. 72: 222-230.

Bergman, B. H. H.6 J. C. M. Biejersbergen. 1968. A fungitoxic substance extracted
from tulips and its possible role as a protectant against disease.
Netherlands J. Plant Pathol. 74 (Suppl. 1): 157-162.

Bergman, B. H. H., J. C. M. Biejersbergen, J. C. Overeem and A. Kaars-Sijpestein.
1967. Isolation and identification of y-methylene-butyrolactone, a fungi-
toxic substance from tulips. Rec. Tray. Chim. 86: 709-714.

Bingefors, S. 1971. Resistance to nematodes and the possible value of induced
mutations, pp. 209-235. In Mutation Breeding for Disease Resistance.
International Atomic Energy Agency, Vienna, Austria.

Birk, Y. 1969. Saponins, pp. 169-210. In Toxic Constituents of Plant Food-
stuffs (I. Liener, ed.). Academic Press, New York.

Bohlmann, F. and K. M. Kleine. 1961. Polyacetylene compounds. XXXV. The poly-
ynes from Chrysanthemum frutescens and Artemisia dracunculus. Chem. Ber.
95: 39-46.

Boone, D. M., D. M. Kline and G. W. Keitt. 1958. Venturia inaequalis (Cke.)
Wint. XIII. Pathogenicity of induced biocheiaBirititants. Amer. J. Sot.
44: 791-796.

[442]



Bell, A. A. Resistance to Plant Pathogens and Insects

Braun, A. C. and R. B. Pringle. 1958. Pathogen factors in the physiology of
disease--toxins and other metabolites, pp. 88-99. In Plant Pathology Prob-
lems and Progress 1908-1958 (C. S. Holton, G. W. FilEher, R. W. Fulton, H.
Hart and S. E. A. McCallan, eds.) The Univ. Wisconsin Press, Madison.

Brinkerhoff, L. A. 1970. Variation in Kanthomoas malvacearum and its relation
to control. ;inn. Rev. PhytopathaZinrniT-Mr.-

Brown, W. 1922. Studies in the physiology of parasitism. VIII. On the exosmosis
of nutrient substances from the host tissue into the infection drop.
Ann. Hot. 36: 101-119.

Brown, W. 1934. Mechanisms of disease resistance in plants. Trans. British
Mycol. Soc. 19: 11-33.

Brown, W. 1965. Toxins and cell-wall dissolving enzymes in relation to plant
disease. Ann. Rev. Phytopathology 3: 1-18.

Buddenhagen, I. and A. Kelman. 1964. Biological and physiological aspects of
bacterial wilt caused by Pseudomonas solanacearum. Ann. Rev. Phyto-
pathology 2: 203-230.

Burkhardt, H. J., J. V. Maizel and H. K. Mitchell. 1964. Avenacin, an anti-
microbial substance isolated from Avena sativa. Structure. Blocher.
3: 426-431.

Butler, E. J. 1918. Immunity and disease in plants. Agr. J. India 1918: 10-28.

Buxton, E. W. 1957. Some effects of pea root exudates on physiologic races of
Fusarium oxysporum Fr. f. pisi (Linf.) Snyder & Hansen. Trans. British
Mycol. Soc. 40: 145-154.

Byrde, R. J. W. 1963. Natural inhibitors of fungal enzymes and toxins in disease
resistance, pp. 31-47. In Perspectives of Biochemical Plant Pathology
(S. Rich, ed.). Connecticut Agr. Exp. Sta. Bul. 663.

Byrde, R. J. W., A. H. Fielding and A. H. Williams. 1959. The role of oxidized
phenols in the varietal resistance of apples to brown rot, pp. 95-99. In
Phenolics in Plants in Health and Disease (J. B. Pridham, ed.). Pergamon
Press, New York.

Cadma, C. H. 1960. Inhibition of plant virus infection by tannins, pp. 101-105.
In Phenolics in Plants in Health and Disease (J. B. Pridham, ed.).
Firgamon Press, New York.

Carr, A. J. H. 1971. The role of wilt toxins produced by the lucerne strain of
Verticillium albo-atrum, p. 10. Proc. Intern. Verticillium Symp., Wye
tralWe77learriEfard,-Kent, England.

Chamberlain, D. W. 1970. Temperature ranges inducing susceptibility to
Phytophthora megasperma var. sojae in resistance soybeans. Phytopathology
66: 293-294.

Chester, K. S. 1933. The problem of acquired physiological immunity in plants.
Quart. Rev. Biol. 8: 129-154, 275-324.

Chisholm, M. D. and L. R. Wetter. 1967. The biosynthesis of some isothiocyanates
and oxazolidinethiones in rape (Brassica campestris L.). Plant Physiol.
42: 172E-1730.

[443]



Bell, A. A. Resistance to Plant Pathogens and Insects

Chkanikov, D. I., G. A. Tarabrin, A. M. Shabanova and P. F. Konstantinov. 1969.
Localization of 9-glucosidase in the cells of higher plants. Soviet Plant
Physiol. 16: 261-264.

Cook, M. T., H. F. Bassett, F. Thompson and J. J. Taubenhaus. 1911. Protactive
enzymes. Science 33: 624-629.

Cook, M. T. and J. J. Taubenhaus. 1911. The relation of parasitic fungi to the
contents of the cells of the host plants. I. The toxicity of tannin.
Delaware Col. Agr. Exp. Sta. Bul. No. 91. 77 p.

Coons, G. H. 1937. Progress in plant pathology: Control of disease by resistant
varieties. Phytopathology 27: 622-632.

"outure, R. M., D. G. Routley and G. M. Dunn. 1971. Role of cyclic hydroxamic
acids in monogenic resistance of maize to Helminthosporium turcicum.
Physiol. Plant Pathol. 1: 515-521.

Cruickshank, I. A. M. 1962. Studies on phytoalexins. IV. The antimicrobial
spectrum of pisatin. Australian J. Biol. Sci. 15: 147-159.

Cruickshank, I. A. M. 1963. Phytoalexins. Ann. Rev. Phytopathology 1: 351-374.

Cruickshank, I. A. M. 1965. Phytoalexins in the luguminosae with special refer-
ence to their selective toxicity. Deut. Akad. Landwirtschaftswiss.
Tangunsber. 74: 313-332.

Cruickshank, I. A. M. 1966. D. u mechanisms in plants. World Rev. Pest
Control 5: 161-175.

Cruickshank, I. A. M. and D. R. Perrin. 1963. Studies on phytoalexins. VI.
Pisatin. The effect of some factors on its formation in Pisum sativum L.
and the significance of pisatin in disease resistance. Austral17E7r
Biol. Sci. 16: 111-128.

Cruickshank, I. A. M. and D. R. Perrin. 1964. Pathological function and phenolic
compounds in plants, pp. 511-544. In Biochemistry of Phenolic Compounds
(J. B. Harborne, ed.). Academic Press, New York.

Cruickshank, I. A. M. and D. R. Perrin. 1968. The isolation and partial charac-
terization of monicolin A, a polypeptide with phaseollin-inducing activity
from Monilinia fructicola. Life Sci. 7: 449-458.

Cruickshank, I. A. M. and D. R. Perrin. 1971. Studies on phytoalexins. XI. The
induction, antimicrobial spectrum and chemical assay of phaseollin.
Phytopathold Z. 70: 209-229.

Cunningham, H. S. 1928. A study of the histologic changes induced in leaves by
certain leaf spotting fungi. Phytopathology 18: 717-751.

Curtis, R. F. 1968. 6-Methoxymellein as a phytoalexin. Experientia 24: 1187-
1188.

Daly, J. M. 1972. The use of near-isogenic lines in biochemical studies of the
resistance of wheat to stem rust. Phytopathology 62: 392-400.

Davies, R. R. 1961. Wettability and the capture, carriage and deposition of
particles by raindrops. Nature 191: 616-617.

[4441



Bell, A. A. Resistance to Plant Pathogens and Insects

Davis, D. 1964. Host fungitoxicants in selective pathogenicity of Fusarium
oxysporum. Phytopathology 54: 290-293.

DeBaun, R. M. and P. F. Nord. 1951. The resistance of cork to decay by wood-
destroying molds. Arch. Biochem. Biophys. 33: 314-319.

Deese, D. C. and M. A. Stahmann. 1962. Formation of pectic enzymes by
Verticillium albo-atrum on susceptible and resistant tomato sten, tissues
an on EFE.--Mitopatnol. Z. 46: 53-70.

DeVay, J. E. and R. Charudattan. 1972. Common antigens between host and pathogen
in relation to disease susceptibility, pp. 82-83. Proc. Beltwide Cotton
Prod. Res. Conf., Atlanta, Ga.

DeVay, J. E., W. C. Schnathorst and M. S. Foda. 1967. Common antigens and host-
parasite interactions, pp. 313-328. In The Dynamic Role of Molecular
Constituents in Plant Parasite Inters-a-lion. Amer. Phytopathological Soc.
St. Paul, Minn.

Deverall, B. J. 1964. Studies on the physiology of resistance to the halo-blight
disease of French beans, pp. 127-130. In Host Parasite Relations in Plant
Pathology (Z. Kiraly and G. Urizsy, eds7r. Publ. Res. Inst. for Plant
Prot. Budapest.

Deverall, B. J. and J. C. Vessey. 1969. Role of a phytoalexin in controlling
lesion development in leaves of Vicia faba after infection by Botrytis,
spp. Ann. Appl. Biol. 63: 449-4

Deverall, B. J. and R. K. S. Wood. 1961. Chocolate spot of beans (Vicia faba L.)-
interactions between phenolase of host and pectic enzymes oftErpitE5gen.
Ann. Appl. Biol. 49: 473-487.

Dickinson, S. 1960. The mechanical ability to breach the host barriers, pp.
203-232. In Plant Pathology, Vol. 2 (J. G. Horsfall and A. E. Dimond,
eds.). Acirdemic Press, New York.

Diener, T. 0. 1963. Physiology of virus-infected plants. Ann. Rev. Phyto-
pathology 1: 197-218.

Dimond, A. E. 1967. Physiology of wilt disease, pp. 100-120. In The Dynamic
Role of Molecular Constituents in Plant Parasite Interact:1On. (C. J.
Mirocha and I. Uritani, eds.). Amer. Phytopathological Soc., St. Paul,
Minn.

Dimond, P. E. 1970. Biophysics and biochemistry of the vascular wilt syndrome.
Ann. Rev. Phytopathology 8: 301-322.

Doubly, J. A., H. H. Flor and C. 0. Clagett. 1960. Relation of antigens of
Melamposora lini and Linum usitatissimum to resistance and susceptibility.
Scier:e 131:77Y.

Drobnica, L., M. Zemanove, P. Nemec, K. Antos, P. Kirstian, A. Stullerova, V.
Knoppova and P. Nemec, Jr. 1967. Antifungal activity of isothiocyanates
and related compounds. Appl. Microniol. 15: 701-709.

Dropkin, V. H. 1969. Cellular responses of plants to nematode infections. Ann.
Rev. Phytopathology 7' 101-122.

Echandi, E. and C. E. Fernandez. 1962. Relation between chlorogenic acid con-
tent and resistance to coffee canker incited by Ceratocystis fimbriata.
Phytopathology 52: 544-546.

(445)



Bell, A. A. Resistance to Plant Pathogens and Insects

Wlingboe, A. H. 1968. Inoculum production and infection by foliage pathogens.
Ann. Rev. Phytopathology 6: 317-330.

ElNaghy, M. A. and P. Linko. 1962. The role of 4-0-glucosy1-2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one in resistance of wheat to stem rust.
Physiologia Pl. 15: 764-771.

ElNaghy, M. A. and M. Shaw. 1966. Correlation between resistance to stem rust
awl the concentration of a glucoside in wheat. Nature 210: 417-418.

Endo, B. Y. 1971. Nematode-induced syncytia (giant cells). Host-Parasite
relationships of Heteroderidae, pp. 91-118. In Plant Parasitic Nematodes,
Vol. 2 (B. M. Zuckerman, W. F. Mai, and R. A.-Rohde, eds.). Academic

Press, New York.

English, P. D. and P. Albersheim. 1969. Host pathogen interactions. I. A
correlation between a-galactosidase production and virulence. Plant

Physiol. 44: 117-224.

Erdtman, H. 1952. Chemistry of some heartwood constituents of conifers and their

physiological and taxonomic significance. Prog. in Organic Chemistry,
London: 22-63.

Esau, K. 1966. Anatomy of plant virus infections. Ann. Rev. Phytopathology
5: 45-76.

Farkas, G. L. and Z. Kiraly. 1962. Role of phenolic compounds in the physiology
of plant diseases and disease resistance. Phytopathol. Z. 44: 106-151

Farkas, G. L., Z. Kiraly and F. Solymosy. 1960. Role of oxidative metabolism in
the localization of plant viruses. Virology 12: 408-421.

Farkas, G. L., F. Solymosy and L. Lovrekovich. 1965. The role of altered enzyme
levels in the regulation of metabolic pattern in diseased plant tissues.

Tagungsberichte Nr. 74: 71-81.

Farkas, G. L. and M. A. Stahmann. 1966. On the nature of changes in peroxidase
isoenzymes in bean leaves infected by southern bean mosaic virus.
Phytopathology 56: 669-677.

Fawcett, C. H., R. D. Firn and D. M. Spencer. 1971. Wyerone increase in leaves
of broad bean (Vicia faba L.) after infection by Botrytis fabae. Physiol.

Plant Pathol. 11163 -ITT:

Fawcett, C. H. and D. M. Spencer. 1969. Natural antifungal compounds, pp. 637-
669. In Fungicides, Vol. 2 (D. C. Torgenson, ed.) Academic Press, New
York.

Fawcett, C. H. and D. M. Spencer. 1970. Plant chemotherapy with natural products.
Ann. Rev. Phytopathology 8: 403-418.

Fehrmann, H. and A. E. Dimond. 1967. Peroxiease activity and Phytophthora
resistance in different organs of the potato plant. Phytopathology
57: 69-72.

Flentje. N. T. 1958. The physiology of penetration and infection, pp. 76-87. In

Plant Pathology Problems and Progress 1908-1958 (C. S. Holton, G. W.
Fischer, R. W. Fulton, H. Hart, and S. E. A. McCallan, eds.). The Univ.

Wisconsin Press, Madison.

(4461



Bell, A. A. Resistance to Plant Pathogens and Insects

Flor, H. H. 1971. Current status of the gene for gene concept. Ann. Rev.
Phytopathology 9: 275-296.

Frank, J. A. and J. D. Paxton. 1971. An inducer of soybean phytoalexin and its
role in the resistance of soybeans to Phytophthora rot. Phytopathology
61: 954-958.

Franklin, T. J. and G.
Academic Press

Freeman, E. M. 1911.
1: 109-115.

A. Snow. 1971. Biochemistry of Antimicrobial Action.
, New York. 163 pp.

Resistance and immunity in plant diseases. Phytopathology

Fuchs, W. H. 1971. Physiological and biochemical aspects of resistance to
disease, pp. 5-16. In Mutation Breeding for Ditease Resistance.
International Atomic Energy Agency, Vienna, Austria.

Gallun, R. L. and L. P. Reitz. 1971. Wheat cultivars resistant to races of
Hessian fly. USDA ARS Prod. Res. Rept. No. 134.

Garber, E. D. 1956. A nutrition-inhibition hypothesis of pathogenicity. Amer.
Naturalist 90: 183-194.

Gaumann, E., R. Braun and G. Bazzigher. 1950. Uber induzierte Abwehrreaktionen
bei Orchideen. Phytopethol. Z. 17: 36-62.

Geisaman, T. A., ed. 1962. The Chemistry of Flavonoid Compounds. The Macmillan
Co., New York. 666 pp.

Goodman, R. N., Z. Kiraly and M. Zaitlin. 1967. The Biochemistry and Physiology
of Infectious Plant Disease. Van Nostrand-Reinhold, Princeton, New
Jersey. 354 pp.

Goodman, R. N. and S. B. Plurad. 1971. Ultrastructural changes in tobacco under-
going the hypersensitive reaction caused by plant pathogenic bacteria.
Physiol. Plant Pathology 1: 11-15.

Gray, G., W. L. Klarman and M. Bridge. 1967. Relative quantities of antifungal
metabolites produced in resistant and susceptible soybean plants inocu-
lated with Phytophthora me aeperma var. sojae and closely related non-
pathogenic fungi. Canadian . mot. 46: 70=788.

Greathouse, G. A. 1939. Alkaloids from Sanguinaria canadensis and their influence
on growth of Phymatotrichum omnivorum. Plant Physiol. 14: 377-380.

Greathouse, G. A. and N. E. Rigler. 1940. The chemistry of resistance of plants
to Phymatotrichum root rot. V. Influence of alkaloids on growth of fungi.
Phytopathology 30: 475-485.

Greathouse, G. A. and G. M. Watkins. 1938. Berberine as a factor in the resis-
tance of Mahonia trifoliate and M. swaseyi to Fhymatotrichum root rot.
Amer. J. Bot. 25:-7T577117-

Griffiths, D. A. 1971. The development of lignitubers in roots after infection
by Verticillium dahliae Kleb. Canadian J. Microbiol. 17: 441-444.

Hadwiger, L. A. 1966. The biosynthesis of pisatin. Phytochem. 5: 523-525.

Hadwiger, L. A. 1968. Changes in plant metabolism associated with phytoalexin
p. Auction. Netherlands J. Plar.t Pathol. 74 (Suppl. 1) 163-169.

[447]



Bell, A. A. Resistance to Plant Pathogens and Insects

Hadwiger, L. A. 1972. Increased levels of pisatin and phenylalanine ammonia
lyase activity in Pisum sativum treated with antihistaminic, antiviral,
antimalarial, tranqUinziEq767 other drugs. Biochem. Res. Comm. 46: 71-79.

Hadwiger, L. A., S. L. Hess and S. von Broembsen. 1970. Stimulation of phenyl-
alanine ammonia-lyase activity and phytoalexin production. Phytopathology
60: 332-336.

Hadwiger, L. A. and A. R. Martin. 1971. Induced formation of phenylalanine
ammonia lyase and pisatin by chlorpromazine and other phenothiazine
derivatives. Biochem. Pharmacol. 20: 3255-3261.

Hadwiger, L. A. and M. E. Schwochau. 1969. Host resistance--an induction
hypothesis. Phytopathology 59: 223-227.

Hadwiger, L. A. and M. E. Schwochau. 1970. Induction of phenylaline ammonia lyase
and pisatin in pea pods by pollysine, spermidine or histone fractions.
Biochem. Biophys. Res. Comm. 5d: 683-691.

Hadwiger, L. A. and M. E. Schwochau. 1971. Ultraviolet light-induced formation
of pisatin and phenylalanine ammonia lyase. Plant Physiol. 27: 588-590.

Hadwiger, L. A. and M. E. Schwochau. 1971. Specificity of deoxyribonucleic acid
intercalating compounds in the control of phenylalanine ammonia lyase and
pisatin levels. Plant Physiol. 47: 346-351.

Hampton, R. E. 1962. Changes in phenolic compounds in carrot root tissue infected
with Thielaviopsis basicola. Phytopathology 52: 4'"-415.

Hanson, K. R., M. Zucker and E.. Sondheimer. 1967. The regulation of phenolic
biosynthesis and she metabolic roles of phenolic compounds in plants, pp.
68-93. In Phenolic Compounds and Metabolic Regulation (B. J. Finkle and
V. C. Runeckles, eds.). Appleton-Century-Crofts, New York. v-

Harborne, J. B., ed. 1964. Biochemistry of Phenolic Compounds. AcadATic Press,
New York. 618 pp. a.

Harkin, J. M. 1967. Lignin--a natural polymeric product of phenol oxidation,
pp. 243-321. In Oxidative Coupling of Phenols (A. R. Battersby and A. I.
Taylor, eds.). Dekker, New York.

Harrison, M., M. G. Payne and J. 0. Gaskill. 1961. Some chemical aspects of
resistance to Cercospora leaf spot in sugar beets. J. Amer. Soc. Sugar
Beet Tech. 10: 457-468.

Hart, H. 1929. Relation of stomatal behavior to stem-rust resistance in wheat.
J. Agr. Res. 39: 929-948.

Hart, H. 1931. Morphologic and physiologic studies on stem rust resistance in
cereals. USDA 6 Minnesota Agr. Exp. Sta. Tech. Bul. 266. 76 pp.

Hastie, A. C. 1970. The genetics of asexual phytopathogenic fungi with special
reference to Verticillium, pp. 55 62. In Root Diseases and Soil-Borne
Pathogens (T.77TEFITELTE, R. V. Bega a71 P. E. Nelson, eds.). University
of California Press, Berkeley.

Heath, M. C. and I. B. Heath. 1971. Ultrastructure of an immune and a susceptible
reaction of cowpea leaves to rust infection. Physiol. Plant Pathol.
1: 277-287.

[448)



Bell, A. A. Resistance to Plant Pathogens and Insects

Heath, M. C. and R. K. S. Wood. 1971. Role of inhibitors of fungal growth in the
limitation of leaf spots caused by Ascochyta all and Mycosphaerella
pinodes. Ann. Bot. 35: 475-491.

Herout, V. 1971. Biochemistry of sesquiterpenoids, pp. 53-94. In Aspects of
terpenoid chemistry and biochemistry (T. W. Goodwin, ed.). Academic Press,
New York.

Hess, S. L. and L. A. Hadwiger. 1971. The induction of phenylalanine ammonia
lyase and phaseollin by 9-aminoacridine and other deoxyribonucleic acid
intercalating compounds. Plant Physiol. 48: 197-202.

Hess, S. L., L. A. Hadwiger and M. E. Schwochau. 1971. Studies on biosynthesis of
phaseollin in excised pods of Phaseolus vulgaris. Phytopathology 61: 79-81

Higgins, V. J. 1972. Role of the phytoalexin medicarpin in three leaf spot dis-
eases of alfalfa. Physiol. Plant Pathol. 2: 289-300.

Higgins, V. J. and R. L. Millar. 1968. Phytoalexin production by alfalfa in re-
sponse to infection by Colletotrichum phomoides, Helminthosporium turcicum,
Stemphylium loti, and s765EFVOsum. Phytopathology 58: 1377-1383.

Higgins, V. J. and R. L. Millar. 1969. Comparative abilities of Stemphylium
botryosum and Helminthosporium turcicum to degrade a phytoalexin from

Phytopathology 59: 1493-1499.

Higgins, V. J. and R. L. Millar. 1969. Degradation'of alfalfa phytoalexin by
Stemphylium botryosum. Phytopathology 59: 1500-1506.

Higgins, V. J. and R. L. Millar. 1970. Degradation of alfalfa phytoalexin by
Stemphylium loti and Colletotrichum phomoides. Phytopathology 60: 269-271.

Higgins, V. J. and D. G. Smith. 1972. Separation and identification of two
pterocarpanoid phytoalexins produced by red clover leaves.. Phytopathology
62: 235-238.

Hildebrand, D. C. and M. N. Schroth. 1964. Arbutin-hydroquinone complex in pear
as a factor in fire blight development. Phytopathology 54: 640-645.

Hillis, W. E. and T. Inoue. 1968. The polyphenols formed in Pinus radiata after
Sirex attack. Phytochem. 7: 13-22.

Hirai, T., Z. Hidaka and I. Uritani, eds. 1968. Biochemical regulations in dis-
eased plants and injury. Nat. Inst. Agr. Sci., Tokyo. 351 pp.

Holden, M., B. C. Seegal and H. Baer. 1947. The range of antibiotic activity of
protanemonin. Proc. Soc. Exptl. Biol. Med. 66: 54-60.

Holliday, R. 1961. The genetics of Ustilago maydis. Genet. Res. Camb. 2: 204-230.

Hopper, D. G., K. R. Gholoon and L. A. Brinkerhoff. 1972. A biochemical lock-and-
key model for bacterial plant diseases. Proc. Amer. Chem. Soc. (in press).

Hulme, A. C. and K. L. Edney. 1960. Phenolic substances in the peel of Cox's
orange pippin apples with reference to infection by G. perennans, pp. 87-
94. In Phenolics in Plants in Health and Disease (J. B. Pridham, ed.).
Pergamon Press, New York.

Imai, K. 1956. Studies on the essential oil of Artemisia capillaris Thunb. III.
Antifungal activity of the essential oil.gEFUEFU-- re of antifungal princi-
ple, capillin, J. Pharm. Soc. Japan 76: 405-408.

[449]



Bell, A. A. Resistance to Plant Pathogens and Insects

Imai, K., N. Ikeda, K. Tanaka and S. Sugaivara. 1956. Studies on the essential
oil of Artemisia ca illaris. Thunb. III. Antifungal activity of the essen-
tial oir-77--NolatIon of the antifungal principle. J. Pharm. Soc.
Japan 76: 400-404.

Imaseki, H., T. Asahi and I. Uritani. 1968. Investigations on the possible
inducers of metabolic changes in injured plant tissues. pp. 189-201. In
Biochemical Regulation in Diseased Plants or Injury (T. Hirai, ed.).
Kyoritsu Printing Co., Ltd., Tokyo.

Ishiyawa, N., K. Tomiyama, N, Katsui, A. Murai and T. Masamune. 1969. Biological
activities of rishitin, an antifungal compound isolated from diseased
potato tubers, and its derivatives. Plant Cell Physiol. 10: 183-192.

Johnson, G. and L. A. Schaal. 1952. Relation of chlorogenic acid to scab resis-
tance in potatoes. Science 115: 627-629.

Johnson, G. and L. A. Schaal. 1957. Chlorogenic acid and other orthodihydric-
phenols in scab-resistant Russet Burbank and scab-susceptible Triumph
potato tubers of different maturities. Phytopathology 47: 253-255.

Jones, A. P. 1931. The histogeny of potato scab. Ann. Appl. Biol. 18: 313-333.

Kaplan, J. G. Tacreiter. 1966. The 0-glucosidase of the yeast cell surface.

Kedar, N. 1959. The peroxidase test as a tool in the selection of varieties

Keen, 1:21Yoj::Y.belgssriOts:Nntagthf".

J. Gen. Physiol. 50: 9-23.

resistant to late blight. Amer. Potato J. 36: 315-324.

Keen, N. T., J. J. Sims, D. C. Erwin, E. Rice and J. E. Partridge. 1971. 6*-
Hydroxyphaseollin: an antifungal chemical induced in soybean hypocotyls by
Phytophthora megasperma var. sojae. Phytopathology 61: 1084-1089.

Keen, N. T., A. I. Zaki and J. J. Sims. 1972. Biosynthesis of hydroxyphaseollin
and related isoflavanoids in disease-resistant soybean hypocotyls.
Phytochem. 11: 1031-1039.

Kenten, R. H. 1957. Latent phenolase in
leaves. I. Activation by acid and

Kenten, R. H. 1958. Latent phenolase in
leaves. II. Activation by anionic

extracts of broad bean (Vicia faba L.)
alkali. Biochem. J. 67:TOT730 7

extracts of broad bean (Vicia faba L.)
wetting agents. Biochem777-6i744-251.

Kerr, A. and N. T. Flentje. 1957. Host infection of Pellicularib filamentosa
controlled by chemical stimuli. Nature 179: 204-205.

Kirkham, D. S. 1958. Host factors in the physiology of disease, pp. 110-118.
In Plant Pathology Problems and Progress 1908-1958 (C. H. Holton, G. W.
Fischer, R. W. Fulton, H. Hart and S. E. A. McGallan, eds.). The Univ.
Wisconsin Press, Madison.

Klarman, W. L. and J. W. Gerdemann. 1963. Induced susceptibility in soybean
plants genetically resistant to Phytophthora sojae. Phytopathology
53: 863-864.

[450]



Bell, A. A. Resistance to Plant Pathogens and Insects

Klarman, W. L. and J. W. Gerdemann. 1963. Resistance of soybeans to three
Phytophthora species due to the production of a phytoalexin. Phyto-
pathology 53: 1317-1320.

Klarman, W. L. and F. Hammerschlag. 1972. Production of the phytoalexin, hydroxy-
phaseollin, in soybean leaves inoculated with tobacco necrosis virus.
Phytopathology 62: 719-721.

Klement, Z. and R. N. Goodman. 1967. The hypersensitive reaction to infection by
bacterial plant pathogens. Ann. Rev. Phytopathology 5: 17-44.

Kline, D. M., D. M. Boone and G. W. Keitt. 1958. Venturia inaeva/is (Cke.)
Wint. XIV. Nutritional control of pathogeniai7-Ercertain induced bio-
chemical mutants. Amer. J. Bot. 44: 797-803.

Klun, J. A., C. L. Tipton, J. F. Robinson, D. L. Ostrem, and M. Beroza. 1970.
Isolation and identification of 6,7-dimethoxy-2-benzoxazolinone from dried
tissues of Zea mays (L.) and evidence of its cyclic hydroxamic acid pre-
cursor. Agr. Food. Chem. 18: 663-665.

Kosuge, T. 1969. The role of phenolics in host response to infection. Ann. Rev.
Phytopathology 7: 195-222.

Kovacs, A. 1955. Uber die ursachen der unterschiedlichen resistenz der zucker-
rubensorten gegen Cercospora beticola Sacc. Phytopathol. Z. 24: 283-
298.

Kovacs, G. 1964. Studies on antibiotic substances frlm higher plants, with
special reference to their plant pathological importance. Denmark Vet.
Og Landbohojsk. Arsskr.1 47-92.

Krusberg, L. R. 1963. Host response to nematode infection. Ann. Rev.
Phytopathology 1: 219-240.

Kuc, J. 1963. The role of phenolic compounds in disease resistance, pp. 20-30.
In Perspectives of Biochemical Plant Pathology (S. Rich, ed.). Connecticut
Xjr. Exp. Sta. Bul. 663.

Kuc, J. 1964. Phenolic compounds and disease resistance in plants, pp. 63-81.
In Phenolics in Normal and Diseased Fruits and Vegetables (V. C. Runeckles,
0.). Proc. Plant Phenolics Group of North America Symp. Imperial Tobacco
Co., Montreal, Quebec.

Kuc, J. 1967. Shifts in oxidative metabolism during pathogenesis, pp. 183-202.
In The Dynamic Role of Molecular Constituents in Plant-Parasite Interaction.
TU. J. Mirocha and I. Uritani, eds.). Amer. Phytopathological Soc., St.
Paul, Minnesota.

Kuc, J. 1968. Biochemical Control of disease resistance in plants. World Rev.
Pest Control 7: 42-55.

Langcake, P., R. B. Drysdale and . Smith. 1972. Post-infectional production of
an inhibitor of Fusarium osysporum f. lycopersici by tomato plants.
Physiol. Plant Pith7177: 17-25.

Lapwood, D. H. 1957. On the parasitic action of certain bacteria in relation to
the capacity to secrete pectolytic enzymes. Ann. Bot. 21: 167-184.

Lee, S. F. and D. LeTourneau. 1958. Chlorogenic acid content and Verticillium
wilt resistance of potatoes. Phytopathology 48: 268-274.

[4511



Bell, A. A. Resistance to Plant Pathogens and Insects

Lewis, J. C., G. A1derton, G. F. Barley, J. F. Carrion, D. M. Reynolds and F. Stitt.
1959. Antibacterial agents from hops. USDA Bur. Agr. Ind. Chem., Mimeo.
Circ. Ser. AIC 231: 1-15.

Link, K. P., H. R. Angell and J. C. Walker. 1929. The isolation of protocatechuic
acid from pigmented onion scales and its significance in relation to dis-
ease resistance in onions. J. Biol. Chem. 81: 369-375.

Link, K. P. and J. C. Walker. 1933. The isolation of catechol from pigmented
onion scales and its significance in relation to disease resistance in
onions. J. Biol. Chem. 100: 379-383.

Lobarzewski, J. 1962. The inactivation of alcohol dehydrogenase by tyrosinase.
Annales Universitatis Mariae Curie--Sklodowska, Lublin-Polonia: Sect C
16: 155.

Locci, R. and J. Kuc. 1967. Steroid alkaloids as compounds produced by potato
tubers under stress. Phytopathology 57: 1272-1273.

Lovrekovich, L., H. Lovrekovich and M. A. Stahmann. 1968. The importance of
peroxidase in the wildfire disease. Phytopathology 58: 193-198.

Ludwig, R. A., E. Y. Spencer and C. H. Unwin. 1960. An antifungal factor from
barley of possible significance in disease resistance. Canadian J. Bot.
38: 21-29.

McLean, F. T. 1921. A study of the structure of the stomata of two species of
citrus in relation to citrus canker. Bull. Torrey Botan. Club 48: 101-106.

McLean, J. G., D. J. LeTourneau and J. W. Guthrie. 1961. Relation of histochemi-
cal tests for phenols to Verticillium wilt resistance of potatoes.
Phytopathology 51: 84-89.

Macdonald, T. and H. H. Smith. 1971. Biochemical variation associated with an
Aegilops umbellulata chromosome segment incorporated in wheat, pp. 17-24.
In Mutation Breeding for Disease Resistance. International Atomic Energy
Kency, Vienna, Austria.

Mace, M. E. 1963. Histochemical localization of phenols in healthy and diseased
banana roots. Phytiologia Plant. 16: 915-925.

Mace, M. E. 1964. Phenol oxidases and their relation to vascular browning in
Fusarium-invaded banana roots. Phytopathology 54: 840-842.

Mace, M. E. 1964. Peroxidases and their relation to vascular browning in banana
roots. Phytopathology 54: 1033-1034.

Mace, M. E. 1964. Phenols and their involvement in Fusarium wilt pathogenesis,
pp. 13-19. In Phenolics in Normal and DiseasidWins and Vegetables
(V. C. Runec1Tes, ed.). Imperial Tobacco Co., Montreal.

Mace, M. E. 1973. Histochemistry of 0-glucosidase in isolines of Zea mays sus-
ceptible or resistant to northern corn leaf blight. PhytopiEfio ogy
63: 243-245.

Mace, M. E. and T. T. Hebert. 1963. Naturally occurring quinones in wheat and
barley and their toxicity to loose smut fungi. Phytopathology 53: 692-700.

Mace, M. E. and E. Solit. 1966. Interactions of 3-indoleacetic acid and 3-
hydroxytyramine in Fusarium wilt of banana. Phytopathology 56: 245-247.

(452)



Bell, A. A. Resistance to Plant Pathogens and Insects

Maizel, J. V., H. J. Burkhatdt, and H. K. Mitchell. 1964. Avenacin, an anti-
microbial substance isolated from Avena sativa. Isolation and antimi-
microbial activity. Biochem. 3: 424 T26.

Mandels, M. and E. T. Reese. 1965. Inhibition of cellulases. Ann. Rev.
Phytopathology 3: 85-102.

Martin, J. T. 1964. Role of cuticle in the defense against plant disease. Ann.
Rev. Phytopathology 2: 81-100.

Martin, J. T., R. F. Batt and R. T. Burchill. 1957. Defense mechanism of plants
against fungi. Fungistatic properties of apple leaf wax. Nature
180: 196-799.

Masses, G. 1905. On the origin of parasitism in fungi. Trans. Roy. Phil. Soc.
London, Ser. B 197: 7-24.

Matta, A. 1971. Microbial penetration and immunization of uncongenial host
plants. Ann. Rev. Phytopathology 9: 387-410.

Melander, L. W. and J. H. Craigie. 1927. Nature of resistance of Berberis spp.
to Puccinia graminis. Phytopathology 17: 95-114.

Metlitskii, L. V. and 0. L. Ozeretskovskaya. 1968. Plant immunity. Plenum Press,
New York. 114 p.

Millerd, A. and K. Scott. 1962. Respiration of the diseased plant. Ann. Rev.
Plant Physiol. 13: 559-574.

Mohanakumaran, N., J. C. Gilbert and I. W. Buddenhagen. 1969. Relationship be-
tween tomatin and bacterial wilt resistance in tomato. Phytopathology
51: 14 (Abstr.).

Molot, P. M. and P. Anglade. 1968. Resistance commune des lignees de mais a
l'helminthosporiose (Helminthosporium turcicum Pass.) et a la pyrale
(Ostrinia nubilalis Hbn.) en relation iVirri-presence d'une substance
ilaTinibrriiri-6-methoxy2(3)-benzoxazolinone. Annls. Epiphyt.
19: 75-95.

Montgomery, R. D. 1969. Cyanogens, pp. 143-157. In Toxic Constituents of Plant
Foodstuffs (I. Liener, ed.). Academic Press, New York.

Muller, K. O. 1956. Einige einfache versuche zum nachweis von phytoalexin.
Phytopathol. Z. 27: 237-254.

Muller, K. O. 1958. Relationship between phytoalexin output and the number of
infections involved. Nature 182: 167-168.

Muller, K. O. 1958. Studies on phytoalexins I. The formation and the immuno-
logical significance of phytoalexin produced by Phaseolus vulcaris in re-
sponse to infections with Sclerotinia fructicolaoMora
infestans. Australian J. in17372711: 275-300.

Muller, K. O. 1959. Hypersensitivity, pp. 469-519. In Plant Pathology, Vol. 1
(J. G. Horsfall and A. E. Dimond, eds.). Academic Press, New York.

Muller, K. O. 1963. The phytoalexin concept and its methodological significance.
Recynt Adv. Bot. ls 396-400.

[4531



Bell, A. A. Resistance to Plant Pathogens and Insects

Muller, K. 0. and H. Borger. 1940. Experimentelle untersuchungen uber die phyto-
phthora-resistenz der kartoffel: zugleich ein beitrag zum problem der
erworbenen resistenz" in pflanzenreich. Arb. Biol. Reichsanstalt. Land-
u. Fortwirtsch. Berlin-Dahlem 23s 189-231.

Mundry, K. W. 1963. Plant virus-host cell relations. Ann. Rev. Phytopathology
1: 173-196.

Mussel', H. W. and R. J. Green, Jr. 1970. Host colonization and polygalacturonase
production by two tracheomycotic fungi. Phytopathology 60: 192-195.

Nienstaedt, H. 1953. Tannin as a factor in the resistance of chestnut, Castanea
spp., to the chestnut blight fungus, Endothia parasitica (Murr) AErK7-
Phytopathology 43: 32-38.

Nonaka, F. 1966. On the selective toxicity of ipomecmarone towards the phyto-

pathogens. Agr. Bull. Saga Univ. 22: 39-49.

Nonaka, F. 1967. Inactivation of pisatin by pathogenic fungi. Agr. Bull. Saga
Univ. 24: 109-121.

Novacky, A. 1972. Suppression of the bacterially induced hypersensitive reaction

by cytokinins. Physiol. Plant Pathol. 2: 101-104.

Noveroske, R. L., J. Kuc and E. B. Williams. 1964. 8- Glucosidase and phenol-
oxidase in apple leaves and their possible relation to resistance to

Venturia ineaqualis. Phytopathology 54: 98-103.

Nutman, F. J. and F. M. Roberts. 1960. Investigations on a disease of Coffee
arabica caused by a form of Colletrotrichum coffeanum. I. Sone actors
illiaing infection by the pathogen. Trans. British Mycol. Soc.
43: 489-505.

Oku, H. 1967. Role of parasite enzymes and toxins in development of characteristic
symptoms in plant disease, pp. 237-255. In The Dynamic Role of Molecular
Constituents in Plant-Parasite Interaction (C. J. Mirocha and I. Uritani,

eds.). Amer. Phytopathological Soc., St. Paul, Minnesota.

Orton, W. A. 1908. The development of farm crops resistant to disease, pp. 453-

464. In Yearbook of the Department of Agriculture, 1908.

Parish, C. L., M. Zaitlin and A. Seigel. 1963. A study of necrotic lesion
formation by tobacco mosaic virus. Virology 26: 413-418.

Patil, S. S., R. L. Powelson and R. A. Young. 1964. Relation of chlorogenic acid
and free phenols in potato roots to infection by Verticillium albo-atrum.
Phytopathology 54: 531-535.

Paulson, R. E. and J. M. Webster. 1972. Ultrastructure of the hypersensitive
reaction in roots of tomato, Lycopersicon esculentum L., to infection by

the root-knot nematode, Meloidogyne incognita. Physiol. Plant Pathol.

2: 227-234.

Paxton, J. D. and D. W. Chamberlain. 1969. Phytoalexin production and disease
resistance in soybeans as affected by age. Phytopathology 59: 775-777.

Pellizzari, E. D., J. Kuc and E. B. Williams. 1970. The hypersensitive reaction
in Malus species: Changes in the leakage of electrolytes from apple leaves
after irioculation with Venturia inaequalis. Phytopathology 60: 373-376.

[454)



Bell, A. A. Resistance to Plant Pathogens and Insects

Peries, 0. S. 196:. Studies on strawberry mildew, caused by Sphaerotheca
macularis (Wally. ex Fries) Jaczewski. II. Most parasite relationships
FirEllirge of strawberry varieties. Ann. Appl. Biol. 50: 225-233.

Perkins, D. D. 1949. Biochemical mutants in the smut fungi Ustilago maydia.
Genetics 34: 607-626.

Perrin, D. R. 1964. The structure of phaseolin. Tetrahedron Ltrs. 29-35.

Perrin, D. R. and W. Bottomley. 1962. Studies on phytoalexins. V. The structure
of pisatin from Pisum sativum L. J. Amer. Chem. Soc. 84: 1919-1922.

Perrin, D. R. and I. A. M. Cruickshank 1969. The antifungal activity of
pterocarpans toward Monilinia iructicola. Phytochem. 8: 971-978.

Pierre, R. E. 1971. Phytoalexin induction in beans resistant or susceptible to
Fusarium and Thielaviopsis. Phytopathology 61: 322-327.

Pierre, R. E. and D. F. Bateman. 1967. Induction and distribution of phytoalexins
in Rhizoctonia-infected bean hypocotyls. Phytopathology 57: 1154-1160.

Pierson, C. F. and J. C. Walker. 1954. Relation of Cladosporium cucumerinum to
susceptible and resistant cucumber tissue. Phytopathology 44: 459-465.

Pinkas,

Powell,

Price,

Price,

Rahe,

Y. and A. Novacky. 1971. The differentiation between bacterial
sensitive reaction and pathogenesis by the use of cycloheximide.
pathology 61: 906 (Abstr.).

C. C., Jr. and D. C. Hildebrand. 1970. Fire blight resistance
involvement of arbutin oxidation. Phytopathology 60: 337-340.

in"r-p:rus:

Phyto-

W. C. 1932. Acquired immunity to ring-spot in Nicotiana. Contr. Boyce
Thompson Inst. 4: 359-403.

W. C. 1964. Strains, mutation, acquired immunity and interference, pp.
93-117. In Plant Virology (M. K. Corbett and H. D. Sisler, eds.). Univ.
of Florida Press, Gainesville. 527 pp.

J. E., J. Kuc, C. Chuang and E. B. Williams. 1969. Correlation of phenolic
metabolism with histological changes in Phaseolus vulgaris inoculated with
fungi. Netherlands J. Plant Pathol. 75:717717--

Rautela, G. S. and M. G. Payne. 1970.
oTh:u=snpc:frcnr°resistance

Phytopathology 60: 238-245.

Reeve, R. M. 1951. Histochemical tests for polyphenols in plant tissues. Stain
Technology 26: 91-96.

reeve, R. M. 1959. Histological and histochemical changes in developing and
ripening peaches. III. Catechol tannin content per cell. Amer. J. Bot.
46: 645-650.

Reimann, J. E. and R. U. Byerrum. 1964. Studies on the biosynthesis of 2,4-
dihydroxy-7-methoxy-2H-1,4-benzoxazin-3-one. Biochem. 3: 847-851.

Rennerfelt, E. and G. Nacht. 1955. The fungicidal activity of some constituents
from heartwood of conifers. Svensk. Botan. Tidskr. 49: 419-432.

[455]



Bell, A. A. Resistance to Plant Pathogens and Insects

Roberts, M. F. and J. T. Martin. 1963. Withertip disease of limes (Citrus
aurantifolia) in Zanzibar. III. The leaf cuticle in relation to iffection

by Gloeosporium limetticola Clausen. Ann. Appl. Biol. 51: 411-413.

Roberts, M..F., J. T. Martin and O. S. Peries. 1961. Studies on plant cuticle.

IV. The leaf cuticle in relation to invasion by fungi, pp. 102-110.
Ann. Rept. Long Ashton Res. Sta. 1960.

Robinson, T. 1969. The organic constituents of higher plants. Burgess Publishing

Co., Minneapolis, Minnesota.

Rohde, R. A. 1960. Mechanisms of resistance to plant-parasitic nematodes, pp.

447-453. In Nematology: Fundamentals and Recent Advances with Emphasis on
Plant Paraiitic and Soil Forms (J. N. Sasser and W. R. Jenkins, eds.).

Univ. North Carolina Press, Chapel Hill, North Carolina.

Rohde, R. A. 1965. The nature of resistance in plants to nematodes. Phyto-

pathology 55: 1159-1162.

Rohringer, R. and D. J. Samborski. 1968. Aromatic compounds in host-parasite

interaction. Ann. Rev. Phytopathology 5: 77-86.

Romanko, R. R. 1959. A physiological basis for resistance of oats to Victoria

blight. Phytopathology 49: 32-36.

Romig, R. W. and R. M. Caldwell. 1964. Stomatal exclusion of Puccinia recondite

by wheat peduncles and sheaths. Phytopathology 54: 214=718.

Ross, A. F. 1966. Systemic effects of local lesion formation, pp. 127-150. In

Viruses of Plants (A. B. R. Beemster and J. Dijkstra, eds.). North Holland.

Rubin, B. A. and E. V. Artsikhovskaya. 1963. Biochemistry and Physiology of Plant

Immunity. The Macmillan Co., New York. 358 pp.

Rubin, B. A. and E. V. Artsikhovskaya. 1964. Biochemistry of pathological dar-

kening of plant tissues. Ann. Rev. Phytopathology 2: 157-178.

Rudolph, K. and M. A. Stahmann. 1964. Interactions of peroxidases and catalases
between Phaseolus vulgaris and Pseudomonas phaseolicola (halo blight of

bean. NiFEEFTOT: 474-475.

Salle, A. J., J. G. Jann and M. Ordanik. 1949. Lupulon, an antibiotic extracted

from the strobiles of Humulus lupulus. Proc. Soc. Exptl. Biol. Med.

70: 409-411.

Samaddar, K. R. and R. P. Scheffer. 1971. Early effects of Helminthosporium
victoriae toxin on plasma membranes and counter-action by chemical treat-

ments. Physiol. Plant Pathol. 1: 319-328.

Samborski, D. J. and R. Rohringer. 1970. Abnormal metabolites of wheat: occur-

rence, isolation and biogenesis of 2-hydroxy-putrescine amides.
Phytochem. 9: 1939-1945.

Samuel, G. 1927. On the shot-hole disease caused by Cladosporium carpophilum

and on the "shothole" effect. Ann. Bot. 41: 375-404.

Sato, N., K. Kitazawa and K. Tomiyama. 1971. The role of rishitin in localizing

the invading hyphac of Phytophthora infestans in infection sites at the

cut surfaces of potato tubers. Physiol. Plant Pathol. 1: 289-295.

[4561



Bell, A. A. Resistance to Plant Pathogens and Insects

Sato, N. and K. Tomiyama. 1969. Localized accumulation of rishitin in the potato
tuber tissue by an incompatible race of Phytophthora infestans. Ann.
Phytopathol. Soc. Japan 35: 202-217.

Sato, N., K. Tomiyama, N. 'Mitsui and T. Matumune. 1968. Isolation of rishitin
from tomato plants. Ann. Phytopatholoyical Soc. Japan 34: 344-345.

Schaffer, R. P. and R. B. Fringle. 1967. Pathogen-produced determinants of dis-
ease and their effects on host plants, pp. 217-236. In The Dynamic Role
of Molecular Constituents in Plant-Parasite Interaction (C. J. Mirocha
and I. Uritani, eds.). Amer. Phytopathological Soc., St. Paul, Minnesota.

Scheffer, R. P. and K. R. Samaddar. 1970. Host-specific toxins as determinants
of pathogenicity. Rec. Adv. Phytochem. 3: 123-142.

Scheffer, R. P. and 0. C. Yoder.' 1972. Host-specific toxins and selective
toxicity, pp. 251-272. In Phytotoxins in Plant Disease (R. K. S. Wood,
A. Ballio and A. Graniti, eds.). Academic Press, New York.

Scheffer, T. C. and E. B. Cowling. 1967. Natural resistance of wood to microbial
deterioration. Ann. Rev. Phytopathology 4: 147-170.

Schieferstein, R. H. and W. E. Loomis. 1959. Development of the cuticular layer
in angiosperm leaves. Myer. J. Bot. 46: 625-635.

Schonbeck, F. 1967. Untersuchungen uber bluteninfektionen. V. Untersuchungen an
tulpen. Phytopathol. Z. 59s 205-224.

Schonbeck, F. and C. Schroeder. 1972. Role of antimicrobial substances (tulipo-
sides) in tulips attacked by Botrytis spp. Physiol. Plant Pathol. 2: 91-99.

Schroth, M. N. and D. C. Hildebrand. 1964. Influence of plant exudates on root-
infecting fungi. Ann. Rev. Phytopathology 2: 101-132.

Schwochau, M. E. and L. A. Hadwiger. 1970. Induced host resistance--a hypothesis
derived from studies of phytoalexin production. Rec. Adv. Phytochem.
3: 181-189.

Sehgal, J. M. 1961. Antimicrobial substances from flowering plants. I. Anti-
fungal substances. Hindustan Antibiot. Bul. 4: 3-29.

Shain, L. 1967. Resistance of sapwood in stems of loblolly pine to infection
by Fomes annosus. Phytopathology 57: 1034-1045.

Shaw, M. 1963. The physiology and host-parasite relations of the rusts. Ann.
Rev. Phytopathology 1: 259-294.

Shaw, M. 1967. Cell biological aspects of host parasite relations of obligate
fungal parasites. Canadian J. Bot. 45: 1205-1220.

Shear, G. M. and C. R. Drake. 1971. Calcium accumulation in apple fruit infected
with Venturia inaequalis (Cooke) Win'. Physiol. Plant Pathol. 1: 313-318.

Smale, B. C. and H. L. Keil. 1966. A biochemical study of the intervarietal
resistance of Pyrus communist to fireblight. Phytochemistry 5: 1113-1120.

Smith, D. A., H. D. Van Etten and D. F. Bateman. 1971. Isolation of substance
II, an antifungal compound from Rhizoctonia solani-infected bean tissue.
Phytopathology 61: 912 (Abstr.).

[457]



Bell, A. A. Resistance to Plant Pathogens and Insects

Smith, D. G., A. G. McInnes, V. J. Higgins, and R. L. Millar. 1971. Nature of
the phytoalexin produced by alfalfa in response to fungal infection.
Physiol. Plant Pathol. 1: 41-44.

Sokolava, V. E., 0. N. Savelieva and G. A. Solovieva. 1961. The toxic effects of
caffeic and quinic acids on the fungus Phytophthora infestans. Dokl. Akad.
Nauk SSSR 136: 723-726.

Spencer, D. M. 1962. Antibiotics in seeds and seedling plants, pp. 125-146. In
Antibiotics in Agriculture (M. Woodbine, ed.). Butterworth, London and
Washington, D.C.

Stahmann, M. A. 1965. The biochemistry of proteins of the host and parasite in
some plant diseases. Tagungsberichte Nr. 74: 9-40.

Stahmann, M. A. 1967. Influence of host-parasite interactions on proteins,
enzymes and resistance, pp. 357-372. In The Dynamic Role of Molecular Con-
stituents in Plant-Parasite Interaction. (C. J. Mirocha and I. Uritani,
eds.). Amer. Phytopathological Soc., St. Paul, Minnesota.

Stakman, E. C. 1915. Relation between Puccinia gr.rinis and plants highly resis-
tant to its attack. J. Agr. Res717711-2vv.

Stanghellini, M. E. and M. Aragaki. 1966. Relation of periderm formation and
callose deposition to anthracnose resistance in papaya fruit. Phyto-
pathology 56: 444-450.

Stholasuta, P., J. A. Bailey, V. Severin and B. J. Deverall. 1971. Effect of
bacterial inoculation of bean and pea leaves on the accumulation of
phaseollin and pisatin. Physiol. Plant Pathol. 1: 177-183.

Stoessl, A. 1969. 8-Hydroxy-6-methoxy-3-methylisocoumarin and other metabolites
of Ceratocystis fimbriata. Biochem. Biophys. Res. Comm. 35: 186-192.

Stoessl, A. 1970. Antifungal compounds produced by higher plants. Rec. Adv.
Phytochem. 3: 143-180.

Stoessl, A., R. Rohringer and D. J. Samborski. 1969. 2-Hydroxyputrescine amides
as abnormal metabolites of wheat. Tetrahedron Ltrs. 33: 2807-2810.

Suzuki, N. 1965. Histochemistry of foliage diseases. Ann. Rev. Phytopathology
3: 265-286.

Tanaka, K. 1961. Effect of capillin, an antifungal substance, on mycelial growth
of Penicillium italicum. Takamine Kenkyusho Nempo 13: 112-116.

Thatcher, F. S. 1942. Further studies of osmotic and permeability relations in
parasitism. Canadian J. Res. 20: 283-311.

Thatcher, F. S. 1943. Cellular changes in relation to rust resistance. Canadian
J. Res. 21: 151-172.

Thomas, C. A. and E. H. Allen. 1970. An antifungal polyacetylene compound from
Phytophthora-infected safflower. Phytopathology 60: 261-263.

Thomas, C. A. and E. H. Allen. 1971. Light and antifungal polyacetylene com-
pounds in relation to resistance of safflower to Phytophthora drechsleri.
Phytopathology 61: 1459-1461.

[458]



Bell, A. A. Resistance to Plant Pathogens and Insects

Timonin, M. I. 1941. The interaction of higher plants and soil microorganisms.
III. Effect of by-products of plant growth on activity of fungi and
actinomycetes. Soil. Sci. 52: 395-413.

Tipton, C. L., J. A. Klun, R. R. Husted and M. 0. Pierson. 1967. Cyclic hydro-
xamic acids and related compounds from maize. Isolation and characteri-
zation. Biochem. 6: 2866-2870.

Tomiyama, K. 1963. Physiology and biochemistry of disease resistance. Ann. Rev.
Phytopathology 1: 295-324.

Tomiyama, K. 1971. Cytological and biochemical studies of the hypersensitive
reaction of potato cells to Phytophthora infestans, pp. 387-401. In
Morphological and Biochemical Events in giNE=Fiasite Interaction-TS.
Akai and S. Ouchi, eds.). The Phytopathological Soc. of Japan, Tokyo.

Tomiyama, K., N. Ishizaka, N. Sato, T. Masamune and N. Katsui. 1968. "Rishitin"
a phytoalexin-like substance. Its role in the defense reaction of potato
tubers to infection, pp. 287-292. In Biochemical Regulation in Diseased
Plants or Injury (T. Hirai, ed.). Kyoritsu Printing Co., Tokyo, Japan.

Tomiyama, K., R. Sakai, T. Sakuma and N. Ishizaka. 1967. The role of polyphenols
in the defence reaction in plants induced by infection, pp. 165-182. In

The Dynamic Role of Molecular Constituents in Plant-Parasite Interaction
(C. J. Mirocha and I. Uritani, eds.). Amer. Phytopathological Soc., St.
Paul, Minnesota.

Tomiyama, K. and M. A. Stahmann. 1964. Alteration of oxidative enzymes in potato
tuber tissue by infection with Phytophthora infestans. Plant Physiol.
39: 483-490.

Tschesche, R., F. J. Kammerer and G. Wulff. 1969. Uber die struktur der anti-
biotisch aktiven substanz der tulpe. Chem. Bar. 102: 2M-2071.

Tochesche, R., F. J. Kammerer, G. Wulff, and F. Schonbeck. 1968. Uber die anti-
biottsch wirksamen substanzen der tulpe (Tulips gesneriana). Tetrahedron
Ltrs.: 701-706.

Turner, E. M. C.
graminis.

Turner, W. B. 19

Uehara, K. 1963.
Hiroshima

1961. An enzymic basis for pathogenic specificity in Ophiobolus
J. Exptl. Dot. 12: 169-175.

71. Fungal metabolites. Academic Press, New York. 446 pp.

On the production of phytoalexin by metallic salts. Bull.
Agr. Coll. 2: 41-44.

Uehara, K, 1964. Relationship between the host specificity of pathogen and phyto-
alexin. Ann. Phytopathological Soc. Japan 29: 103-110.

Uhlenbro11,31,:til and J.
icticInsitt= OTZTiiingeineLTagetesstructure of nel

roots. Rec. Tray. Chim. Pays-Bas. 77: 1004-1009.

Uhlenbroek,
Orfldaj;:e2OncliaMicid:t.prI=1:gt=erf=t;lt::

II.

Structure
Rec. Tray. Chim. Pays-Bas. 78: 382-190.

Urech,
jiL:is:4131:11:ig.ksj.e=i1=3 1=111.:n ogigLcJialirffl:r2arn
Rich. Hely. him. Acta 46: 2758.

[459]



Bell, A. A. Resistance to Plant Pathogens and Insects

Uritani, I. 1963. The biochemical basis of disek,se resistance induced by infec-
tion, pp. 4-19. In Perspectives of Biochemical Plant Pathology. Connecti-
cut Agr. Exp. Sta. Bul. 663 pp.

Uritani, I. 1971. Protein changes in diseased plants. Ann. Rev. Phytopathology
9: 211-234.

Uritani, I., T. Asahi, T. Minamikawa, H. Hyodo, K. Oshima and M. Kojima. 1967.
The relation of :etabolic changes in infected plants to changes in enzy-
matic activity, pp. 342-356. In The Dynamic Role of Molecular Constituents
in Plant-Parasite Interaction.-7C. J. Mirocha and I. Uritani, eds.). The
Amer. Phytopathological Soc., St. Paul, Minnesota.

Uritani, I., H. Nomura and T. Teramura. 1967. Comparative analysis of terpenoids
in roots of I omoea species induced by inoculation with Ceratocystis
fimbriata. Agr. iol. Chem. (Tokyo) 31: 385.

Uritani, I. and M. A. Stahmann. 1961. Changes in nitrogen metabolism in sweet
potato with black rot. Plant Physiol. 36: 770-782.

Uritani, I., M. Uritani and H. Yamada. 1960. Similar metabolic alterations
induced in wee' potato by poisonous chemicals and by Cdratostomella
fimbriata. Ph .pathology 50: 30 34.

Valenta, J. R. an4 H. D. Sisler. 1962. Evidence for a chemical basis of resis-
tance of lima bean plants to downy mildew. Phytopathology 52: 1030-1037.

Van der Plank, J. E. 1968. Disease Resistance in Plants. Academic Press,
New York. 206 pp.

Van Etten, H. D. and D. F. Bateman. 1971. Studies or the mode of action of the
phytoalexin phaseollin. Phytopathology 61: 1363-1372.

Van Fleet, D. S. 1971. Enzyme localization and the genetics of polyenes and
polyacetylenes in the endodermis. Adv. Front. Plant Sci. 26: 109-143.

Van Fleet, D. S. 1972. Histochemistry of plants in health and disesae. Rec.
Adv. Phytochem. 5: 16F-195.

Varns, J. L., W. W. Currier and J. Kuc. 1971. Specificity of rishitin and phy-
tuoerin accumulation by potato. Phytopathology 61: 968-971.

Varna, J. L. and J. Kuc. 1971. Suppression of rishitin and phytuberin accumu-
lation and' hypersensitive response in potato by compatible races of
Phytophthroa infestans. Phytopathology 61: 178-181.

Varns, J. L., J. Kuc and E. B. Williams. 1971. Terpenoid accumulation as a bio-
chemical response of .he potato tuber to Phytophthora infestans. Phyto-
pathology 61: 174-177.

Virtanen, A. I. 1965. Studies on organic sulphur compounds and other labile sub-
stances in plants. Phytochem. 4: 20;-228.

Virtanen, A. I. anc' P. K. Hietala. 1955. 2(3)-Benzoxazolinone, an anti-Fusariu
factor in rye seedlings. Acta Chem. Scand. 9: 1543-1544.

Virtanen, A.I., P. K. Hietala and 0. Wahlroos. 1957. Antimicrobial substances in
cereals and fodder plants. Arch. Biochem. Biophys. 69: 486-500.

[460]



Bell, A. A. Resistance to Plant Pathogens and Insects

Von Broembsen, S. L. and L. A. Hadwiger. 1972. Characterization of disease resis-
tance responses in certain gene-for-gene interactions between flax and
Melampsora lini. Physiol. Plant Pathol. 2: 207-215.

Walker, J. C. 1924. On the nature of disease resistance in plants. Trans.
Wisconsin Acad. Sci. 21: 225-247.

Walker, J. C. 1963. The physiology of disease resistance, pp. 1-25. In West
Virginia Agr. Exp. Sta. Bul. 488T.

Walker, J..C. and K. P. Link. 1935. Toxicity of phenolic compounds certain
onion bulb parasites. Botan. Gaz. 96: 468-484.

Walker, J. C. and M. A. Stahmann. 1955. Chemical nature of disease rlsistance
in plants. Ann. Rev. Plant Physiol. 6: 351-366.

Ward, H. M. 1902. On the relations bet!-/een host and parasite in bromes and their
brown rust, Puccinia disperse (Erika.). Ann. Bot. 16: 233-315.

WArd, M. M. 1905. Recent researches on the parasites of fungi. Ann. Bot.
19: 1-54.

Webb, J. L. 1966. Enzyme and metabolic inhibitors. Academic Press, New York.
1028 pp.

Weber, D. J. and M. A. Stahmann. 1964. Ceratocystis infection in sweet potato:
its effect on proteins, isozymes and acquired immunity. Science 146:
929-931.

Whittaker, R. H. 1970. The biochemical ecology of higher plants, pp. 43-70. In
Chemical Ecology (E. Sondheimer and J. B. Simeone, eds.). Academic Press,
New York, 336 pp.

Williams, A. H. 1963. Enzyme inhibition by phenolic compounds, pp. 87-95. In
Enzyme Chemistry of Phenolic Compounds (J. B. Pridham, ed.). Pergamon
Press, London.

Williams, E. B. and J. Kuc. 1969. Resistance in Malus to Venturia inaequalis.
Ann. Rev. Phytopathology 7: 223-246.

Wimalajeewa, D. L. S. and J. E. DeVay. 1971. The occurrence and characterization
of a common antigen relationship between Ustilago maydis and Zea mays.
Physiol. Plant Pathol. 1: 523-535.

Wingard, S. A. 1941. The nature of disease resistance in plants. I. Bot. Rev.
7: 59-109.

Wit-Elshove, A. de. 1968. Breakdown of pisatin by some fungi pathogenic to
Pisum sativum. Netherlands J. Plant Pathol. 74: 44-47.

Wit-Elshove, A. de and A. Fuchs. 1971. The influence of the carbohydrate source
on pisatin breatdown bylfungi pathogenic to pea (Pisum sativum). Physiol.
Plant Pathol. 1: 17-24.

Wood, R. K. S. 1960. Chemical ability to breach the host barriers. pp. 233-272.
In Plant Pathology, Vol. 2 (J. G. Horsfall and A. E. Dimond, eds.).
nademic Press, New York.

Wood, R. K. S. 1960. Pectic and cellulolytic enzymes in plant disease. Ann.
Rev. Plant Phye.ol. 11: 299-322.

[4613



Bell, A. A. Resistance to Plant Pathogens and Insects

Wood, R. K. S. 1967. Physiological Plant Pathology. Blackwell Scientific Publi-
cations, Oxford. 570 pp.

Wood, R. K. S., A. Ballis and A. Graniti, eds. 1972. Phyt.otoxins in Plant
Disease. Academic Press, New York. 530 pp.

Ydrwood, C. E. 1967. Response to parasites. Ann. Rev. Plant Physiol. 18: 419-438.

Zaki, A. I., N. T. Keen and D. C. Erwin. 1972. Implications of vergosin and
hemigossypol in the resistance of cotton to Verticillium albo-atrum.
Phytopathology 62: 1402-1406.

Zaki, A. I., N. T. Keen, J. J. Sims and D. C. Erwin. 1972. Vergosin and hemi-
gossypol--antifungal compounds produced in cotton plants inoculated with
Verticillium albo-atrum. Phytopathology 62: 1398-1401.

[462]



BIOCHEMICAL BASIS OF RESISTANCE OF PLANTS TO PATHOGENS AND INSECTS:
INSECT HORMONE MIMICS AND SELECTED SXAMPLES OF OTHER BIOLOGICALLY

ACTIVE CHEMICALS DERIVED FROM PLANTS

Jerome A. Klun
Entomologist

USDA, ARS, ERD
Iowa State University

Ankeny, Iowa

I. Evolutionary Perspective

The interactions of plants with the phytophagous insects are as diverse and
complex as life itself. In the evolutionary sense, the plants and the insects
generally are best considered as dynamic and independently evolving systems that
interact at their periphery. The interaction of the two systems can lead to co-
adaptation; the insects evolve with respect to the plants, and the plants, with
respect to the insects. It must be realized, however, that the major selective
pressures that result in evolutionary change in the respective systems are not
necessarily a consequence of the plant-insect interaction. Other selective
pressures such s environmental factors, microorganisms, and competition are
probably the greatest impetus for evolutionary change. This evolutionary concept
can explain the diversity of associations between insects and plants (Dethier,
1970).

The plant evolves in an atmosphere of a multitude of selection pressures,
among which predation by insects is only one. In response to these pressures,
several courses of escape at available to the plant: emigration, morphological or
biochemical changes. Often the plant will respond in defense of itself by quanti-
tatively or qualitatively altering its chemical arrays to counteract the threat.
Whatever the impetus for the change in chemical composition of the plant, the
insect using that plant as a host must somehow circumvent the change if it poses a
threat to the insect's survival. In this conceptual view of the plant-insect inte
action, the insect is relegated to a somewhat passive role. That is, for the most
part, the insect has little influence on the evolutionary trends of the plants and
must be resourceful and respond evolutionarily to chemical innovations of the
plants.

II. The Plant-Insect Chemical Interface

The successful interaction of an insect with its host plant is dependent on
synchrony of a complex set of environmental, visual, tactile, and chemical factors
that mediate the behavior and physiology of the insect. Modification of any one
or more of these factors profoundly influences the suitability of any plant as a
host for any insect predator. These factors and heterogeneity in the botanical
world explain why all plants are not acceptable hosts for all phytophagous insects.
It is not within the scope of this presentation to consider the multiplicity of
Interacting factors that influence plant-insect relationships. These factors have
been expertly reviewed by Painter (1951), Beck (1965), Thorsteinson (1960), and
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Dethier (1970). It is pertinent, however, that many mechanistic aspects of the
resistance or susceptibility of plants to insects can be explained, in part, by
behavioral and/or physiological responses of insects to chemicals produced by
plants. These chemicals are of considerabl3 crasequence since they play a role in
the linkages between plants and insects (Whitaker and Feeny, 1971). Some plant
chemicals are insect repellents, feeding deterrents, or toxins, and others are
attractants, feeding stimulants, or arrestants. The chemical identity of many of
these substances is unknown, and often complex blends (Dethier, 1970; Hedin, et al.
1968), of chemicals are responsible for the observed behavioral or physiological
effects on the insects. The complexity of the chemical interface and the wealth
of plant chemical stimuli that await elucidation pose an enormous scientific chal-
lenge to students of the plant-insect interaction.

Among the many chemicals produced by plants are substances called secondary
chemicals. These chemicals are distinguished from the primary chemicals (lipids,
carbohydrates, proteins, nucleic acids) in that they have no obvious metabolic
function but are elaborated by plants as by-products of metabolic systems producing
other substances (Whittaker, 1970). The secondary chemicals can be classified into
five major classes on the basis of their biosynthetic origin: terpenoids, steroids,
acetogens, alkaloids, and phenyl propanes (Figure 1).

AC TATE

ENERGY

TERPENES

ISTEROIDS

AMINO ACID METABOLISM

FATS PROTEINS

ACETOGENSJ

ALKALOIDS

PHENYL PROPANES

LIGNINS

Figure 1.--Biosynthetic relationship of the five major classes of secondary
chemicals (enclosed in rectangles) to other metabolic pathways, of the plants.

Whittaker (1970) and Whittaker and Feeny (1971) have reviewed the chemistry
of the five classes of secondary chemicals and considered their significance in the
interaction of a diversity of life forms.
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The secondary chemicals of plants are characteristically toxic, unpalatable
or offensive to many would-be herbivores. Thus, such chemicals are of considerable
significance to the phytophagous insects (Dethier, 1970, 1954; Fraenkel, 1959;
Ehrlich and Raven, 1965).

III. The Juvenile Hormones and Ecdysones--Hormonal Interaction of the Plants and
Insects

In recent years, an intriguing story involving the terpenoids and steroids
of certain plants and insect endocrinology has unfolded. To tell this story, I must
briefly review the hormonal control of insect growth, development, and reproduction

Insect development is a stepwise process regulated by hormones
(Schneiderman and Gilbert, 1964). For example, in the holometabolous insects, four
distinct developmental stages are recognized: egg, larva, pupa, and adult (Figure
2). The process of insect growth and differentiation is controlled mainly by three
endocrine tissues of the in .,ects: the brain, corpus allatum, and prothoracic gland.

jh

ADULT

EGG
ji

mh
PUPA

LARVA'

LARVA
5

jh
mh

Figure 2.--Hormonal control of insect growth, development, and reproduction.
jh = juvenile hormone, mh = molting hormone.

Endocrinological events occurring within the egg are poorly understood; there,
however, is evidence that the egg stage is highly susceptible to hormonal appli-
cations (Bowers, 19',1a; Riddiford, 1970). The larval stage of insect development
characteristically involves sequential increases in size and weight. This growth
occurs without morphological differentiation even though each larval inetar has
the genetic capacity for differentiativa. When the time comes for a larva to under-
go a molt, the brain activates the prothoracic gland, which in some way effects an
increase of molting hormone (ecdysone) titer within the insect body. It was
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believed for many years that the prothoracic gland was the principal secretory
source of molting hormone. Nakanishi, et al. (1972) have shown, however, that
molting hormone is produced by tissues other than the prothoracic gland. Aside
from this endocrinological puzzle, the presence of molting hormone in the insect
body triggers gene activity in certain cells (Williams, 1970). If juvenile hor-
mone is secreted by the corpus allatum before the molting hormone is released, only
larval characters are generated in the molt (Siddall, 1970). If juvenile hormone
is not released in the insect body before the molting hormone release, the molt
results in differentiation and leads to development of the adult form (Williams,
1970). Thus, the molting hormone and juvenile hormone act in concert during the
larval stage, and the juvenile hormone, as its name implies, functions to maintain
larval or immature characters, permitting growth, but not maturation. In the adult
stage, the juvenile hormones are called into action once again and play a signifi-
cant role in insect ovarian development, sex pheromone production, and termination
of diapause (Bowers, 1971a, c; Pan and Wyatt, 1971).

From this brief resume of insect endocrinology, it is clear that the
molting and juvenile hormones, by their absence or presence, control important
aspects of the physiology and biochemistry of each stage in the insect life cycle.
Morphological abnormalities result if either hormone is supplied to the insect at
a time inconsistent with its normal physiological program. For example, if an
insect is treated with juvenile hormone at the pupal stage, the expected process
of maturation to the adult is disrupted, and an intermediate form results with
both adult and pupal characters. Similarly, if an insect is treated with excess
molting hormone at certain stages of its development, abnormal morphs result. An
insect experiencing such anomalous metamorphosis is incapable of further develop-
ment and subsequently dies, providing a basis for hopes that hormonal-based
insecticides may be developed. In recent years, there has been a flurry of re-
search in this area (Pfiffner, 1971; Bowers, 1971b; Siddall, 1970, 1971). Corre-
spondingly, significant advancements have been made in our knowledge of the
chemistry of the insect hormones. The events leading to the elucidation of
identities of the insect juvenile and molting hormones have been reviewed exten-
sively by Pfiffner (1971); Rees (1971), and Williams (1970).

A. Juvenile Hormones

It was through the research of Roller, et al. %1967) that the juvenile
hormone of tl giant silkworm moth, Hylaphora cecro ia, was identified as methyl-
10-11-epoxy-7-ethy1-3,11-dimethy1,10,11-cis,2-trans, -trans tridecadienoate
(Figure 3 (11). Subsequently, a second TuTrenileThiirmoF1711 was isolated and
identified from the giant silkworm moth by Meyer, et al. (1968). The molecule was
identical in biological activity and structure to Roller's compound (1) except for
a methyl substitution on C-7 instead of an ethyl group. Although these compounds
are widely accepted as natural juvenile hormones, Bowers (1971a) appropriately
pointed out that these substances were isolated and identified from the adult male .
Cecro ia moth and not from the immature stages. Therefore, reasonable doubt
existed if these juvenile hormones were truly the hormonal elements involved in
regulation of larval growth. Most recently, however, this doubt was laid to rest
by the isolation of a third juvenile hormone, 10,11-epoxyfarnesenic acid methyl
ester (3), from larvae of the tobacco hornworm, Manduca sexta (Johannson) (Siddall,

1972). The compound identified from these larvarTaiiri-BETy slightly from those
isolated from Cecro is in that it possesses a C-12 chain length. Bowers, et al.
(1965) predicts , by inference, that the general structure of the juvenile hormones
isolated from adult Cecro ia males by Roller, et al. (1967) and Meyer, et al.
(1968) would be chemically similar to 10,11-epoxyfarnesenic acid methyl ester (3).
Nearly 7 years later, the juvenile hormone of tobacco hornworm larvae turned out
to be identical to the structure predicted by Bowers' group.

The structure of the juvenile hormones suggests their te-penoid origin via
a farnesol derivative. If a farnesol (4) is a biosynthetic precursor of juvenile
hormone (3), conversion to (3] would require epoxydation at C-10, 11, oxidation to
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Figure 3.--Juvenile hormones isolated and identified from the giant silkworm
moth.

to the acid, and formation of the methyl ester. Pfiffner (1971) suggested that
juvenile hormone (21 isolated from the Cecropia moth by Meyers' group may be a
precursor of (1) and that biomethylation uncomnon) of (2) may take place leading
to (1). Analogously, I wonder if (3) may be a biosynthetic precursor of (1) and
(2) (Figure 3). This viewpoint is speculative, of course, and at present, little
is known regarding the biosynthetic origin of juvenile hormone in the insect
(Metzler, at al., 1972).

[3]

Before isolation and elucidation of the first Cecro is juvenile hormone, a
discovery was made that certain sesquiterpenes native to cora ers possessed mor-
phogenic activities analogous to the insect juvenile hormones (Slama and Williams,
1966). Bowers, et al. (1966) subsequently isolated one of these active factors
from the balsam fir, identified it as the methyl ester of todomatic acid, and
assigned it a trivial name, juvabione (5). The morphogenic activity of juvabione
was uniquely specifi. ' 'ward the Pyrrhocoris bugs and certain other hemipterans.
A second morphogr" e,,,ent of the bugs, dehydrojuvabione (61, identical to juva-
bione (51 except fQx GLsiurrence of a double bond at C-4 in the side chain, was
identified later from t:.e balsam fir by Cerny, et al. (1967). Juvabione and

dehydrojovabione r.lalogous to the natural juvenile hormones (1,2,3), in that
both are a -6- unsaturated methyl esters. The unique specificity of the juvabiones
toward the Pyrrhocoridae is probably due to the cyclohexene ring (Siddall, 1970).

Aside from the juvabiones (5,61, no other insect juvenile hormone mimics have been
identified from plants, and it is difficult to speculate on the occurrence and
distribution of such morphogenic agents in the botanical world or the significance
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of such compounds as they might restrict the host range of the phytophagous insects.
However, research on the molecular requirements for juvenile hormone activity has
shown that assorted terpenoid synthetics of various structure and functionality are
active as morphogenic agents (Figure 4) (Bowers, 1971a, b; Siddall, 1971). The
morphogenic potency of these synthetics varies according to the insect treated, and

JUVABIONE

DEHYDROJUVABIONE

0.

0/

C53

[6]

some are more potent than the Cecro is juvenile hormone. Moreover, the insect
endocrine system is susceptible to sruption by assorted compounds with terpenoid
characters. Considering the versatility of the terpenoid biosynthetic pathways of
the plants, it is plausible that juvenile-hormone-type compounds may lie undis-
covered in the botanical world.

B. The Steroidal Molting Hormones

Butenandt and Karlson (1954) isolated 25 mg of molting hormone (a- ecdysone)
from 500 kg of silkworm pupae (Bomb x mori). The structure of the hormone is
shown in Figure 5 (7]. Events ea ng to structural elucidation of a-ecdysone
have been reviewed by Rees (1971) and Horn (1971). After the isolation and identi-
fication of the ecdysone from Bombyx mori, the compound was identified from the
Moroccan locust (Dociostaurus morocanus, Thunberg) (Stam, 1959), tobacco hornworm
(Manduca sexta, Johannson) (KafaiMi7it al., 1966) and the oak silkworm moth
aiirEiFia-PWiyi) (Horn, et al., 1966).

In addition to a-ecdysone, two other molting hormones have been isolated
from the insects: 20-hydroxyecdysone (8) and 20,26-dihydroxyecdysone (9]. Note
that the stereochemistry of the steroid nucleus is the same for all three com-
pounds and that major differences occur in position and number of hydroxyls in the
side chain (C 20-C26). The absolute configurations of the side chain are known only
for ecdysone (Siddall, 1970). All three ecdysones have been isolated and identi-
fied from tobacco hornworm pupae (Kaplanis, et al., 19b6; Thompson, et al., 1967).
Thompson, et al. (1967) speculated that a-ecdysone may be actively metabolized to
20-hydroxyecdysone and 20,26-dihydroxyecdysone in the tobacco hornworm by sequen-
tial hydroxylation (Figure 5) and that this metabolism may be part of a metabolic
pathway that leads to deactivation of the ecdysones. Subsequent research (Robbins,
et al., 1971) on steroid metabolism in the insects has provided evidence of this
hydroxylation pathway in support of Thompson and coworkers' hypothesis.

In recent years, it has become obvious that the plant kingdom is a replete
source of steroids (Siddall, 1970; Horn, 1971; Rees, 1971) that possess molting
hormone activity toward the insects. Indeed, molting hormones evidently are
distributed throughout the plant kingdom, having been demonstrated to occur in the
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Figure 4.--Structures of compounds having juvenile hormone activity (from
Siddall, 1971).

Pteridophytes, Gymnosperms, and Angiosperms (both subclasses). At least 28 dif-
ferent active steroids have been identified from the plants, and the concentration
of the insect molting hormones in some plants is often greater than that in
insect sources (Horn, 1971). Among the 28 molting hormones identified from plants
are the established insect hormones a-ecdysone [7] and 20-hydroxyecdysone [8].
20-Hydroxyecdysone is the most ubiquitous of the phytoecdysones. Kaplanis, et al.
(1967) found both a-ecdysones and 20-hydroxyecdysone in tlaa same plant, a bracken
fern (Pteridium aquilinum).

In general, the phytoecdysones bear a striking structural similarity to
the insect ecdysones. Nearly all the identified phytoecdysones possess 2, 38, and
14-a-hydroxyls, an unsaturated (4/)-6-ketone system, and cis fusion between the A
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Figure 5.--Structure molting hormones identified from the insects.
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and B rings. Major structural differences among the phytoecdysones therefore are
attributed to the various substituents of the cholestane side chain. For example,
two of the most potent phytoecdysones are polypodine B (10) and ponasterone A (11).
In certain standard assays for insect molting hormone activity, these compounds
are more potent than a-ecdysone (Williams, 1970; Siddall, 1970; Rees, 1971).

OH

HO

HO

OH

HO

OH

OH

a-ECDYSONE

OH

[10] POLYPODINE B

OH

[11] PONASTERONE A
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The physiological function of phytoecdysones in plants is unknown; there-
fore, these steroids must be considered secondary chemicals. Given the occurrence
and distribution of the phytoecdysones in the plant kingdom, the question arises:
are these compounds of any significance in the plant-insect interaction? In this
connection, most recent studies (Rees, 1971) show that nearly all the phyto-
ecaysones (Ponasterone A (ll) excluded; Williams, 1970) are without effect on
insects when administered orally. It also is clear that the ecdysones are not
readily absorbed through the insect cuticle. Therefore, in bioassays for molting
hormone activity, the ecdysones are either applied topically in an appropriate
solvent or injected intersegmentally. Under such conditions, the phytoecdysones
have profound morphogenic activities. But, attempts to speculate on the signifi-
cance of phytoecdysones in the plant-insect interaction on the basis of such
laboratory assays are aa tenuous as attempting to speculate on the significance of
certain glycosides, used as arrow-tip poisons, on the evolutionary trends of the
elephant. In short, at present, the real function(s) of ecdysones in plants is
totally uncertain.

Nonetheless, it is abidingly curious that plants and insects have enzyme
systems that produce identical complex steroids, and it is possible that inter-
actions of the insect endocrine system and plant steroids, other than the phyto-
ecdysones, may occur. For example, in cqntrast to the inactivity of orally
administered phytoecdysones, Robbins, et al. (1968) have shown that three synthetic
steroids (Figure 6 (12, 13, 14)), analogous to a-ecdysones, are absorbed from the
intestinal tract of insects and inhibit larval growth and development. These com-
pounds have low molting hormone activity ar se and are suspected metabolic inter-
mediates in r-ecdysone biosynthesis. The mecHinisms by which these compounds inter-
fere with normal growth and development are not clear. But, this finding opens
the additional possibility that certain steroids that could inhibit or alter nor-
mal steroid (ecdysone) metabolism in the insect or interfere with mechanisms that
regulate molting hormone titers in the insect body may exist in plants.

IV. Biochemical Basis of Insect Resistance in Crop Plants.

The impetus for study of most plant-insect interactions is based largely on
implications for agriculture. From an agronomic viewpoint, it is desirable to
understand those factors that influence the plant-insect interaction. In particu-
lar, knowledge of the interaction can be invaluable in the development of superior
plant varieties with greater insect resistance. Historically, agronomic varieties
with good insect resistance have been developed through the application of eff i-
cient plant breeding and entomological methods and in the absence of a detailed
knowledge of the mechanisms of insect resistance. However, an increased under-
standing of the bases of resistance could contribute measurably to additional
agronomic advancement.

Beck (1965) defines plant resistance as, "The ,..:llective heritable charac-
teristics by which a plant species, race, clone, or individual may reduce the
probability of successful utilization of that plant as a host by an insect species,

race, biotype, or individual." The mechanisms of resistance have been classified
in three categories: First, antibiosis--in which a plant is resistant by exerting
an adverse effect on insect growth and development. Second, nonpreZerence--in
which a plant displays resistance by exerting an adverse effect on insect behavior.
These two categories are quite arbitrarily and vaguely delineated. Experimen-
tally, it is often very difficult to attribute the manifestation of resistance
solely to antibiosis or nonpreference. The third mechanism of resistance is
tolerance--in which a plant is capable of supporting an insect population without
loss of vigor or crop yield. Beck (1965) pointed out that, "tolerance cannot be
considered resistance in the strict sense of its definition." Clearly, however,
plant tolerance to insects is a desirable and important agronomic characteristic.
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Figure 6.--Synthetic steroids analogous to a-ecdysones that inhibit larval
growth and development in feeding tests.
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The chemical basis of plant resistance can be viewed from two perspectives.
A plant may be resistant owing to the presence of a plant chemical(s) such as
feeding deterrents, repellents, or physiological toxins. On the other hand, a
plant may be resistant because of the low concentration or absence of certain
chemicals such as required nutrients, feeding stimulants, and attractants. The
objective, then, is to define these chemical elements as they relate to the host-
plant resistance phenomenon.

Recently Da Costa and Jones (1971) provided us with a unique example of
how the presence or absence of a single set of compounds influences the suitability
of cucumbers (Cucumis sativus (L.)) as hosts for two phytophagous arthropods. They
found that tetaCTUITC-firaipenoids (cucurbitacins), pecul:ar to the cucurbitaceae
are feeding attractants for cucumber beetles (Crysolimadeae) and that cucurbitacin-
free cucumber genotypes were beetle-resistant through nonpreference. Field tests
showed, however, that cucurbitacin-free genotypes were susceptible to the two-
spotted mite, Tetranychus urticae (Koch) while genotypes containing cucurbitacins
were mite-resistant. TEris7-ER-Eucurbitacins function ambivalently as plant
protectants on one hand, and feeding attractants, on the other.

Another unique example of the significance of a plant chemical in the
plant-insect interaction has been demonstrated in cotton. All species of cotton
produce a dimeric sesquiterpene called gossypol (15]. The compound occurs in the
seed and green plant parts of r-tton and is toxic when fed to poultry and swine.
To increase the feed value of i cottonseed for nonruminants, plant breeders bred
strains of glandless cotton with low gossypol content. The concentration of
gossypol in these glandless strains was 1/3-1/4 that of the normal and morpho-
logically distinct glanded cotton. Plant breeders were satisfied with their
accomplishment until entomologists (Bottger, et al., 1964; Maxwell, it al., 1965)
discovered that breeding gossypol out of cotton deprived the plant of much of its

HO

HO

[15]

resistance (antibiosis) to known cotton insect pests and, at the same time, made
the plant susceptible to insects not normally considered pests of cotton. This
result adequately demonstrates the importance of collaboration of entomologists
and plant breeders in any plant-breeding program. Ironically, after discovering
the significance of gossypol as a plant protectant and contrary to the plant
breeders' initial desire to decrease gossypol content in cotton, Bottger and
Patana (1966) suggested that it would be desirable to increase the gossypol con-
tent of cotton, because such an increase could render cotton virtually immune to
four of its most important lepidoptera insect pests.

Plant chemicals that provide the basis of resistance to insects need not
be complex molecules such as the cucurbitacins or gossypol. Most recently,
Burton, it al. (1972) found that the relatively simple compound, benzyl alcohol
(16] was the chemical factor responsible for the resistance of Om..:gi barley to
greenbug, Schiza hus raminum (Rondani). Significantly, benzyl alcohol is readily
absorbed an transports systemically by greenbug-susceptible varieties of barley
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and sorghum making them resistant to this aphid. Thus, it may be possible to
directly apply this natural resistance factor against the greenbug without having
to breed benzyl alcohol content into barley and sorghum. The potential realized
here is an excellent example of the value of host-plant resistance studies.

A key to partial explanation of dent corn resistance to the lst-brood
European corn borer lies in the reaction scheme shown in Figure 7. The first

CH3

Figure 7.--Formation of DIMBOA in corn from a glucoside precursor.

compound in the sequence is a glucoside 117] that exists in the uninjured corn
plant (Wahlroos and Virtanen, 1959). When the plant tissues are damaged by feeding
activity of the insect, the glucoside is hydrolyzed by a plant enzyme to an

sglucone, 2,4-dihydroxy-7-methoxy-1,4-(2H)-benzoxazin-3-one (DIMBOA) (181, at the

site of larval feeding. It has been determined through bioassays and quantitative
studies of this compound in corn that DIMBOA, a cyclic hydroxamic acid, is a
significant factor in the resistance of corn to the 1st -brood European corn borer

(Klun, et al., 1967).

DIMBOA is chemically labile and slowly decomposes to MBOA )19] (Wahlroos

and Virtanen, 1959), which is chemically stable, biologically inactive, and plays
no role in plant resistance to the borer (Klun, et al., 1967). In addition to

DIMBOA, two other minor cyclic hydroxamic acid constituents (Figure 8) have been
identified from corn (Tipton, et al., 1967; Hofman and Hofmanova, 1969; nun, et

al., 1970). These benzoxazinones exist in the intact plant as glucoaides and are
hydrolyzed to labile aglucones when plant tissues are crushed.

The reactions in Figures 7 and 8 demonstrate an important element that

must be considered in investigations of the chemical basis of plant resistance to

insects. This element is the response of plants to tissue damage. Many plants
contain precursors from which physiologically active labile substances are formed
enzymatically when plant tissues are damaged (Virtanen, 1962). The chemical
entities responsible for the resistance of plants to insects can easily escape
detection if consideration and control of such enzymic and chemical degradation

reactions are neglected.
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Figure 8.-- Benzoxazinones other than DIMBOA identified from corn.

Before the identification of DIMBOA as a chemical factor in the re, stance
of corn to the European corn borer, extensive studies were conducted to det .mine
the biology of the interaction of the insect with the plant. Such studies are a
prerequisite and are indispen'ible to any chemical investigation of plant reir'.5-
tance. For example, resistance to the borer is expressed at three stages of plant
development. At the seedling stage, most strains of corn are resistant to the
borer. At the whorl stage, some varieties lose their resistance, and others retain
its this resistance is termed 1st -brood borer resistance (Guthrie, et al., 1960).
At the whorl stage of plant development, larvae feed predominantly on leaves at
the center of the whorl. Leaf lesions incurred by resistant varieties are charac-
teristically few and small as ccmpared with the extensive feeding damage sustained
by the susceptible varieties (Guthrie, et al., 1960; Chiang and Hodson, 1953,
Dicke and Penny, 1954). Thus, the target tissue for chemical study of 1st -brood
borer resistance was established to be the whorl tissue of the plant. Resistance
occurs again at the pollen-shedding stage of plant development. This resistance is
termed 2nd-brood resistance. The chemical basis of this resistance is unknown,
but Klun and Robinson (1969) established that this resistance is due to factors
other than DIMBOA. Paradoxically, a variety borer resistant at the whorl stage of
plant development is not necessarily resistant at the pollen-shedding stage.

These observations attest to the dynamic nature of the .plant-insect inter-
action and accentuate the importance of the coordination of plant tissue sampling
for chemical study with the biology of the insect. As obvious and logical as it
may seem, many investigators frequently neglect to analyze the rroper plant tissue
at the right stage of plant growth as it relates to the synchrony of the plant-
insect interaction and expression of plant resistance.

To establish a plant-borne chemical as a factor in plant resistance
requires that biological assays of the plant-isolated chemicals be conducted and
the physiological or behavioral effects of the plant isolate characterized.
Meaningful interpretation of laboratory assay results, in terms of the plant-
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insect interaction, however, is difficult because the artificial environment of a
laboratory assay can produce artifactual behavioral or physiological responses that
in no way represent the natural responses of the insect to the plant chemical.
Correspondingly, interpretation of bioassay results must be cautiously related to
the insect-plant interaction.

Laboratory bioassays of DIMBOA (Klun, et al., 1967) show that the compound
causes inhibition of development and mortality of borers feeding on artificial
diets treated with the compound. Larvae fed tissues of the resistant varieties
in the laboratory respond similarly (Reed, et al., 1972). Laboratory and field
assays indicate that DIMBOA functions as a feeding deterrent and repellent
(Robinson and Klun, 1972). Therefore, 1st -brood borer resistance is explained by
the nonpreference mechanism. In addition, quantitative analyses of the tissues of
corn for DIMBOA via analysis for the degradation product of DIMBOA, MBOA (19) show
that the resistance of seedling corn is accounted for by the high concentration of
the compound found in all varieties of seedlings (Klun and Robinson, 1969) (Figure
9). Varieties that maintain high concentrations of DIMBOA in the whorl tissue at
later stages of plant development are borer resistant. Thus, the degree of borer
resistance exhibited by a variety is directly related to the concentration of
DIMBOA in its tissue (Figure 10).

It is possible to identify 1st -brood borer resistance genotypes on an
individual-plant basis by chemical analysis of an aliquot sample of whorl tissue
for DIMBOA. This development may have practical significance because such analysis
could facilitate identification of borer-resistant genotypes in a corn breeding
program. Currently, the visual rating system (Guthrie, et al., 1960; Guthrie,
1972) is being used by plant breeders to select for borer resistance. The
efficiency of this system is highly variable, and application of the visual rating
system requires extensive time, personnel and facilities. As a result, only a few
corn breeders are able to carry out programs that include screening for resistance
to the European corn borer.

On the other hand, the objective chemical analysis for DIMBOA could be of
great value to the plant breeders because it would eliminate some of the variables
in a selection program and increase the effectiveness and efficiency for identi-
fying genotypes resistant to the lst-brood borer. Therefore, we are currently
evaluating the application of the DIMBOA chemical analysis to inbred-line breeding.
Starting with the 200 entries of the F2 (CI.31A X WF9) X (CI.31A X WF9), we have
gone through 3 cycles of inbreeding and have applied the visual leaf-feeding
rating method and chemical analyses in selection of resistant genotypes from this
base population. After 3 cycles, 22 borer-resistant lines were selected by chemi-
cal analysis for DIMBOA, and 122 lines were selected by the visual leaf-feeding
rating system. Significantly, all lines selected by the chemical method are among
those lines selected by the visual rating system. Although it is somewhat prema-
ture to judge conclusively, these results may indicate the superior efficiency with
which resistance can be concentrated via application of chemical analysis for
DIMBOA as a selection tool. Alternately, some of the 122 borer-resistant lines
selected by the visual rating system, which may not contain high concentrations
of DIMBOA, could represent new sources of 1st -brood borer resistance.

The genetic nature of DIMBOA concentration and resistance to the 1st -brood
borer in a diallel set of 11 inbreds has been studied (Klun, et al., 1970).
Additive genetic effects are of primary importance for the expression of leaf-
feeding resistance and high DIMBOA concentration.

The physiological function of the cyclic hydroxamic acids in the grasses
is unknown. In addition to being involved in th) resistance of corn to the
European corn borer however, they also are of significance in the resistance of
cereal grasses to fungi (BeMiller and Pappelis, 1965; ElNaghy and Linko, 1962;
Molot and Anglade, 1968; Couture, et al., 1971) and resistance to 2-chloro-s-
triazine herbicides (Tipton, et al., 1971; Roth and Knusli, 1961; Hamilton, 1964).
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Figure 9.--Concentration changes of DIMBOA in corn leaves in five inbred lines
from seedling stage to whorl stage of plant development.
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Figure 10.--Relation between DIMBOA concentration and plant resistance in five
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borer resistant inbred, 5 intermediate, and 9 susceptible).
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Thus, the cyclic hydroxamic acids ostensibly serve as plant protectants against a
diversity of deleterious agents.

V. Conclusion

Study of plant resistance to insects at the chemical level is still in its
infancy. From wen a limited review of literature it is clear that most plant-
resistance phenomena are chemically undefined. Where the identity of biologically
active plant chemicals has been established (e.g., the phytoecdysones), their role
in the plant-insect interaction is often undefined or casual. In short, there is
need for research on the chemistry of plant chemicals and the role of identified
biologically active plant chemicals in the plant-insect interaction.
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BIOCHEMICAL BASIS OF RESISTANCE OF PLANTS TO INSECTS
ANTIBIOTIC FACTORS OTHER THAN PHYTOHORMONES

Ted N. Shaver
Biochemist, ERD, ARS, USDA

Brownsville, Texas

The insecticidal activity of substances contained in plant tissue has been
recognized 'ior many years, some of the better known examples of which are rotenone
from Dorris roots and pyrethroids from Chrysanthemum flowers. In recent years,
thereEiVibeen increasing instances of _nves Ilirrans designed to study the role
that toxic plant components might contribute in providing resistance of a Oven
plant to insect infestations.

The term antibiosis as one of the 3 mechanisms for insect resistance in
crop plants was proposed by Painter (1941) to designate those cases in which a
host plant or species demonstrated an adverse effect on the life history of the
insect. This adverse effect on the life of the insect can take the form of death
of larvae, nymphs, or eggs; small size; reduced fecuniity, fertility, and longevity
and abnormal length of life. These physiological effects can be caused either by
the presence of a toxin or metabolic inhibitor in the plant or by insufficient
quantities of a specific nutrient required by the insect for growth, reproduction
or metamorphosis.

Although the study of the biochemical basis for antibiosis is mainly a
laboratory problem, a considerable amount of field work must be done prior to
attempting laboratory studies. The response of a particular insect to its host
plant is dependent upon the biology of both. The plant and the insect are dynamic
systems subject to changes from external stresses; the life history of each should
be studied, and the biological characteristics of the resistance under investi-
gation should be thoroughly understood. Before the problem is brought into the
laboratory, techniques must be developed for maintaining the insect in the absence
of the host. This necessitates the development of a culturing medium and rearing
techniques for the insect.

A bioassay technique must be developed to follow the fractionation of the
resistance factor in the case of antibiosis due 1..o a toxin or metabolic inhibitor,
and the bioassay procedure should be based on one of the facets of insect growth
and development affected by the resistance factor. Most commonly measured parame-
ters are effects on mortality, growth, and reproduction. However, there have been
cases where fractionation of a resistance factor was monitored using an organism
other than the target insect. For example, Beck and Stauffer (1957) used the mold
Penicillium chrysogenum as an assay organism to determine activity during the
fractionation or the resistance factor contained in corn and active against
European corn borer.
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Many bioassay techniques have been developed to detect resistance in
laboratory or small-cage tests in which insects are maintained directly on the

plant. These tests are extremely valuable and essential in screening programs
where large numbers of plants must be tested to locate sources of resistance or in
a breeding program to detect resistant progeny, and much important information con-
cerning the relationship of the plant and insect can be obtained by careful plan-

ning and observation. However, the insect must be maintained separately from the
plant on a nutritionally adequate substrate before it can be determined whether
the resistance is nutritional in nature or if it involves a toxic compound.

A bioassay to detect antibiosis was developed by Glover and Stanford (1966)
for testing alfalfa plants for resistance to the pea aphid, Acyrthosiphon isum

(Harris). They used a quantitative score of the surviving aphids per adult ay as

an index of plant resistance when considered in reference to a susceptible check
variety or clone.

Larval growth was used by Schillinger (1966) as an index for screening
Triticum spp. for resistance to the cereal leaf beetle, Oulema melano us (L.), by

caging 1st- or early 2nd-instar larvae on seedling FUEL otes were taken
daily on the number of larvae alive and dead and their location within the test
chamber; at the end of 75 hr, larvae were weighed to determine percentage weight

gain. Todd and Canerday (1968) used larval development as an index for antibiosis

to the cowpea curculio, Chalcodermus aeneus Boheman, in southern peas.

An antibiotic type of resistance to corn earworm, Heliothis zea (Boddie),
was reported by Walter (1957) and Wann and Hills (1966). Antibiosis was later
demonstrated in sweet corn hybrid lines and hybrids by Chambliss and Wann (1971)
by periodic growth measurements of corn earworm larvae feeding on resistant and

susceptible types. One let-instar larva was placed on silks of each ear 1-3 days

after silks emerged from the husks. Resistant Lines were distinguished from sus-
ceptible ones by a significant increase in larval mortality. Resistant lines also
retarded growth, decreased depth to which larvae penetrated the ear, and delayed
pupation of the insect. They discounted the importance of the observation that
lines showing the greatest inhibition also had relatively tight husks and long
silk channels beyond the ear tip since their technique of opening the husks to
follow larval growth minimized these physical barriers.

Todd, et a.A.. (1971) reared biotype B greenbugs, Schizaphis graminum
(Rondani) on chemically defined diets containing commercially available
and flavonoid compounds and found that compounds having ortho-hydroxyl groups
including catechol, tannic acid, quercetin, chlorogenic acid, and protocatechuic
acid were detrimental to greenbug growth; the number and survival of progeny were
drastically reduced when these compounds were included'in the diet. Cis-caffeic
acid caused drastic reduction growth with no reproduction from greenbugs feeding
on it, whereas trans-caffeic acid caused some reduction in weight gain with no

effect on reproduction. Also, another group of compounds were benzoic or
cinnamic acid derivatives having a pala-hydroxyl group. Although these compounds

were less toxic, they effectively reduced survival of the progeny. Less than 20%

of the greenbugs survived feeding on diets containing vanillic, sinopic, syringic,

gentisic, or ferulic acids. They concluded that since many of these compounds are
constituents of barley leaves, it is likely that at least part of the resistance

to greenbugs of some barley varieties is attributable to the presence of these
phenolic and flavonoid substances in quantities sufficient to retard the insect's

growth and reproduction.

The inadequacies of young corn plants as larval hosts for the European corn
borer was reported by Beck (1956) in that all genetic lines are resistant to lar-

vae as young plants. Results of various workers indicated,that newly hatched

borer larvae placed in whorls of small corn plants undergo a high mortality, with
only about 20% surviving the 1st 72 hr. Although some genetic lines of corn be-

come more susceptible as they approach tasseling, other lines maintain juvenile
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resistance to a certain degree as the plant matures. Beck and Stauffer (1957)
demonstrated that aqueous extracts of whorl tissue was toxic and caused death orpoor growth of larvae on synthetic diets. Fractionation of the extracts yielded
ether-soluble substances, termed Resistance Factor A (RFA), and ether-insolublesubstances, termed Resistance Factor B(RFB). Later, Beck (1957) demonstrated
the presence of 2 resistance factors in the ether-soluble fraction, necessitatingthe use of Resistance Factor C (RFC) to designate the. 2nd ether-soluble fraction.Resistance Factor A was identified as 6-methoxybenzoxazolinone (Loomis, et al.,1957; Smissman, et al., 1957) and RFC as 2, 4- dihydroxy -7-methoxy- l,4- benzoxozine3-one.

Since most bioassay techniques are designed to obtain qualitative or
quantitative measurement of the effect of a particular host plant on an insect,proper plant sampling techniques are an essential part of the overall program.This involves critical evaluation of field and laboratory observations on thefeeding habits of the insect and the site of attack of the insect at various stagesof development. Thus, the plant parts normally used by the insect for food can beevaluated under bioassay conditions. The importance of a knowledge of the feedinghabits of the insect under investigation was pointed out by Beck (1957) whoreported that although the leaves of a European corn borer-resistant corn varietycontained large quantities of resistance factor, the corn was at the growth stagein which borers do not feed on the leaves. Also very young tassel buds of somecorn inbreds contained high resistance factor concentrations; however, at a growthstage when borer larvae feed on the tassel, they contained little resistancefactor.

Thurston and Webster (1962) reported that resistance in Nicotiana speciesto the green peach aphid, Myzus ersicae (Sulzer) appears to resiTIT77a7ihe pro-duction of a toxic material produce by the aerial parts of the plants, since amaterial exuded from the leaf hairs was demonstrated as toxic to several speciesof aphids. Later, Thurston, et al. (1966) found that these secretions containednicotine as the major alkaloidal constituent. Alkaloids were found in the
trichome secretions of 7 Nicotiana species tested. Although nicotine content of
some susceptible varieties is high in a total plant analysis, the aphid feeds inthe phloem while nicotine is transported in the xylem (Guthrie, et al., 1962).

If possible, plant samples should be taken at about the same time each day,since the concentration of many types of compounds are not comparable under darkA light conditions. For example, Loomis, et al. (1957) found about 4 times asm 41 resistance factor for the European. corn borer, Ostrinia nubilalis Hubner, incorn seedlings expbsed to light for 12 hours preceding ana ysliERENIn thoseheld in the dark.

A research program was initiated in the early 1960's to find sources of
resistance in cotton to the bollworm, H. zea (Boddie), and tobacco budworm, H.virescens (F.), and among the first characters studied were glabrous, nc!=tarrless,
and high gossypol contents of the cotton squares. In a sense, the nectariless
character is an example of antibiosis due to inadequate food intake by the adult.Commercial upland cotton contains both floral and extrafloral nectaries. One
extrafloral nectary is located on the midrib of each true leaf and six are locatedon the flower or boll. The floral nectary is located at the base on the inner
side of the calyx, but the importance of these as feeding sites for lepidopterousinsects have been discounted since the flowers are closed during their feedingperiod. Lukefahr and Martin (1964) demonstrated that both longevity and fecundity
were reduced by 50% in moths receiving only water compared with moths fed asucrose solution. In cage tests by Lukefahr and Rhyne (1960), populations of
cotton leafworm, Alabama argillacea (Hubner), and cabbage looper, Trichoplusia ni(Hubner) were 7 tBTrilates as high on a commercial cotton containing nectaries
than on an experimental strain containing no extrafloral nectaries.
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The cotton plant contains numerous subepidermal glands in the above-ground

parts. These glands, which are commonly referred to as pigment glands, contain

gossypol, a polyphenolic compound toxic to larvae of bollworm and tobacco budworm

(Bottger, it al., 1964; Lukefahr and Martin, 1966; Shaver and Lukefahr, 1969). On

the basis of laboratory data, it was estimated that the amount of gossypol in

cotton squares would have to exceed 1.2% to effectively inhibit larval development

in Heliothis spp. Lukefahr and Houghtaling (1969) tested an experimental cotton

containing gossypol in laboratory and cage tests and demonstrated the feasi-

bility of using gossypol as a source of insect resistance in cotton.

In a laboratory test to determine whether the amount of gossypol in the

experimental high gossypol line, XG-15, was sufficient to be the major factor in

growth suppression of bollworm larvae, Shaver, et al. (1970) compared the growth

of larvae reared on XG-15 square powder diets with that on diets prepared from a

glandless strain of cotton to which gossypol had been added to provide concen-

trations of gossypol of 0.06, 0.40, 0.74, and 1.76%. In addition, the M-8

glandless and XG-15 square powders were mixed to give gossypol concentrations of

0.14, 0.23, 0.40, 0.73, and 1.70%. Square powders (10g) were blended in 1.5%

agar solution (80 ml) containing aureomycin and methyl parasept, and test diets

were infested with 3-day-old bollworm larvae. Larvae were weighed on the 7th

and 14th days, and mortality was recorded on the 14th day. Bollworm larvae demon-

strated no difference in larval weight for survival whether the gossypol was added

as gossypol acetic acid or as XG-15 square powder (Table 1). Therefore; it was

concluded that the effect of XG-15 on growth and survival in bollworm larvae can

be attributed to its gossypol content.

Shaver and Garcia (1973) reported the gossypol content of the component

parts of cotton flower buds, including petals, sepals, stamen, stigma + style,

and ovary; the petals usually contained at least twice the concentration of gossy-

pol as any of the other parts (Table 2). Thin large variation in gossypol in

individual parts of cotton buds could lead to problems in relating the biological

effects of a cotton strain on insects to gossypol content of whole buds. This

suggests that a thorough study the feeding habits of Heliothis larvae of

various ages be made to determine if they show a preferearrEri particular part

of the cotton flower bud.

Shaver and Parrott (1970) showed that larval age had an effect on the

toxicity of gossypol to the bollworm, tobacco budworm, and pink bollworm. The

amount of gossypol required to affect larval weight and survival, length of time

in larval stage, and adult emergence increased with increasing larval age when

exposed to gossypol. Food utilization and consumption were studied by Oliver,

et al. (1970) who found that all ages of larvae tested gained less weight on diets

made from glanded cotton compared with those fed a diet prepared from glandless

cotton due to less efficient food conversion and a reduction in feeding.

Numerous flavonoid compounds are contained in cotton in vegetative parts

and in the seed (Parks, 1965). Lukefahr and Martin (1966) and Shaver and Lukefahr

(1969) assayed several of these compounds by incorporating graded levels of each

into the insect diet and observing the growth and survival of Heliothis larvae

placed on the diets. Each of the cotton flavonoids tested exhibited antibiotic

activity against larvae, but no work has been done on concentration of individual

flavonoids in cotton suds. Therefore, it is difficult to assess the importance

that this type of compound might play in a host plant resistance project.

Although the 3 resistant factors in cotton strains mentioned previously

have proven effective in tests thus far, other sources of resistance with different

mechanisms of action would be desirable to supplement their action. A project was

initiated in 1967 to search for new sources of antibiosis for tobacco budworm and

bollworm. Wild types of Gossypium hirsutum L. collected largely from dooryard

plantings in southern Mexico, Guatema a, and El Salvador were selected for
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screening since they contain a diversity of germ plasm previously untested in host
plant resistance projects.

A bioassay technique capable of detecting plants containing growth
inhibitors or toxic substances was required. Initially, cotton lines were bio-
assayed by using growth rates of Heliothis larvae when they were fed a reconsti-
tuted square powder diet. Howevei7ER-iiount of plant material available for
testing was limited since most of the wild types of cotton have a short-day photo-
periodic response and are relatively unproductive, so the number of larvae used in
each test was low. This, coupled with poor growth rate and large variations in
individual weights of larvae on each of the entries, made interpretation of the
results difficult. Also, most of the nutrition in squares is furnished the larvae
by the anthers, especially in the early instars, and there are large differences
in the number of anthers in these lines. Thus, we needed a bioassay that would
eliminate nutrients in the different cotton lines and would measure only the
antibiotic chemicals that might be present.

The bioassay used presently at our laboratory involves measuring larval
response on diets containing extracts of square powder and response of larvae on
detached fresh squares. In the first phase of the bioassay, lyophilized square
powders are extracted with ether and then acetone, these extracts are combined and
coated onto alphacel by evaporation under reduced pressure in a rotary evaporator,
and the alphacel preparations are incorporated into a casein-wheat germ diet
(extract of 1 g of squares in 10 ml medium). Test diets are infested with 3-day-
old tobacco budworm larvae, and the larvae are weighed after feeding for 6 days.
Larval weights are compared with weights of larvae feeding on diets containing
extracts of a susceptible check.

In the 2nd phase of the bioassay, 3-day-old tobacco budworm larvae are
caged in 2-oz cups with a freshly picked square, and the squares are replaced daily
with fresh ones. Larvae are weighed after feeding for 5 and 10 days, and weights
are compared with those larvae feeding on a susceptible check. Normally, lines
chosen for the fresh square assay are those with less than 1% gossypol that caused
a 50% or more reduction in larval weight compared with the check in the ether-
acetone extract bioassay. The fresh square bioassay must be performed near
growing plants so that a supply of fresh squares will be available; wild races of
cotton must be planted in the greenhouse since the growing season in the Cotton
Belt does not coincide with the photoperiod required for flowering. This, coupled
with the time required for fresh square assays, preclude the use of fresh squares
as the primary screening tool in our program. However, we feel that the fresh-
square assay is a valuable means of further testing lines selected for resistance
on the basis of the assay with extracts of square powder since it is more closely
related to the natural feeding habits of the tobacco budworm, and the larvae can
be selective in their feeding on component parts of the square as they are in

nature.

Of the first 256 selections of the race stock collections tested, 14 have
met the requirements of producing larvae at least 50% smaller than those on the
standard and those containing 1% or less gossypol in the squares. Currently, we
are conducting studies toward isolation and identification of the resistance
factors and transferring these characters into an agronomically acceptable plant.
In attempts to isolate the active component of one of these lines, designated as
Texas 144, we have been able to obtain several active fractions by column chroma-
tography and liquid-liquid extractions, but we have been unable to obtain an active

fraction containing no gossypol.

The gossypol content of the active fractions was not sufficient to account
for the effect on larval growth based on the effect of gossypol added to the diet
as gossypol:acetic acid at equal concentrations. Also, the biological effect of
an amount of gossypol added to the diet as gossypol-acetic acid could be quite
different from the biological effect of the same amount of gossypol added as an
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,xtract of square tissue. The colorimetric methods used for estimation of gossy-
pol concentration are not specific for gossypol. The reduced larval weights of
insects feeding on diets containing extracts of Texas 144 or those feeding on fresh-
squares of this line could be due to additive effects of gossypol and an unknown
or "X" factor. Therefore, the difference in response of larvae to Texas 144 and
M-8 glanded could be due to a greater amount of "X" factor in Texas 144, a greater
amount of gossypol in Texas 144, or a combination of the two.

To determine the effect on larval weight of gossypol added as gossypol:
acetic acid or as extracts from square tissue, buds of M-8 glandless (0.1% gossy-
poi) and M-8 glanded (0.5%) were lyophilized and milled through a 40-mesh screen.
Fourteen 5-g samples of M-8 glandless buds and 10 samples of M-8 glanded buds were
supplemented with gossypol:acetic acid so that the gossypol contents of the 5-g
samples :rould increase by increments of 0.1% from the original amount to 1.4%
gossypol. These samples were extracted with ether in a continuous extractor, and
each extract was coated onto 1.75 g of alphacel in a rotary evaporator. A series
of gossypol samples were coated directly onto alphacel to correspond to the 0.1-
1.4% gossypol levels in extracts. Also, a 5-g sample of Texas 144 (0.9% gossypol)
and 247-1 (1.7%) were each extracted with ether and tested in the same manner.
Test diets were infested with 3-day-old tobacco budworm larvae, and the larvae
were weighed after feeding on the diet for 8 days. The results indicate that the
response of tobacco budworm larvae to gossypol is about the same whether added to
the diet as gossypol:acetic acid or as bud extracts containing gossypol. Also,
the 8-day larval weight from extracts of 247-1 falls in line with extrapolated
values obtained from gossypol and extracts of M-8 glanded and glandless plus
gossypol. However, the extracts of Texas 144 caused a greater reduction in larval
weight than could be expected from its gossypol content, although the 0.9% gossy-
pol was sufficient to cause some reduction in larval weight. The curve of larval
weight (mg) vs. percentage gossypol shows a sharp drop in larval weight with
increasing gossypol from about 0.8% to 1.2%.

One of the most important considerations in the study of the biochemical
basis for resistance is thett the study be based on the biology of both the plant
and the insect. The presence of a chemical in a resistant plant and its absence
in a susceptible one is not evidence that the chemical is the cause of resistance
unless evidence is presented to demonstrate that the chemical acts as a toxin to
the insect and is present in the plant at the site of insect feeding. Although
it is possible to develop an insect resistant plant without knowing the exact
mechanism of resistance, a knowledge of tha chemical basis of resistance would
be useful in many cases. This is especially true when the insect is difficult
to maintain under laboratory or cage conditions and a chemical analysis is neces-
sary for selection of breeding material.
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Table 1.--Development of bollworm larvae on square powder diet consisting of
various combinations of glandless and heavily glanded cottons and gossypol.

Gossypol (mg /ml) in
diet by adding

Larval wt.
on 14th day

(mg) t survival
after 14 days

XG-15 Gossypol XG-15 Gossypol XG-15 Gossypol

0.14 0.06 386 376 100 100

.23 -- 186 -- 86 --

.40 .40 162 186 63 76

.73 .74 88 78 33 16

1.70 1.76 -- -- 0 0

Table 2.--Gossypol content of component parts of cotton buds.

t gossypol in
Cotton line Petals Sepals Stamen StigM,a + style Ovaries

N-8 glanded 1.03 0.42 0.47 0.54 0.40

Pima glanded 1.55 .71 .82 .54 .12

XG-15 2.64 .91 .94 1.01 1.35
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For the purpose of this discussion, an "attractant" is defined as a
stimulus to which the insect responds by orienting movements toward the apparent
source. "Repellents" elicit an oriented response away from the apparent source.
An "arrestant" is a stimulus that causes the insect to cease locomotion in close
contact with the apparent source. Although arrestants and attractants may have
the mechanical effect of causing aggregation, they should not be called aggregants.
The term "aggregant," if used at all, should be reserved for insect-to-insect
factors, such as behavioral pheromones. The terms incitant and suppressant have
been introduced by Beck (1965) as feeding has been demonstrated to be separable
into two phenomena, that of initiation and maintenance. An "incitant," therefore,
describes a stimulus'that evokes a biting or piercing reaction; and conversely,
a stimulus tending to prevent this response is designated as a "feeding suppress-
ant." Stimuli tending to promote continuous feeding are "feeding stimulants" and
those preventing continuous feeding or hastening termination are termed "feeding
deterrents."

A series of tables has been compiled which include the type of response,
the insect, the host, the compounds or classes of compounds if known, and the
investigators. Materials from hcsts which acted as growth inhibitors on the
insect were not included, and only those materials which influence attraction,
feeding, and oviposition on the host were considered. Since there are over
350,000 described plant feeding species and this review contains only about 200
references, many with only preliminary evidence, it is easy to see how little is
known about the basic underlying factors controlling or contributing to insect-
plant interrelationships.

Feeding Stimulants

Glycosides were reported as feeding stimulants for several insects.
Sinagrin (and other glycosides) was reported as a feeding stimulant for 2 species
of imported cabbage worms (Verschaffelt, 1910), the diamondback moth (Thor-
steinson, 1953), and the cabbage butterfly (David and Gardiner, 1966). The
cyanogenic glycosides, phaseolunatin and lotaustrin were reported for the Mexican
bean beetle (Klingenberg and Bucher, 1960). The flavanoid glycoside, 7 -a -L-
rhamnosyl-6-methoxyluteolin, was reported for the Chrysomelid beetle (Zielske,
et al., 1972). Several flavonoid glycosides, quercetin, quercetin-7-glucoside,
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quercetin-3'-glucoside and cyanidin-3-glucoside, were reported as feeding stimu-
lants for the bell weevil (Hedin, et al., 1968).

A number of phenols were also reported. They include methyl chavicol for
the black swallow tail (Dethier, 1941), chlorogenic acid for the Cc:Aired° potato
beetle (Hsaio and Fraenkel, 1968), salicin for the willowbeetle (Kearns, 1931),
E-hydroxyacetophenone, o- hydroxybenzyl alcohol, and E-hydroxybenzaldehyde for the
scolytid beetle (Baker and Norris, 1968), colotropin for a grasshopper (Euw, et al.
1967), anethole and anisic aldehyde for the black swallowtail (Erlich and Raven,

1967), and hypericin for Calliphora brunsvicensis (Rees,1966). A few phospholipids,
fatty acids, and glycerides were reported. They include a partially characterized
fraction for the Colorado potato beetle (Yamamoto and Fraenkel, 1959), lecithin and

phosphatidyl inositol for the twostriped grasshopper (Thorsteinson and Nyar, 1963),
lecithins for the cabbage looper (Gothilf and Beck, 1967), linoleic and linolenic
acids for the imported fire ant (Vinson, et al., 1967), triolein for the prairie
grain wireworm (Davis, 1965), and 3 other species of wireworms (Thorpe, et al.,

1946), and palmitic acid for the confused flour beetle (Loschiavo, 1965). Sugars

and terpenes were not as prevalent as may have been expected. Sucrose, glucose
and raffinose were reported for the red cotton bug (Saxena, 1964), and mono- and
diccharides for the cabbage looper (Gothilf and Beck, 1967). Pheophytins a and b

were reported for the boll weevil (Temple, et al., 1968), curcubitacins for the
spotted cucumber beetle (Chambliss and Jones, 1966; DaCosta and Jones, 1971), and

a partially characterized terpene containing essential oil (Stride, 1965), for
gpilachna fulvosignata. Examination of Table 1 points out very strikingly that in

iiis feeding stimulants are comprised of chemicals which fall into what has

been grouped as secondary plant substances (Fraenkel, 1959). These substances
are largely thought to contain no primary function in the plant or in the insect.

When the known feeding stimulants were classified by chemical structure, 20

were glycosides, 15 were acids, 8 were flavonoid aglycones, 6 were carbonyls, 5
each were phospholipids and terpenoids, with 17 miscellaneous responses. When
these feeding stimulant classes were further subdivided by insect order, somewhat
more specific preferences were suggested. Among the Lepidoptera, 8 glycosidic
feeding stimulants were reported, along with 3 aglycones which could become glyco-

sidated; there were 9 miscellaneous responses. Among the Coleoptera, 10 acids, 6
glycosides, 4 flavonoid aglycones, and 4 terpenes were reported. There were also

8 miscellaneous classes. In the order Homoptera, both compounds reported were

glycosides. In the order Orthoptera, acids, and their esters and salts, were

most prevalent. These compounds accounted for 8 of the 14 listed responses.

In reports on insect feeding stimulants, none studied has provided
unambiguous evidence that a single compound acts individually. Furthermore, when

a "glycoside," "sugar," or "purine" has been implicated, it has often been
questionable whether the activity could have been maintained after rigorous purifi-

cation. In addition, when pure compounds have been demonstrated tz. give activity

(Hamamura, et al., 1962; Robbins, et al., 1965), several compounds might have been

isolated from the same source, each of which could have elicited some activity or
synergized the activity of the compound. The concept of host-plant specificity
implies that insects can discriminate flavors. Therefore, though insects almost
certainly do sometimes respond to a single, dominant compound when it is present,

there probably is a much larger number of situations where no dominant compound

exists. Consequently, an adequate response more likely requires a complicated

profile of compoundtc.

An insect
presentation of
linalyl acetate
leaves. Biting
morin, 6 2',2,4

which feeds as a result of a complicated, and probably sequential

stimuli is the silkworm. Volatile substances including citral,
, linalool and terpinyl acetate attract the larvae to the mulberry

factors such as B-sitoster°1-0-glucoside, lupeol, isoquercetrin,
'5,i- pentahydroxyflavone initiate plant consumption. Swallowing
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factors such as sitosterol, sugar, silica, cellulose, and potassium phosphate were
demonstrated. From these results, the substances controlling the feeding behavior
of silkworm larvae were described, but these substances are not found exclusively
in mulberry leaves, and are in fact rather common in green leaves. The preference
for mulberry leaves may depend on the amounts and proportions of these compounds,
and on the absence of repellents. A repellent effect could be demonstrated by
adding raw soybean cake or powdered milk to a mulberry leaf preparation. Extrac-
tion of these additives with methanol removed the repellent components (Hamamura,
1970) .

In work conducted at the Boll Weevil Research Laboratory which illustrates
some of the complexities of feeding stimulant research, feeding-stimulant compon-
ents extractable with petroleum ether, chloroform, acetone, and chloroform-methanol
from cottor, buds appear to belong to several major groups that cause feeding activ-
ity in the boll weevil (Hedin, et al., 1966; Struck, et al.. 1968a, b; Hedin, et
al., 1968; Temple, et al., 1968). Also, the physical and chemical properties of
these active fractions clearly differentiate between nonpolar and polar active con-
stituents in the cotton bud. However, attempts to purify the major groups fre-
quently result in a dissipation of feeding activity that cannot be fully regener-
ated by recombination, indication of a breakdown in the chemical structure of some
components during purification. This inability to regenerate full feeding
activity by recombination is especially true for many of the TLC systems studied.
Also, the labile nature of some components is further indicated by the gradual
loss of the feeding activity of some compounds stored in certain solvent systems.
For example, an extract will show only token feeding activity after storage in
diethyl ether for 12 hr, but activity can be retained at the same level for 2-3
weeks in either chloroform or methanol.

It is significant that the activity of lypolytic enzymes in diethyl ether
is high. Even though no significant feeding-stimulant activity can be attributed
to the lipid components derived from cotton buds, the increase in the concentra-
tion of hydrogen ions caused by their chemical degradation may have an adverse
effect on the feeding-stimulant components. These considerations suggest that
lability of some feeding-stimulant components may occasionally contribute to the
observed loss of activity during procedures of fractionation. More importantly,
however, these studies indicate that a multicomponent system is necessary for
optimum boll weevil feeding (Struck, et al., 1968a, b; Temple, et al., 1968).

Since recombination or fortification of fractions by sugars and buffers
often rejuvenated part of the activity, efforts were directed to formulating an
active feeding mixture from known cotton constituents, common metabolites, and
compounds inducing primary mammalian sensations of taste and odor (Hedin, al.,
1968). Of 286 compounds bioassayed individually, 52 elicited substantfal activity,
and 14 of these previously had been reported in cotton. They include gossypol,
a-ketoglutaric acid, malonic acid, vanillin, formic acid, lactic acid, t-malic
acid, quercetin, 8- sitosterol, succinic acid, valine, quercimeritrin, quercetin-3'-
glucoside, and cyanidin-3-glucoside. The insect was found to express preference
for sweet, sour, and cooling taste properties, but odor preferences were difficult
to establish. Sixteen carboxylic acids, 8 alcohols, 8 carbonyls. 8 phenols, and
10 amides or amines were among the most stimulatory. When the active components
were factored on the bases of taste and molecular size, it became apparent that
sweet substances having molecular weights above 200 were consistently well accepted.
Since most of these compounds were di- or triterpenoids or steroids, hydroxylated,
and much less sweet than the sugars, their activity may be associated with their
predicted low rate of desorption. The most favored molecular size for sour and
salty compounds was below 150. Bitter deterrent compounds were concentrated in
the 100-200 range. Pungent compounds of 150-200 were most deterrent.

Maxwell and Jenkins (F. G. Maxwell and J. N. Jenkins, USDA, Mississippi
State, Miss., personal communication) made an exhaustive review of biologically
active substances in host plants affecting insect behavior. From these data a
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frequency table was prepared relating feeding stimulation and/or attractants and
deterrents and/or repellents to molecular structure. The leading attractive com-
pounds were: 8 acids attractive to 1 unattractive; monoterpene hydrocarbons, 9 to
2; di- or triterpenoids and steroids, 23 to 1; esters and alcohols, each 7 to 0;
and nucleotides and tannins, each 5 to 0. The leadir.g repellent compounds were:
14 alkaloid glycosides unattractive to 1 attractive; and lactones, 7 to 1.
Flavonoid, cyanogenic, and other unclassified glycosides were normally stimulatory,
17 to 6. The tastes of the stimulatory substances appeared to be sour, cooling,
semisweet, and salty, and the stimulatory odors appeared to be floral, musky,
pepperminty, and comphoraceous. Repellent substances appeared to have selected
bitter tastes and strongly flavored (pungent?) characteristics accorded by the
lactones. The similarity of these results to those that we observed with the boll
weevil is striking.

Formulation of mixtures was initiated on an empirical basis (Hedin, et al.,
1968). Within a short time, some 330 mixtures had been tested with limited suc-
cess. Consequently, the mixtures were inspected for components which were most
often present when gond feeding occurred. From this list, 17 compounds were
selected including 6 which were known to be present in cotton. They were formu-
lated into 4 to 8 component mixtures with some consideration given to taste class
and intensity. Subsequently, several 8-component mixtures were selected which gave
feeding responses equal to cotton bud water extracts. The best was a mixture of
8- sitosterol, 15-pentadecanolide, cineole, N,N-dimethyl-aniline, vanillin, manni-
tol, rhamnose and phosphate buffer pH 7.0. This mixture also elicited slightly
more insect punctures than did the water extracr when rolled plugs of each were
placed side by side.

There has been no extensive effort to evaluate these mixtures in field
trials for several reasons. Cottonseed oil "foots" and cottonseed meal contain
most of the components of the water or organic solvent extracts, and are a cheaper
and more convenient source for bait preparation. Secondly, the baits are not
competitive during the period of greatest plant growth. Finally, the insects are
overwhelmingly attracted to males or the synthetic pheromone in the presence of
growing cotton or baits.

McKibben, et al. (1971) investigated eight acids including adipic, fumaric,
malic, phosphoric, succinic, citric, lactic and tartaric acids, as food acidulants.
When added to cottonseed oil baits used to attract the weevil, they caused a 41-
67% increase in the amount ingested but there were no significant differences
among the acids tested.

Plant Attractants

Fraenkel (1959) has discussed the role of secondary plant substances in
the development of host plant-insect relationships. Compounds produced by plants
as waste, metabolic intermediates, defense mechanisms, insect attractants or
stimulants influence the establishment of highly specific plant-insect ecologies.
He suggested that these secondary plant substances, known to exist in many plants
without having any apparent role in plant function, may have developed from past
mutations and natural selections. The development of these substances would afford
the plant protection against increased insect damage or other enemies. Certain
insects, less susceptible to the undesirable effects of the compounds, may then
have adapted to the secondary substances as a stimulus for feeding or propagation.

With regard to the mechanisms of odor perception, Dethier (1970) reported
that whereas taste receptors tend to be individually specific to restricted
classes of compounds, olfactory receptors may be either specific or nonspecific.
The antennal olfactory receptors of Manduca sexta (Johan.) respond to a wide
variety of odors and resemble "generiTT7a7"--Yrthe absence of stimulation they
are spontaneously active. Stimulation may increase or decrease the rate of firing
depending on the identity of the stimulus and the particular receptor. Thus, a
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given odor may increase the rate of firing of one receptor and decrease the rate
of firing of another while a different odor may have exactly the opposite effect.
The receptors have overlapping but not congruent action spectra. As a consequence,
divers odorous compounds, by their differential effects on the several receptors,
cause different compound patterns of activity to be generated when all receptor
input is viewed as a whole.

When the known attractants were classified by chemical structure (Table 2),
21 were terpenes, 7 were alcohols, 4 each were esters, acids, and sulfur con-
taining, and 2 were phenolics. There were 7 miscellaneous responses including 3
which possessed little or no volatility and probably were misclassified as attrac-
tants. When these attractants were further subdivided by insect odor, somewhat
more specific preferences were suggested. Among the Coleoptera, 17 terpenes, 3
ketones, 2 alcohols, 2 acids, and 4 miscellaneous responses were reported. /

parallel with the compounds reported as sex attractants for insects of this order
is therefore suggested. These data are also predicted because a number of tree-
infesting beetles were in the group. Among the Lepidoptera, 5 enters, 2 glyco-
sides (probably improperly identified as attractants), 2 acids, and 4 alcohols
were reported. A parallel is also obvious with the sex attractants of this insect
order; mostly esters and their constituent alcohols and acids were reported.
Terpenes were also reported as attractants in the orders Hymenopera, Diptera, and
Isoptera.

Plant attractants elicit responses by several mechanisms and are subject
to various conditions. Some appear to act individually, both under laboratory and
field conditions. Perhaps the attraction of the oriental fruitfly by methyl
eugenol (Steiner, 1952) is the best example, where eradication of this insect from
several islands has been achieved. In some other instances, such as the Japanese
beetle, two components, methyl cyclohexanepropionate and eugenol, are found to be
attractive under field conditions (McGovern, et al., 1970). In still other
instances, a fairly complicated mixture of components is required, but some partial
response can be obtained from individual components in the mixture. Some examples
of these are the silkworm (Hamamura, 1970), tho onion maggot (Matsumoto and
Thorsteinson, 1968), the lacewing (Sakan, at al., 1970), the Pales weevil (Thomas
and Hertell, 1969), the western pine beetle (Vita and Pitman, 1969), the checkered
beetle (Harwood and Rudinsky, 1966), the codling moth (Dethier, 1947; Masden and
Falcon, 1969), and the boll weevil (Minyard, et al., 1969).

In this laboratory, Minyard, at al., (1969) found 8- bisabolol to be present
in the highest concentration of any polar compound in the cotton bud essential oil..
It was not previously reported in nature, but has subsequently been found by our
group to be present in several other malvaceous oils (Thompson, et al., 1971).
However, 8- bisabolol alone is only about 50% as attractive in the laboratory ol-
factometer bioassay as a hot water extract of cotton. By fractionation and bio-
assay of the cotton bud essential oil, several other components were identified
which were attractive in their own right, and improved the activity of 0-bisa-
bolol; they included 8- carophyllene, t-limonene, o-D-pinene, and 8- caryophyllene
oxide (Minyard, et al., 1969). Subsequently, a-bisabolcl (Hedin, at al., 1971) and
bisabolene oxide (Hedin, et al., 1972) have been identified as other contributing
attractants.

However, boll weevils of both sexes are much more attracted to males than
to cotton. Hardee, at al. (1969) showed a definite preft.rence of overwintered
and late season insects for male weevils compared with that of fruiting cotton and
speculated that insects find cotton by random flight or by ,:espouse to "short
range" plant attractants.

Nevertheless, this mixture of components isolated from cotton bud essential
oil and of a synthetic mixture of terpenes increased the response of insects in
the field to a dye marker bait two-fold during late August and early September,
but did not elicit a significant increase during the late season phase of the
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experiment (McFibben, et al., 1971). Failure to obtain increased feeding with the
added a.tractant in the second phime was attributed to the increased feeding with
al: treatments in October; this suggests decreased discrimination by the insect
as the food supply decreased.

It is not too difficult to identify by screening, compounds which show
attractancy for insects. Beroza and Green (1963) published on several thousand
compounds, many of which showed some attractancy for various insects. Also, it
is not too difficult to isolate from plants by steam distillation, essential oils
which are attractive. Thompson, et al. (1971) obtained the essential oils from a
number of Malvaceous plants, and also from some Angiosperms and Gymnosperms.
Several of the oils were as attractive as cotton oil, and the insects actually
favored essential oils of 2 alternate host plants, Hibiscus militaris Cay. and
H. lasiocarpus Cay. in comparative preference tests ws-Eatgrum Thus, in the
laboratory, the essential oils in plants did not control insect preference
e xclusively. Morphological and environmental conditions may influence the concen-
trations of volatile components released by plants to the atmosphere. Thompson
e t al. (1971) attempted to assess the extent of these differences by a GLC study
of the condensate from the atmosphere around cotton plants in the field. The
total essential oil from the condensate was found to.contain 50-60% 8-bisabolol
and 0-bisaboleale, and 30-40% of geraniol myrtenal, nerolidol and 8- caryophyller.e
oxide. The identification of some oz these components as attractants, and now
the recognition that they are major components in the cotton aroma of the field,
give added credence to the expectation that they may play some role in the move-
ment of boll weevils to cotton in the field.

Feeding Deterrents

Beck (1965) defines a feeding deterrent in terms of factors which do not
support maintenance of feeding, or which cause cessation of feeding. Munakata
(1970) classifies feeding deterrents as synonymous with antifeedants and gustatory
repellents, and further defines them as chemicals that inhibit feeding, but do
not kill the insect direct. Thorsteinson (1960) attributes host selection by
phytophagous insects to the presence of absence of attractants or repellents.

Alkaloid glycosides have been among the most frequent compounds reported
as feeding deterrents. Work by Kuhn and coworkers (Kuhn and Low, 197, and
earlier), and by Shreiber (1958) showed the presence of several of these compounds
in Solonaceae and implicated them as deterrents against the Colorado potato beetle.
More recent Harley and Thorsteinson (1967) have shown the deterrency of this
class against twostriped grasshopper larvae. Lichtenstein, et al. (1962) isolated
2-phenylethyl-isothiocyanate from the turnip as an antifeedant of vinegar flies.
Two resistance factors in corn plants, 6-methoxy-benzoxazolinone (Smissman, et al.,
1957b) and 2, 4- dihydroxy -7- methoxy -1,4- benzoxazine -3 -one (Klan, et al., 1967)
were shown to be effective against the European corn borer. Rudman and Gay (1961)
showed that 2 anthraquinones present in teak heartwood inhibited termite activity.
Several other interesting compounds include juglone (Gilbert, et al., 1967),
azadirachten (Gill and Lewis, 1971), nepetalactone (Eisner, 1964), cocculolidine
and isoboldine (Wada and Munakata, 1968), and 2 shiromodlol acetates (Wada, et al.

1968). When the known feeding deterrents were classified by chemical structure
(Table 3), 18 related alkaloids or alkaloid glycosides affecting 5 insects were
reported. The other classes and their frequencies were 3 lactones, 4 quinones
affecting 2 insects, 4 heterocyclic ring compounds, 1 isothiocyanate, and 1 acid.

While 7 orders of insects were studied, all of the reports except 7 involved
Coleoptexa.

Although Beck (1965) and Munakata (1970) stress the concept that feeding
deterrents do not directly kill the insect, most of those reported are in fact

biological poisons. Two representative compounds for which LD50 values were
given in Merck Index were the alkaloid glycoside, tomatin (25 mg/kg i.p. and
sno mg/kg oral in mice) and nornicotine (23.5 mg/kg i.p. in rats). The alkaloid
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aglycones would be expected to be more toxic. Most of these compounds are bitter
to humans, and some similar perception apparently occurs with insects.

Repellents

Beck (1965) defines a repellent as eliciting an oriented response away
from the apparent source. The property of volatility is thus inferred for the
candidate compound. Another group of repellents are the defense secretions. How-
ever, since they are biosynthesized by insects rather than by plants, they have
not ben included in this discussion. Some of the compounds reported (Table 4)
were capsaicin (Shreiber, 1958), myrcene and limonene (Smith, 1966), valeric and
isovaleric acids (Goodhue, 1963), and butyric acid and coumarin (Kamm and Fronk,
1964). Several others which were reported as repellents have no appreciable vapor
pressure and therefore should have been reported as feeding deterrents. Any
repellency probably should have been attributed to impurities in the isolated
fraction. They include tomatin (Shreiber, 1950 anacardic acid (Wolcott, 1946),
tannic acid (Bennett, 1965), and shikimic acid, pyridoxine, succinic acid, malic
acid, betaine, and xanthophyl (Kamm and Fronk, 1964).

Eight appreciably volatile compounds from 5 orders were reported; they
include 3 acids, 2 phenols, 2 terpenes and 1 alcohol (Table 4). The limited
nature of work on naturally occurring insect repellents is apparent. However,
since many plants which are resistant to insects have characteristic odors, it
is possible that a-number of others exist. The vastly improved capability for
identification of volatile compounds, i.e., integrated gas chromatography-mass
spectrometry and high sensitivity nuclear magnetic resonance spectrometry, could
facilitate expanded research on repellents in the next few years.

Oviposition Stimulants

Many of the compounds reported as oviposition stimulants (Table 5) were
also identified as feeding stimulants or attractants (Tables 1 and 2), but not
necessarily for the same insect. More oviposition stimulants were reported for
Diptera than any other order. This may reflect the relative simplicity of the
bioassay as compared with that for other orders. The cabbage root fly was stimu-
lated by sinagrin and 8- phenylethylamine (Traynier, 1965). Matsumoto and
Thorsteinson (1968) reported that the onion maggot was stimulated, not sur-
prisingly, by n-propyl disulfide, methyl disulfide, n-propyl mercaptan, and n-
propyl alcohol. Sulfides and mercaptans are found in high concentrations in
onions. The carrot rust fly was stimulated by methyl isoeugenol and trans-1,2-
dimethoxy-4-propenyl-benzene (Berueter and Steadier, 1971). The mosqUird-Was
reported by Perry and Fly (1967) to be stimulated by 3 esters; ethyl acetate,
methyl propionate, ald methyl butyrate.

In Lepidoptera, a partially characterized glycoside for the tobacco horn-
worm (Yamamoto and Fraenkel, 1960), allyl-lsothiocyanate for the diamond back
moth (Gupta and Thorsteinson,. 1960) and two partially characterized growth regu-
lators for the European corn borer (Schurr, 1970) were reported.

In Coleoptera, lecithin was reported for the Colorado potato beetle
(Grilon, 1958). In Orthoptera, 4 terpenes were reported for the desert locust
(Carlisle, et al., 1965). :n Hymenoptera, saponins were reported for the multi-
voltive bruchid (Applebaum, et al., 1965). All data on the oviposition stimu-
lants are summarized in Table 5.

There were also reports on feeding incitants, flight termination stimu-
lants, swallowing factors, mating factors, growth factors, and an oviposition
deterrent; these data are included in Table 6. 8- Sitosterol, 0-sitosterol gluco-
side, lupeol, isoquercitrin and 2'3,4',5,7-pentahydroxyflavone were reported as
feeding incitants for the silkworm larvae (Hamamura, et al., 1961; Nyar and
Fr.enkel, 1962; Goto, 1965; Hamamura, et al., 1962; Hayashiya, 1966).
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Phaseolunatin and lotaustrin, cyanogenic glycosides, were reported as feeding
incitants for the Mexican bean beetle (Klengenburg and Bucher, 1960). Coumarin
was reported as a flight termination agent for the sweet clover weevil (Heidewig
and Thorsteinson, 1961). Cellulose, silica and potassium phosphate were reported
as swallowing factors for the silkworm larvae (Hamamura, et al., 1962), and
protein, leucine, and guanosine-5'-monophosphate as swallowing factors for the
mosquito (Yamamoto and Jensen, 1967).

Trans-2-hexenal was reported as a mating factor for the Polyphemus moth
(RiddiforriFd Williams, 1967; Riddiford, 1967). Chlorogenic acid was described
as a growth factor for the silkworm larvae (Kato and Yamada, 1966); and some
partially characterized sapogenic aglycones were reported as oviposition deter-
rents for the multivoltive bruchid. The compounds reportedfor these miscellaneous
categories are the same as or similar to those reported earlier as attractants,
feeding stimulants, and deterrents.
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Table 2.-- Attractants.

Insect
Scientific name

Pieria rape* L.

021111111041 name State Plant Compound Reference

Papilio polymenes
asterius

Bombyx morn L.

Bambini morn L.

Anthonomus grandis,
(Hob.)

Anthonomus grandla

thilo suppressalis
(Walker)

Listroderes
costirustris
oblignus IClug

Imported cabbage- Larvae
von

Hlacik swallowtail Adult

Silkworm

Silkworm

Boll weevil

Boll weevil

Rice stem borer

Vegetable weevil

Crucifer*.

Usbolliferee Stoll

Adults Mulberry, Morus
Larvae alba L.

Larvae Mulberry, Morns
alba L.

Adult Cotton,
Gossypium sp.

Adult Cotton,
GosamPims sp.

Laspeyresia caryanae Hickory shuckworm Larvae
Fitch

Protoparce sexta
(Johan.)

Tobacco hornworn Adult

Rice, Orysa
active L.

Crucifers and
UMbelliferae

Sweet clover,
Melilotus
officianalis L.

Pecan, Cary&
illinoansiS (Wang)
K. Hoch

Jimson weed,
Datura stromonium

Allyl isothiocyanate

Carvone, methyl
dhavieol, Coriandrol

2Alexenol
3- hexsnol

0-gamma4texenol
0.4-41exanal

Citral, terpinyl-
acetate, linalyl
acetate, linalool

Unknown

13bisabolol,
0-carophyllene oxide,
t-pinene, ltmonene,
0-carophyllene
trlmethyl amine,
ammonia

Oryzanone

leaf alcohol
3-hexenol

Hovanits i Chang (1963)

Dethier (1941)

Guenther (1949)
Watanabe (1958)

Hamemura (1959)
Hammeura et al. (1962)
Horie (1962) Ito (1961)

Heller, et al. (1963)

Minyard, at al. (1969)
Folsom (1931)

Munakata, et al. (1959)

Matsumoto S Sugiyama (1960)

mustard oil, isothio-
cyanates; methyl, ethyl,
allyl, isobutyl, n-butyl,
phenyl, benzyl, 0-phignylothyl,
0-naphthyl

COUWArill Matsumoto (1962)

Unknown Howell s Maxwell (1965)

Amyl solicylate Morgan S Lyon (1928)

a.

rt
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.
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P
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i
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b
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p
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u
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V
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M

C
a
t
n
i
p
,

N
e
p
e
t
a
 
c
a
t
a
r
i
a

C
a
t
n
i
p
,

N
e
p
e
t
a
 
c
a
t
a
r
i
a

C
a
r
y
a
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v
a
t
a

b
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r
k
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e
l
i
 
t
r
e
e
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z
a
d
i
r
a
c
h
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a
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n
d
i
c
a
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i
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,
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z
e
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r
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h
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c
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l
l
a
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r
i
t
i
m
a
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o
l
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n
u
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l
u
t
e
u
m
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o
l
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a

l
y
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o
p
e
r
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i
c
u
m
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r
n
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i
l
k
s
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y
m
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h
s
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o
l
a
n
u
m
 
s
p
.
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e
a
k
 
h
e
a
r
t
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o
d

A
d
u
l
t
s

T
u
r
n
i
p

B
r
a
s
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i
c
a
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a
 
L
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A
s
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o
r
b
i
c
 
a
c
i
d

N
e
p
e
t
a
l
a
c
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n
e
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o
r
n
i
c
o
t
i
n
e
 
d
i
p
i
c
r
a
t
e
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o
l
a
n
i
n
e
,
 
t
a
m
a
t
i
n
e
,

d
i
g
i
t
o
n
i
n
,
 
s
a
p
o
n
i
n
,

s
a
n
t
o
n
i
n
,
 
i
n
d
i
c
a
n
e

d
i
o
s
e
g
i
n
,
 
h
e
c
o
g
e
n
i
n
,

l
u
k
e
n
i
n
e

J
u
g
l
o
n
e

A
z
a
d
i
r
a
c
h
t
i
n
,

g
l
y
c
o
s
i
d
e

U
nk

no
w

n

U
nk

no
w

n

T
o
m
a
t
i
n
e
,
 
o
t
h
e
r

a
l
k
a
l
o
i
d
s
 
&
 
a
l
k
a
l
o
i
d

g
l
y
c
o
s
i
d
e
s

2
-
M
e
t
h
y
l
-
,
 
2
 
h
y
d
r
o
z
y
-

m
e
t
h
y
l
-
,
 
a
n
d
 
2
-
f
o
r
m
y
l
-

a
n
t
h
r
a
q
u
i
n
o
n
e
s

2
-
p
h
e
n
y
l
e
t
h
y
l
-

i
s
o
t
h
i
o
c
y
a
n
a
t
e

G
o
t
h
i
l
f
 
&
 
B
e
c
k
 
(
1
9
6
7
)

E
i
s
n
e
r
 
(
1
9
6
4
)

H
a
r
l
e
y
 
&
 
T
h
o
r
s
t
e
i
n
s
o
n

(
1
9
6
7
)

G
i
l
b
e
r
t
,
 
e
t
 
a
l
.
 
(
1
9
6
7
)

G
i
l
l
 
&
 
L
e
w
i
s
 
(
1
9
7
1
)

B
u
t
t
e
r
w
o
r
t
h
 
&
 
M
o
r
g
a
n
 
(
1
9
7
1
)

B
h
a
t
i
a
 
(
1
9
4
0
)

C
h
a
u
v
i
n
 
&
 
M
e
n
t
z
e
r
 
(
1
9
5
1
)

B
o
n
g
e
r
s
 
(
1
9
7
0

S
t
r
a
u
b
 
&
 
F
a
i
r
c
h
i
l
d
 
(
1
9
7
0
)

D
a
h
l
m
a
n
 
(
1
9
6
5
)

L
i
c
h
%
e
n
s
t
e
i
n
,
 
e
t
 
a
l
.
 
(
1
9
6
2
;
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r 0



T
a
b
l
e
 
4
.
 
-
 
-
R
e
p
e
l
l
e
n
t
s
.

I
n
s
e
c
t

S
c
i
e
n
t
i
f
i
c
 
n
a
m
e

C
o
m
m
o
n
 
n
a
m
e

S
t
a
t
e

P
l
a
n
t

L
e
p
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r
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a
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l
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p
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t
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o
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t
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.
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c
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n
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t
a

b
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e
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r
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e
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c
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s
 
M
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l
l
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(
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L
e
p
t
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n
o
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r
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a

C
o
l
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r
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o
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t
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o
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t
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c
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a

l
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a
e

c
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c
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m

(
S
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p
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a
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p
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e
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e
l
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o
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s
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e
a
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r
n
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r
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o
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m
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u
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t

'
C
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r
n
,
 
Z
e
a
 
m
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L
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(
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o
d
d
i
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)
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r
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t
o
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r
c
e
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o
b
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o
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o
r
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o
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m
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t
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i
c
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(
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e
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c
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r
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A
d
u
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.
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c
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s
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e
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n
 
p
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e

b
e
e
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p
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c
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t
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c
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c
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p
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u
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c
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c
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i
l
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l
c
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r
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i
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c
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l
i
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u
l
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c
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c
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c
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.
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.
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.
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c
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n
h
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n
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l
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t
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.
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o
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u
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r
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n
n
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r
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c
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)
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u
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&
 
F
r
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e
l
 
(
1
9
6
0
)

F
r
a
e
n
k
e
l
,
 
e
t
 
a
l
.
 
(
1
9
6
0
)

(
J
o
h
a
n
.
)

P
l
u
t
e
l
l
a

D
i
a
m
o
n
d
-
b
a
c
k

m
o
t
h

A
d
u
l
t

B
r
a
s
s
i
c
a
 
n
i
g
r
a

A
l
l
y
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i
s
o
t
h
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o
c
y
a
n
a
t
e

G
u
p
t
a
 
&
 
T
h
o
r
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t
e
i
n
s
o
n
 
(
1
9
6
0
)

s
a
c
u
l
i
p
e
n
n
i
s
 
(
C
u
r
t
)

L
.
 
&
 
o
t
h
e
r

C
r
u
c
i
f
e
r
a
e

E
r
i
o
i
s
c
h
i
a

C
a
b
b
a
g
e
 
r
o
o
t

S
w
e
d
e
,
 
B
r
a
s
s
i
c
a
e

S
i
n
i
g
r
i
n
,
 
b
e
t
a
-

p
h
e
n
y
l
e
t
h
y
l
a
m
i
n
e
,

a
l
l
y
l

T
r
a
y
n
i
e
r
 
(
1
9
6
5
)

b
r
a
s
s
i
c
a
e
 
(
B
o
u
g
h
e
)

na
pe

s 
L

.

H
y
l
e
m
i
a
 
a
n
t
i
q
u
e

O
n
i
o
n
 
m
a
g
g
o
t

A
d
u
l
t

O
n
i
o
n

N
-
 
p
r
o
p
y
l
 
d
i
s
u
l
f
i
d
e
,

p
e
t
h
y
l
 
d
i
s
u
l
f
i
d
e
,

M
-
p
r
o
p
y
l
 
m
e
r
c
a
p
t
a
n
,

M
-
p
r
o
p
y
l
 
a
l
c
o
h
o
l

M
a
t
s
u
m
o
t
o
 
&
 
T
h
o
r
s
t
e
i
n
s
o
n

(
1
9
6
8
)

(
M
e
i
g
.
)

S
h
i
s
t
o
c
e
r
c
a

D
e
s
e
r
t
 
l
o
c
u
s
t

A
d
u
l
t

C
o
m
m
i
p
h
o
r
a

A
l
p
h
a
-
p
i
n
e
n
e
,
 
b
e
t
a
-

p
i
n
e
n
e
,
 
l
i
m
o
n
e
n
e
,

e
u
g
e
n
o
l
.

C
a
r
l
i
s
l
e
,
 
e
t
 
a
l
.
 
(
1
9
6
5
)

r
t
e
c
t
a
r
i
a

w
i
r
e
h
n

P
s
i
l
a
 
r
o
s
a
e

C
a
r
r
o
t
 
r
u
s
t
 
f
l
y

A
d
u
l
t

C
a
r
r
o
t
 
l
e
a
v
e
s

M
e
t
h
y
l
 
i
s
o
e
u
g
e
n
o
l

B
e
r
e
n
t
e
s
 
t
 
S
t
a
e
d
l
e
r
 
(
1
9
7
1
)

C
a
r
r
o
t

t
r
a
n
s
-
1
,
2
-
d
i
m
e
t
h
o
x
y
-

B
e
r
e
n
t
e
s
 
&
 
S
t
a
e
d
l
e
r
 
(
1
9
7
1
)

4
-
p
r
o
p
e
n
y
l
-
b
e
n
z
e
n
e

O
s
t
r
i
n
i
a

E
u
r
o
p
e
a
n
 
c
o
r
n

F
e
m
a
l
e

Z
e
a
 
m
a
y
s

"
G
i
b
b
e
r
e
l
l
i
n
-
l
i
k
e
"

S
c
h
u
r
r
 
(
1
9
7
0
)

n
u
b
i
l
a
l
i
s

b
o
r
e
r

a
d
u
l
t
s

a
c
y
t
o
k
i
n
i
n
,
 
o
t
h
e
r
s

A
e
d
e
s
 
a
e
q
y
p
t
i
 
(
L
.
)

M
o
s
q
u
i
t
o

A
d
u
l
t

e
t
h
y
l
a
c
e
t
a
t
e
,
 
m
e
t
h
y
l

p
r
o
p
i
o
n
a
t
e
 
m
e
t
h
y
l

b
u
t
y
r
a
t
e

P
e
r
r
y
 
&
 
F
a
y
 
(
1
9
6
7
)

H
e
l
i
o
t
h
i
s

R
o
b
a
c
c
o
 
b
u
d
w
o
n
t

A
d
u
l
t

T
o
b
a
c
c
o

U
n
k
n
o
w
n

D
e
u
t
s
c
h
 
(
1
9
6
8
)

v
i
r
e
s
c
e
n
s
 
(
F
.
)

C
r
y
p
t
o
r
r
h
y
n
c
h
u
s

P
o
p
l
a
r
 
l
e
a
f

p
e
r
f
o
r
a
t
o
r

A
d
u
l
t

P
o
p
l
a
r

U
n
k
n
o
w
n

C
a
d
a
h
i
a
 
(
1
9
6
5
)

l
a
p
a
t
h
i
 
L
.

C
a
l
l
o
s
a
b
r
u
c
h
u
s

M
u
l
t
i
v
o
l
i
v
e

B
r
u
c
h
i
d

S
o
y
b
e
a
n
s

S
a
p
o
n
i
n
s
,
 
S
B
S
E
,

U
r
e
a
s
e

A
p
p
l
e
b
a
u
m
,
 
e
t
 
a
l
.
 
(
1
9
6
5
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THE DEVELOPMENT AND PROGRESS OF INSECT MICROBIAL CONTROL

A. M. Heiapol
Plant Protection Institute, ARS, USDA

Beltsville, Maryland

Disease symptoms in insects, particularly in beneficial insects such as
the honey bee and the silkworm were noted es early as 2700 B.C. in China and later
in ancient Greek times. The first truly scientific approach to the study of an
insect disease was the investication of the white muscardine disease of silkworms
(known in Italy as 'calcino') caused by Beauveria bassiana.

The classical work by Pasteur, on the 'pebrine' disease of the silkworm
caused by the microsperidial Nosema bombycis Nageli is famous and is cited in most
microbiological textbooks.

The Japanese have contributed much to our knowledge about the diseases of
the silkworm and the European Corn Borer Commission, coordinated experiments on
control of Ostrinia nubilalis (Hubner) between several countries !ncluding Canada,
France and 7.437,-37-Ehese scientists, A. Paillt (1933) wrote one of the
first comprehensive books in insect pathology on his research in insect pathology
entitled "L'infection Cbez les Insectes." Many other scientists added, piece-
meal, to our general k:lowledge on this subject. In this country several extremely
competent and dedicated scientists spent part of or most of their lives on studies
of insect diseases and the possibility of microbial control of insects. These
included Snow, Forbes, Fawcett, Berger, Watson, White and Glaser.

However, the main thrust in this field was initiated by the late Edward A.
Steinhaus, whose efforts literally created an organized field of endeavor. In
1947, Steinhaus collected all of the scattered references to insect diseases in
one volume entitled Insect Microbiology. Two years later (1949) he wrote a text-
book, Principles of Insect Pathology, to aid in teaching the first bona fide
course in insect pathology given in the world. Today, many laboratories studying
microbial control and insect pathology, throughout the world, are populated by
Steinhaus' students.

It is some 87 years since Elie Metchnikoff and Isaak Krassilstschik built
their first pilot plant to grow the fungus Metarrhizium anisopliae in an attempt
to control the sugar beet curculio Cleonus PUECTIERTtias. Following their
successful experiments using this fungus as a control agent, some 58 years passed
without any significant contributions to the field of mass production of microbial
agents.

In 1942, Dutky published a paper describing a method of producing a
fastidious, anaerobic sporeformer, Bacillus popilliae, for use in effecting
permanent control of larvae of the UiraFiii beetle, PopiMia japonica. The method
consisted of injecting beetle larvae with relatively-Vannumbers of B. 2g. illiae
spores, allowing the bacterium to germinate, multiply atid sporulate in the Insects,
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and then harvesting them by crushing and drying the infected insects at an
appropriate time. The dried insect material was then extended with talc and the
product was ready for use. More than 200,000 lbs. of this preparation was distri-
buted on 194,000 sites in 14 states and the District of Columbia some two decadca
ago, in a Federal-State cooperative control project. These figures do not include
the thousands of pounds of commercial preparation bought and used by private indi-
viduals to protect their lawns and gardens.

It soon became obvious that this method of production was limited in two
ways. (1) Production was very low compared to that obtainable by a fermentation
method; (2) as control progressed on the eastern seaboard it became increasingly
difficult to find large concentrations of beetles to dig up for bacterial pro-
duction. Today manufacturers of the spore dust have to travel from 300 to 500
miles to find beetle larvae. In due time, the Northern Utilization Laboratory at
Peoria, Illinois was contracted to attempt to develop a fermentation method to
produce B. popilliae. These efforts have met widl little success over the past
few years, however, work still continues.

At present, the use of commercial preparations of B. popilliae on pastures
has been forbidden by the Pesticide Regulation Division, Environmental Protection
Agency (EPA) pending proof of its safety for vertebrates. The necessary experir
ments to apply for Exemption from Tolerance are currently in hand, sponsored by the
Agricultural Research Service, USDA.

In 1956, E. A. Steinhaus, R. A. Fisher and J. M. Sudarsky met (of the
Pacific Yeast Products--later to become Biofern Corporation and finally to be
absorbed by International Minerals and Chemical Corp.) and from this meeting
developed the first large-scale fermentation of Bacillus thuringiensis tradename
THURICIDE. Other companies including Nutrilite FFEMEEI, Inc. (BIOTROL); Rohm
and Haas (BAKTHANE); Merke, Sharpe, and Dohm (Agritol) and Grain Processing Co.
(PARASPORIN) and Abbott Laboratories all developed and registered products. Other
countries, France, Germany, Czechoslovakia and Russia, throughout the world
developed Bacillus thuringiensis products as well.

In the United States, three companies are currently producing this
material. These are International Minerals and Chemical Co., Nutrilite Products,
Inc., and Abbott Laboratories.

Methods of fermentation, tests of efficacy against a variety of insects
and safety tests which included human volunteer tests, research on methods of
standardization, occupied the time from 1956 to 1958. Extensive studies were con
ducted by our European colleagues in France, Germany, Czeckoslovakia, Russia and
in England. In 1958 the Food and Drug Administration (FDA) granted a temporary
exemption from tolerance and the Pesticide Regulation Division (PRD) of the United
States Department of Agriculture (USDA) issued an experimental permit.

However, the trials and tribulations continued for manufacturers of
Bacillus thuringiensis all over the world. It became obvious that many factors
were involved in growing toxic preparations of these bacteria. Conditions and
components in the media could vastly influence the efficacy of the product.
Standardization was incorrectly based on spore count. It was only two years ago
that the PRD of EPA seriously considered using a bioassay based on the Inter-
national unit as a substitute for spore count, a recommendation made by a learned
panel at the Colloquium on Insect Pathology at Wageningen, Holland in 1966.
Despite all of these annoyances, research has finally reached a point of knowledge
where there is confidence that reliable, stable products can be produced and these
products can be tailored if necessary, to challenge any specific target insect.

This then is to be considered a successful microbial control agent, com-
mercially available and I predict that it will be used more and more extensively
to protect food and fiber crops in the near future.

[529]



Heimpel, A. M. Insect Pathogens

Let us turn to another group of microorganisms that show enormous promise
as insect control agents; these are the nuclear polyhedrosis viruses end the
granulosis viruses of insects. As you can see, they are unique viruses compared
to the animal and plant viruses. They are generally quite specific for an insect
species or a closely related group of species. These viral pathogens are fas-
tidious and grow only in living insect tissues.

Previous attempts to use viruses to control noxious insects in the past
have been so successful and promising that the thoughtful person wonders why they
were not developed long ago as control agents. Perhaps one explanation for this
lack of development is the fact that these pathogens could only be produced on
living insects, reared in the laboratory or insectary on natural foliage, during a
limited season of the year, at what could only be considered a prohibitive cost.
Otherwise, naturally infected insects in the field were collected or populations
of insects were artificially infected and collected in the field to provide a bulx
of these microorganisms. The latter methods were unpredictable and provided virus
preparations mixed with an astonishing number of other extraneous biotypes, com-
petitive disease organisms, etc. They were dirty preparations and would never be
acceptable for formulation under current regulations.

Obviously, a method of rearing insects on semi-artificial or artificial
media was required to permit virus production 365 days of the year. In the late
'50's and early '60's, Dr. C. M. Ignoffo had been working in Brownsville, Texas
for the Agricultural Research Service, USDA, in an attempt to produce nuclear
polyhedrosis viruses of the cabbage looper and the cotton bollworm (corn earworm)
(Heliothis zea), in larvae of these insects reared on semi-artificial media.

Eventually he developed methods of virus production that basically are
those now employed by International Minerals and Chemical Corporation and Nutrilite
Products Incorporated.

However, mass leering of Lepidoptera is an extremely difficult problem.
One of the main troubles is competitive disease in the rearings. Recent develop-
ments in alternative methods of producing insect viruses seem very encouraging.
An attempt to grow insect viruses in bacterial protoplasts, by the Midwest Research
Institute was reported recently by Wells and Heimpel (1970). This preliminary
contract work, done for the USDA, did little more than encourage the Midwest
Research Institute to continue investigations under the auspices of the McLaughlin
Gormley King Co., with other single-celled organisms, after the expiration of the

_ USDA contract. Although their results are confidential at present, they are very
optimistic concerning this possible production method.

Again, Goodwin, et al. (1970) have demonstrated that the fall armyworm and
the cabbage looper lines of tissue culture can be infected and can produce
appreciable amounts of virus. This may mean that the possibility of producing
insect viruses in insect tissue culture is at hand and may be feasible in the near
future. Of course virus produced in tissue culture is preferable to that produced
in the insect because it should be cheaper to produce; there would not be the
problem of competitive disease and the virus preparation would be bacteria free
and would contain a minimum of contaminating insect debris.

Production of virus in living insects using the nuclear polyhedrosis virus
of the cotton bollworm, H. zea, was begun by the two previously named companies in
the early '60's. And, five years ago petitions were submitted to the regulatory
agency requesting labeling of these products. These petitions contained a tre-
mendous amount of 44ata concerning the efficacy and safety of this virus. Details
on safety testing have been published by Heimpel (1971). Although a final deci-
sion is yet forthcoming from the Environmental Protection Agency, we are hopeful
that these materiats will be released again under a temporary exemption from
tolerance and experimental permits this year.
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There are many viruses that are available and await development, further-
more, although most of my remarks are quite, naturally restricted to this type of
activity in the United States, there are a large number of viruses that undoubtedly
will be developed in the near future, that show promise as potential control agents
of noxious inflects in many countries throughout the world.

Another notable group of insect pathogens is the fungi. Various attempts
in the past have been made to produce Metan:hizium aniso lice, however, it is a
curious point that these efforts have not pers sted an no extended use of this
effective organism has been continued.

Schaerffenberg, in Austria, developed a method of producing Beauveria
bassiana on a bran medium. This method definitely has potential commercially since
aiinintists at Nutrilite Products, Inc., Lakeview, California, independently
developed a similar method for producing the same fungus. However, where
Schaerffenberg claimed exceptional results using the fungus spore suspension to
control the potato beetle, tests using the Nutrilite product of B. bassiana against
a variety of insects were not successful enough to label the fungus s-foaiFETally
useful.

Again, attempts have been made to produce quantities of nematodes and
protozoa, particularly the microsporidia, for tests against insects. Most of these
efforts hardly reached the pilot plant stage. The results of tests indicate that
these microorganisms leave much to bc desired with regard to efficacy in the field.
The methods of production also will require extensive research to make them
feasible on a commercial scale as well as cost-wise.

In summary, in the past two decades, enormous strides have been made in
our ability to produce large quantities of bacterial, viral and fungal pathogens
of insects. These products should be appearing on the market within the next few
years in ever increasing numbers.

Development of other types of microbial pathogens has been slow but recent
increase of interest in their testing and production is very encouraging.
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MICROBIOLOGICAL CONTROL OF INSECTS: BACTERIAL PATHOGENS

T. A. Angus
Insect Pathology Research Institute

Canadian Forestry Service
Sault tte. Marie, Ontario, Canada

May I first of all express my thanks to the Committee for their kind invi-
tation to speak today both for the honor you do me and the Insect Pathology
Research Institute where I am employed. Most of what I shall present is derived
from the work of others and has been reported in detail elsewhere or in reviews of
various kinds. The general theme of this Summer Institute and particularly the
subject assigned me, bacteriological control of insects, indicates the emphasis
expected. Nevertheless I should like to digress and discuss some generalities
before I embark on the specifics of my text.

There is a tendency to regard as bizarre or unusual those kinds of micro-
organisms which are found associated with insects. In my opinion this is a mis-
taken attitude and whenever I have an opportunity I do what I can to dispel it.
My reason for alluding to this is that I feel that many potentially useful patho-
gens have been missed by entomologists simply because they do not think of the
microorganisms found associated with insects as beiag potentially useful.

As you will all be aware one of the dominant if not the dominant group of
animals on earth today is the Insecta. They are ubiquitous, cosmopolitan and at
times prodigiously abundant. I have read that there are perhaps as many as a
million species of insects which is many times more species than there are in the
rest of the entire animal kingdom. The various species of insects exploit a
bewildering array of natural substrates as saprophytes, as carnivores, as predators,
and parasites. They are found in an astonishing variety of ecological and
environmental extremes.

Again by way of general remarks, the Insecta are a very old group of ani-
mals. A Collembolid has been found fossilized in material which has been estimated
to be over 300,000,000 years old. From this kind of estimate Grosser speculates
that insects must have been flourishing a hundred million years before the earliest
known mammals. Without straining at zeros, it is obvious that Man is a Johnny-
come-lately. It is fairly certain that bacteria had made the transition from
saprophyte to pathogen in the Insecta long before it occurred in other kinds of
animals. The point I wish to make is that the very antiquity of this relationship
makes it inappropriate to either designate or regard it as unusual. The fact that
we know a great deal more about the bacterial pathogens of Man than of insects
simply is a reflection of our bias.

In '.he earliest do .f microbiology almost all study was devoted to
eradication, prevention, an, prophylaxis of the infectious diseases of humans and
then after that, of the animals and plants useful to Man. Because the silkworm
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and the honey bee were useful, their diseases were the first noted in insects.
Indeed there are references in Aristotle, Pliny and Virgil to diseases of bees.
There was, of course, no knowledge and certainly no experimental proof that micro-
organisms were the cause of these diseases until in about 1834 Bassi demonstrated
that a fungus caused a disease in Bombyx mori. In a sense the germ theory of dis-
ease had its origins in his work. -1111CouqhFasteur originally began with a proto-
zoan disease of silkworm, he later worked with the disease we now call endemic
flacherie and which is caused by a bacterial species. Thus Pasteur, one of the
giants of microbiology, who started out as a chemist was in a sense introduced to
microbiology as a result of some time spent as an insect pathologist.

As Man learned that many of his diseases and those of his domesticated
animals and plants were caused by microorganisms he became interested in how patho-
gens were spread from one individual to another and found that many species of
insects and arthropods were implicated. Horsfall in his most interesting text
indicates that for thousands of years man was practically powerless to intervene
effectively in recurring epidemics of arthropod-borne diseases. He further points
out that in many cases this shaped many of his cultural and economic activities.
Horsfall discusses a number of important bacterial pathogens which are transmitted
by arthropods.

:a nearly all of these associations the arthropod is really only a dissemi-
nating vector, a sort of peripatetic inoculating needle. If one considers the
various kinds of sites used by insects for oviposition or the kinds of substrates
they utilize for food it is easy to understand how insects can transfer micro-
organisms. The graphic posters prepared by the World Health Organization for use
in certain underdeveloped parts of the world indicate that the ancient problem of
arthropod-borne diseases is still a very real one for many members of the human
race.

The demonstration that microorganisms and especially bacteria are the cause
of disease and that insects can act as spreaders of these pathogens led to a great
deal of work on the bacteria associated with insects. As a result a great many
species of bacteria have been found associated in one way or another with various
kinds of insects. For instance, certain kinds of aquatic insects utilize micro-
organisms directly as food. Various kinds of organic material such as feces or
animal remains are broken down by bacteria to smaller compounds, many of which
are attractive to or are utilized by insect-. As the insects feed on such
material they ingest bacteria. It is not surprising therefore that a great many
of the species of bacteria found in insects are merely adventitious and transitory.

Understandably bacteriological studies of insects have been very largely
concerned with pest species: i.e., those which have been implicated as vectors,
carriers, or secondary hosts of pathogens of humans and domestic animals; those
which attack men directly such as the mosquitoes and biting flies; and the much
larger group of insect species which are in competition with man for the use of a
wide variety of cereals, fibres, fruits and so on.

Although insect pathology had its beginning in the "medical entomology-
public health bacteriology" aspects of the relationship between bacteria and
insects, lately another motivation has been provided by the concept of "microbial
control." In it we have simply turned the usual rationale of medical entomology
and public health upside down, and our purpose in studying insect diseases is not
how to prevent or to cure them but how to utilize them in our behalf. Microbial
control as a concept was first enunciated about 125 years ago and since that time,
it has enjoyed cycles of popularity and neglect.

The control of insects by use of chemicals began in North America just
about 100 years ago. In that time we have gone from the simple use of Paris Green
to a bewildering array of various kinds of natural ancl man-made chemicals. Through
the use of such compounds we have accomplished a level of insect contru.1 that would
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have been unthinkable. Undoubtedly the development of the chlorinated hydrocarbons
and the organic phosphates constituted a major breakthrough in chemical control of
insects. Some agricultural writers claim that the reduction in insect damage and
the improvement in crop yields and quality that we have achieved would not have
been possible without the use of these modern chemical insecticides. Equally
impressive has been the reduction in human misery as the result of the use of
chemicals to control insect vectors of malaria, typhus and various kinds of
dysentery.

It Is, however, common knowledge, and I do not propose to dwell on it at
length, that the use of modern chemical insecticides has proved to be a kind of
two-edged sword. The involvement of nontarget species, biological concentration
at the top of food chains, the problem of persistent residues, the development of
resistance in some pest species, all of these have been discussed in detail else-
where. My purpose in mentioning them again is to indicate that many responsible
authorities argue that it is essential that we lessen our dependence on broad
spectrum chemicals for insect control and that we must explore any avenue that
holds promise in this direction. As a result, we are interested again in the
possibilities of using insect diseases as a means of controlling the abundance of
certain pest species. From observation we know that bacterial epizootics do occur
naturally in insect populations and that under certain conditions it is possible
to initiate such an epizootic. The problem is how to do this in circumstances and
at a cost attractive to Man as farmer or forester.

The purpose then of this rather long preamble is to put my subject into its
proper perspective as a very small part of a larger field of knowledge. The rather
specialized approach that we are discussing today arose out of these larger con-
siderations and should not be pursued in isolation for if we do so, we do so at
our scientific peril.

Before beginning to discuss specific bacterial pathogens, two other sub-
jects should be touched upon. The first is to agree on some sort of common defi-
nition of what is an insect pathogen. As indicated earlier, a wide variety of
bacteria have been isolated from a great number of insect species. In many, if
not most of these cases the bacteria are either adventitious or simply transient
contaminants of the insect body or of the food it has been utilizing. Bucher has
proposed a classification which has been very widely accepted. Briefly, he groups
pathogens under three headings. The obligate pathogens are those which are found
associated with a specific insect disease. haracter stically they have a very
narrow host range, are readily transmitted and very often require quite specialized
conditions for growth. In addition, in nature they are probably restricted to
only a few species of particular insects. The facultative pathogens are those that
have some mechanism for damaging or invading a susceptible tissue but are not truly
obligate pathogens. They can be cultured in artificial media and sometimes
actually multiply within the gut of the host insect before they invade the hemo-
coele. Potential pathogens are those kinds of bacteria which normally do not
multiplyTirgiiiit but if they are injected or in some way gain access to the
hemocoele, they can become established there. They will grow on artificial media
and are not generally associated with a specific disease of a specific insect
species.

When Bucher's criteria are applied to the bacteria that have been isolated
from insects, only a few can be classed as insect pathogens, and more to the point
only a few of them can be considered as having any potential for use in microbial
insecticides.

The term microbial insecticide is, I think, pretty well self-explanatory.
A chemical insecticide is oarEER17based on the use of a particular chemical or
group of chemicals, thus a microbial insecticide is one which utilizes some kind
of bacterial, viral, fungal or protozoan species.
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The second point which requires some comment is what constitutes an ideal
microbial insecticide, or as it has been described before, what are the attributes
of an ideal microbial insecticide. Quite a long time ago Bucher listed a number
of attributes that he thought were desirable. Some time after this, Heimpel and
Angus slightly modified this, and in turn about five or six years ago, I attempted
a fr.rther amendment.

"Previous attempts to utilize bacteria as microbial insecticides have
revealed certain attributes that materially affect successful use. First of all
the prospective pathogen should be virulent at least to the extent that it con-
sistently causes a disease serious enough to inhibit the competitive activity of
the pest insect. Variations in virulence when they do occur should not be so great
as to affect materially a recommended dosage or require frequent reassay. The
pathogen should not be markedly sensitive to the environmental hazards to which it
will be exposed such as desiccation and sunlight, to the way in which it will be
introduced (such as a spray or dust), or the suspending medium used (oil, water,
stickers, emulsifying agents). It should also be persistent, in the sense that
it will remain viable or infectious until it gains access to the target insect.
In general terms, it is preferable that the pathogen be rapid in its action for
it is the feeding activity of most agricultural or forest insects that makes them
pest species; this is not a rigorous requirement, however. It is important that
the pathogen be fairly specific for the insect pest it is used against and
inactive against the host plant or useful insect species such as parasites and
pollinators. It is of extreme importance that the pathogen be harmless under the
conditions of use for vertebrates and especially for mammals. Finally, it must
be possible to produce the pathogen in quantity at an economically acceptable cost
in a form that is practicable and aesthetically satisfactory. Taken as a whole,
this is a rigorous set of requirements that excludes most isolates from
consideration."

Of the hundreds of bacterial species that have been isolated from or found
associated with insects, only a very few have been actively considered or utilized
as microbial insecticides. The best known of these are found in three families:
the Enterobacteriaceae, the Micrococcaceae, and the Bacillaceae; some species
occur in Pseudomonodales.

About the turn of the century d'Herelle reported that he had isolated
from diseased grasshoppers a bacterial species that he called Coccobacillus
acridiorum. He claimed that the release of this organism resulted in very :arge
reductions in grasshopper populations. Many attempts were made to duplicate his
findings, and the results were at best ambiguous. Subsequently, his isolate was
found to be very unstable in respect to virulence and there was some confusion as
to the exact identity of the strains used. All of this considerable body of work
was reviewed a few years ago by Bucher. He concluded that d'Herelle's strain was
a type of Enterobacteriaceae which are widely found in the gut of grasshoppers.
In Bucher's opinion, Coccobacillus acridiorum should not be classed as a true
pathogen.

Another species of Enterobacteriaceae is represented by Serratia marcescens.
Bacteriologically speaking, it is regarded as a ubiquitous saphrZiERTEsgiaii----
found in water, soil, milk and foods. It is also frequently isolated from dis-
eased and dead insects. It is not nutritionally fastidious, it is a facultative
anaerobe, is strongly proteolytic, and can grow in a fairly wide pH range. Thus,
it is capable of multiplying in the gut of many insect species. In addition, if
it is injected into the hamocoel it will cause disease in a wide range of insects
but only causes disease in a few species if taken by mouth. In the literature,
many insect hosts are reported but, returning to an earlier theme, probably in
many of these the occurrence of the bacterium is accidental or adventitious. In
many of the instances recorded, S. marcescens is a pathogen of insects when they
are being reared under laboratory conditions or are subjected to crowding or
other stresses.
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Some years ago Stevenson isolated a bacterium causing mortality in 'grasp-
hoppers. This was later identified as a non-chromogenic strain of Serratia. There
is no doubt that many unidentified strains of bacteria earlier isoliticriEm
insects belong in this group. Using Bucher's classification, these kinds of
Serratia which are isolated from insects should be regarded as facultative

Some years ago Bucher in Canada did a very exhaustive study of the
occurrence of Pseudomonas aeru inosa in grasshoppers in Western Canada. This bac-
terium often causes serous morta ty in laboratory rearing' and for a number of
years was thought to have some potential as a usable pathogen under field con-
ditions. Bucher classes it as a potential pathogen, i.e., as a species which can
multiply in the insect gut. Ruptures often occur in the gut of grasshoppers, and
Bucher suggests that P. aeru inosa gains access to the insect hemocoel more by
accident than as a result o some invasive mechanism. In investigating the
potential of P. aeruginosa to initiate epizootic' under field conditions it was
found that it is very sensitive to sunlight and to desiccation. Even when pro-
tected by special coatings, releases of this isolate failed to establish them-
selves in grasshopper populations. As a result work on this particular bac-
terium has been discontinued in Canada.

The three species just discussed are non-sporulating bacterial pathogens
and although a wide variety of this kind of bacterium has been isolated from
insects, none of them really have shown a great deal of promise as potentially
useful species for use in microbial insecticides. Generally speaking, the non-
sporulating strains have a limited leaf life, that is to say that they are very
sensitive to drying and sunlight. It has also been noted among this kind of
bacteria that there is quite a variability of virulence.

A much more serious objection to the use of these non-sporulating types
arises out of the fact that they are very often pathogenic for vertebrates.
Occasionally they are minor pathogens of mammals (usually in unusual circumstances)
but this is sufficient to raise serious doubts about the wisdom of attempting to
utilize them as microbial insecticides.

Doane, working in New England with the gypsy moth, has isolated a strain
of Streptococcus faecalis from naturally infected larvae. When broth cultures of
this isolate wereWT.110 as sprays from a mist blower a considerable reduction of
defoliation was noted. Doane reports that the most striking sign of infection
with the Streptococcus is the shortened and shrunken appearance of the larvae and
he suggests that the disease be named gypsy moth brachyosis. Brachyosis is the
name proposed by Bucher to describe the shortened appearance seen in tent cater-
pillar larvae infected with bacteria.

The strain isolated by Doane is no doubt a facultative pathogen, but
before this isolate can seriously be considered as a basis for a microbial insecti-
cide, a great deal of work will have to be done on its potential pathogenicity
for other life forms. Bergey's Manual indicates that the sources of this bacterium
are human feces and the intestine of many warm-blooded animals. It is occasion-
ally encountered in urinary infections, in the blood stream, and in heart lesions
in subacute bacteria/ endocarditis. It is sometimes associated with European
foulbrood of bees, and has been associated with mild outbreaks of food poisoning.
In summary, although this gypsy moth pathogen is a very interesting one, it is
too soon to give any reliable estimate of its potential usefulness as the basis
for a microbial insecticide.

Turning now to the spore-forming bacterial pathogens, they can conveniently
be divided into two groups, the aerobic and the anaerobic species. Dealing first
with the anaerobic types, species of the genus Clostridium have occasionally been
found in diseased insects. The spore-forming anaerobes a difficult group of
bacteria to work with and require very specialized techniques so that their
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relative scarcity in insects may simply reflect an absence of investigators. Two
very interesting strains, Clostridium brevifaciens and Clostridium malacosoma
were isolated by Bucher from disease Iiiirii7aRilacosomas these afFEFF----
tent caterpillars. If spores of C. brevifaciensiliiirEo tent caterpillar lar-
vae, they will germinate in the gut and multiply. After about 72 hours of incu-
bation the infected larvae demonstrate a characteristic accordion-like shortening
of body and eventually die. This condition was called brachyosis by Bucher. The
other organism mentioned, Clostridium malacosoma, induces similar symptoms. Al-
though these organisms are-FEWEITC5Ei,-MiTarbe grown in highly specialized
media. Similar kinds of Clostridia have been isolated from other Lepidoptera,
notably the Essex skipper, Thymelicus lineola, and from the pine processionary moth,
In the latter insect, the bacterium can sometimes cause disease in epizootic pro-
portions.

Although attempts have been made to utilize Buchcc's isolates under field
conditions, a difficulty is that they sporulate only sparsely, even on a medium
,hich supports abundant vegetative growth. This makes it difficult to accumulate
sufficiently large amounts of material to give satisfactory field tests.

Turning now to the aerobic spore-formers, some very promising isolates
exist and indeed some of these are available as commercial preparations. Pride of
place historically belongs to Bacillus popilliae, and a closely related strain,
Bacillus lentimorbus, which caUiri-Tithal septicemia in a wide range of Scarabeid
1-7/a=a the commercial preparations based on Bacillus popilliae are used against
larvae of the Japanese beetle, Po illia japoniEaT-OTEh is a pasture and lawn
pest in eastern North America. s nce the larval form is a soil insect, it has
been very difficult to deal with it in the usual ways. Once introduced, Bacillus
popilliae spores persist in the soil. In the course of feeding, larvae ingest
these spores which germinate in the gut and give rise to vegetative cells which
eventually penetrate the gut wall and enter the hemocoel where they multiply
abundantly. Eventually the vegetative cells sporulate and the thick-walled
refractile spores occur in such numbers that when viewed through the semi-
translucent integument of the insect, display the appearance which gives rise to
the name milky disease. The infected larvae die in the soil and disintegrate,
releasing the spores which are then available for further cycle of ingestion,
disease, death and disintegration. The milky-disease organism can be grown inits
vegetative stage on laboratory media, but it does not sporulate readily. Since
the infective spore is the ideal inoculum stage, this presents difficulties for
commercial exploitation. The commercial preparations presently available are
prepared by individual inoculation of larvae which at the point of death are dried,
ground and extended with suitable mineral fillers. Although each infected larvae
contains billions of spores at death, the milky diseases are not rapidly acting
and from ingestion to death may take from two to four weeks, depending on soil
temperatures.

Bacillus popilliae is available commercially under two names and these
products-Urirrective for the purposes for which they have been developed. Their
more widespread use is limited by a number of factors among which are that the
preparations are only cleared for certain kinds of use, but I understand this is
under review. The method of production limits the annual output and thus it is
not possible to achieve economies of scale. Also, the control imposed is one that
develo's only slowly over a whole or perhaps several seasons. It is in many ways
an admirable pathogen because it is highly selective and poses no risk at all
to other forms. It is self-perpetuating and thus once used, it is not necessary
to repeat the treatment for many years, if at all. A number of milky disease
organisms have been isolated from larvae of soil beetles in Europe and in
Australia. In a modest way, the story of Bacillus popilliae is a success story.

I should like to.turn now to the aerobic spore-forming bacteria which have
been studied very extensively over many years. A group that has received much
attention are those strains which are either closely related to or derived from
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Bacillus cereus which is a ubiquitous soil form very widely distributed in soil,
aust, milk plant surfaces. Bacillus cereus has been isolated under many
names from diseased and dead larvae77717Ebil-a-tnese isolates are pathogenic
when ingested and insects from quite a wide range of species have been studied.
Bacillus cereus grows readily on synthetic media and also sporulates readily on
ViErirtiaii7--TEis has made it possible to accumulate relatively large amounts of
experimental material for testing and indeed quite a few isolates have been tested
under field conditions. There is quite a range of pathogenicity depending on the
isolate so that some of the isolates can be classed as potential pathogens and
some others as facultative pathogens. Strains of Bacillus cereus have been iso-
lated from a wide range of Lepidoptera including the coddling moth which is a pest
of apples, the larch sawfly which is a pest of Canadian forests, and from spruce
budworm which is probably the most serious forest pest in North America. Lately
it has been reported as causing a disease condition in the tobacco worm.

Much work has been devoted to Bacillus cereus because it is readily culti-
vated and thus easily studied. It is iiiiriailITUR" because it forms a resistant
endospore. A drawback of Bacillus cereus is that some strains produce a cereo-
lysin which can cause tissUW-daie-iii-i6Me mammals. Occasionally isolates of
Bacillus cereus have been associated with certain human disease conditions although
these are rare and the attendant circumstances are obscure. Nevertheless, it is
obvious that this might make it difficult to find easy acceptance of the Bacillus
cereus as the basis for microbial insecticides.

The usefulness and many advantages of a closely related species Bacillus
thuringiensis, had tended to push the work with Bacillus cereus off the stage.
There has been a tendency to infer that whatever r-IiMIUS cereus can do, Bacillus
thuringiensis can do better. This is only partiaITTERTI SiETale there are a
number of insect species, for example, some kinds of sawfly larvae, which are
susceptible to disease with Bacillus cereus that do not respond to treatment with
Bacillus thuringiensis. I d6-EBT-EiliOW-Enat we have heard the last of Bacillus
cereus. It is so similar and some aspects of the disease it causes are sonar
I71175se caused by Bacillus thuringiensis that anyone working with B.t. should be
constantly aware of-Egiaraommon features.

It should be mentioned that a number of bacterial taxonomists ars of the
opinion that Bacillus thuringiensis is merely a special kind of Bacillus cereus
and they continue that they should be grouped togetherTaxo-
nomic wrangle over Bacillus cereus and Bacillus thuringiensis continues to this
day. Dr. Heimpel alla77-EiVeiTWFs recognized close relationship of these two
strains, but have long been advocates of species status for Bacillus thuringiensis
partially on the grounds of utility and usage.

Turning now to the thuringiensis story, it dates back to-Pasteux's time,
but I cannot take the time to provide you with a blow-by-blow account. In the
last 20 years or so, about a thousand papers have been publ.shed dealing with the
various aspects of research on Bacillus thuringiensis_. I know that you will be
relieved to hear that my review-R7Fri work will be cursory and of necessity
incomplete. Frankly, this work has been reviewed so often that I am almost
embarrassed to attempt yet another summary of it. If anything that I have to say
here catches your fancy and you wish to pursue the matter, there are available
quite a number of excellent review articles. Bacillus thuringiensis has caught
the interest of bacterial taxonomists, bacteriiiWiliOlogists, crystallographers,
biochemists, people working in protein chemistry, insect physiologists, and eco-
nomic entomologists. These various groups have studied Bacillus thuringiensis
from their own point of view and thus, the published papers-cover a very wide
range of disciplines, some of which are remote from economic entomology.

Within the context of today's subject, the Bacillus thuringiensis strains
are of interest because under normal conditions of iTiNTE7-is a concomitant of
sporulation, they produce proteinaceous crystalline parasporal inclusions which are
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the source of a compound which is toxic for the larvae of Lepidoptera and without
appreciable effect on other life forms. Also, within the frame of reference of
our present discussion, it is equally important that the thuringiensis varieties
are readily adaptable to culture in modern large volume fermentation equipment.

If spores or vegetative cells of Bacillus thuringiensis are injected into
the hemocoel of an insect, abundant growtE717o7oZ takes place and this leads directly
to a fatal septicemia. The fate of spores or cells taken by mouth depends on gut
conditions whichembrace pH, oxidation-reduction potential in the gut, degree of
anaerobiosis, presence of antibiotics of plant origin, the digestive enzymes of
the host insect and so on. The importance of the parasporal inclusion is that the
protein that comprises it appears to act as a protoxin yielding a toxin that
damages the midgut cells of susceptible Lepidoptera species in such a way as to
inhibit feeding and subsequently causing other changes favoring the growth of the

pathogen. The susceptible Lepidoptera include species affected by either the
crystal alone or the spore alone. There is a gradation of response and in most
species the greatest mortality is caused by preparations which are a mixture of

these entities. The toxicity of the crystal protein seems to be limited almost
exclusively to Lepidoptera.

The rapid inhibition of feeding makes B. thuringiensis very attractive ac
a biological control agent. In contrast, the diseases caused 14 viruses, fungi or
protozoans are slow to develop and so there can be considerable defoliation during
the incubation period of the disease. The toxinosis induced in susceptible
Lepidoptera by the pre-formed toxin is analogous in a crude sort of way to botu-
lism or to staphylococcus food-poisoning. It should not be confused with dis-
eases like anthrax or cholera where there is an initial inoculation or ingestion
of the pathogens, then bacterial growth, then toxin accumulation and finally the

toxinosis. With Bacillus thuringiensis based insecticides, the process begins with
the ingestion of spores and the toxic crystals. The latter cause an immediate
enterotoxinosis which paves the way for a lethal septicemia arising from the

spores.

There are a number of most interesting studies dealing with the structure
of the crystalline parasporal inclusion body, its chemical nature and its effect
on the mid-gut of susceptible Lepidoptera. Unfortunately time will not permit
any extended reference and I can only draw this work to your attention.

The whole B.t, story is not complete, but enough is known to make it
possible for substantial amounts of B.t. products to be produced, marketed and
used as effective agricultural and aristry products.

In the last hour we have touched on many subjects and you have been most
patient, for which I thank you. It would be unseemly for me (because of my
personal involvement), to write a testimonial, but I hope you will permit me to
advance the opinion that the development of the milky disease and B.t. formu-
lations has been a laudable endeavor and worth the effort. I certainly hope it
encourages others to persist in this kind of study for I believe that much useful
work remains to be done.
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MICROBIOLOGICAL CONTROL OF INSECTS:
VIRAL PATHOGENS

C. M. Ignoffo
Biological Control of Insects Research Laboratory

USDA, ARS
Columbia, Missouri

Introduction

Most people think of viruses as plagues. Insect virologists, however, are
working on the concept that viruses may actually be used to benefit man! Can a
specific insect virus be used to biologically control an insect pest? It is
evident that other means of controlling insects must be found. Our present-day
potent, nonspecific chemical insecticides were, and still are, fulfilling an
important role. They also, however, produce environmental effects beyond their
original purpose. Largely because of these effects we are attempting to develop
insect viruses into effective, safe, specific, biodegradable insecticides--man's
effort to apply nature's developed product to man's best advantage.

About 450 different viruses have :)g: -in isolated from insects and mites.
This total probably represents about 308 of all diseases associated with
insects and mites (Ignoffo, 1968a).

Use of viruses for insect control is the general theme I wish to develop
today. This concept will be evaluated later as to the effectiveness of insect
viruses; effects of insect viruses on humans, other animals, and plants; and how
insect viruses may be produced.

Morphological Relationship to Other Viruses

Prior to this evaluation, I wish to introduce you to insect viruses by
explaining their morphological relationship to other animal and plant viruses,
classification, and the insects they attack.

Viral diseases of all animals and plants are induced by nucleic acid con-
tained in a virus particle called a virion. The virion may be a filament, rod,
sphere or complex as exemplified by bacteriophages, i.e., viruses which attack
bacterial calls (Figure 1). Virions of some insect viruses are similar in general
morphology to the known vertebrate, plant and invertebrate viruses (Table 1).

The citrus red mite virion, which is small, spherical and contains RNA, is
morphologically similar to many plant viruses. Virions of the iridescent virus
of the crane fly and rice stem borer, large DNA-containing spheres, morphologically
resemble reptile and fish viruses. Cytoplasmic polyhedroses of arthropods are
induced by small, spherical virions which contain RNA, and are embedded in poly-
hedral shaped inclusion bodies. Virions of the cytoplasmic polyhedrosis virus
(CPV) are morphologically similar to Reovirus. The reoviruses include avian,
mammalian and plant viruses. virions-Ornikt-pox (Entomopoxvirus) are in the
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same group as pox viruses of mammals and birds. Virions of granuloses and nuclear
polyhedroses are rod-shaped and contain DNA. They are morphologically unique, i.e.,
not similar in shape or form to any of the described plant or animal viruses.
The insect-pox, granuloses, nuclear polyhedroses and cytoplasmic polyhedroses are
all characterized by the presence of an inclusion body (Figures 2, 4, 6, 8). No
plant or vertebrate viruses described to date produce inclusion bodies similar to
those produced by arthropod viruses. Approximately 90% of the presently described
arthropod viruses are occluded in a proteinaceous, polyhedral shaped inclusion
body. The virions (Figures 3, 5, 7, 9) are embedded in the protein matrix of the
inclusicn. generally at random, and without any apparent disruption of the lattice
structure.

Morphological similarity in no way implies similarity in ability of virions
cf arthropod viruses to cause disease in other animals or plants. The present
classification system is based on structural relationships, and consequently
viruses of plants and other animals are placed in the same taxonomic groups.

Naming and Classification of Viruses

Arthropod viruses were once named and classified according to whether the
virus particle was or was not occluded in an inclusion body; the shape of the
inclusion body when present; the site of viral replication; and the shape of the
virion (Holmes, 1948; Steinhaus, 1953). The present system is based on virion
characteristics, i.e., virion shape, outline, and symmetry; type and percent of
nucleic acid; strandedness of nucleic acid; and molecular weight of the nucleic
acid (Wildy, 1971). Other criteria, i.e., symptomology, site of viral repli-
cation, chemical sensitivity, and serology, is used to supplement characteristics
of the virion. There are six groups of arthropod viruses (Table 2). Latinized
binomials are used to name all viruses. The suffix -virus is used for all generic
names.

Kinds of Arthropods Susceptible to Viruses

All major orders of insects are susceptible to viruses ( Table 3). About
500 arthropod species have at least one virus disease and more than 450 virus
species are described. Most viruses kd3%) have been isolated from caterpillars of
moths and butterflies. This is not surprising since many of our economic pests
are in this group. Likewise, moat described viruses (ca. 90%) have inclusion
bodies. Inclusion bodies are large and easily observed using light microscopy.
In the future more of the smaller non-inclusion viruses will undoubtedly be
described. Viruses of sawflies and flies account for 14% of the described arthro-
pod viruses. The remaining 3% are equally divided among viruses of beetles, grass-
hoppers and mites.

Characteristics of Arthropod Viruses

Nuclear polyhedrosis

Nucleopolyhedrosis viruses (NPV), which account for 41% of described
arthropod viruses, develop in cell nuclei (Table 4). Cells derived from ectoderm,
mesoderm, endoderm, are all susceptible to infection. Infection generally results
in death and rupture of the integument. Virions are occluded singly or in bundles
in polyhedral-shaped inclusion bodies (PIB). The PIB range in diameter from 0.2
to 1.r.. u (Figure 2). Virions are rod-shaped (diameter 40 to 80 mu, length 230-420
mU) contain DNA (double stranded) with a molecular weight to 50 to 100 X 106
(Figure 3). NPV have been reported from Lepidoptera, Hymenoptera, Diptera and
Orthoptera.
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Cytoplasmic polyhedrosis

Cytoplasmic polyhedrosis viruses (CPV) develop in cytoplasm of mid-gut
epithelial cells. Infection generally is Cebilative, resulting in slow larval
growth and reduction in adult longevity and fecundity. Virions are occluded
singly. The diameter of PO range from 0.5 to 15.0 u (Figure 4). Virions are
spherical in outline, average 60 mu in diameter, and contain double stranded RNA
(Figure 5). CPV have been isolated from Lepidoptera, Neuroptera and Diptera.

Granuloses

Granulosis inclusion viruses (GIV) replicate in nuclei or cytoplasm
immediately surrounding the nuclei of adipose, tracheal or epidermal cells.
Infection results in death and symptoms are similar to the NPV. Inclusion bodies
are oval-shaped, contain one or rarely two virions per inclusion body, and measure
200 X 400 mu (Figure 6). Virions are similar to the OPV, i.e., rod-shaped and
contain DNA (Figure 7). GIV have been reported only from species of Lepidoptera.

Pox viruses

Pox viruses are a recently described group. Pox viruses repiJ.cate in
cytoplasm of susceptible cells, especially adipose tissue. Inclusion bodies are
large (2 to d u) and oval to polygonal in outline (Figure 8). Virions contain DM,
are ovoid-cuboid in shape (Figure 9) and measure 250 X 300 X 200 mu. Pox viruses
have been isolated from Lepidoptera, Diptera and Coleoptera.

Polymorphic viruses

Polymorphic viruses are presently represented by only one disease, i.e.,
disease of the cabbage worms (Pieris spp., Lepidoptera). Large (5 to 15 u)
irregular shaped inclusion boaillUS found in cytoplasm of adipose and blood cells
(Figure 10). Virions of this virus have not been described.

Non-inclusion viruses

About 10% of the described arthropod viruses are not occluded in inclusion
bodies (Figures 11, 12, 13). Virions of non-inclusion viruses (NIV) are generally
beyond limits of resolution of the light microscope (<200 mu). NIV contain the
bullet-shaped (180 X 70 mu) RNA, virions of the Drosophila sigmavirus (Figure 11);
isometric, small (diameter 20 to 25 mu) DNA virions of the densonucleosis (Figure
12)1 icosahedral (diameter 130 mu) DNA virions of iridescent viruses (Figure 13);
and all non-occluded virions with cubic, symmetry.

Pest Control Using Viruses

Now that a background on arthropod viruses has been developed, we will go
Lack to the question formulated earlier. Can arthropod pests be controlled using
viruses? Or more specifically: (1) can virus be produced; (2) are viruses safe;
and (3) are viruses effective against field populations of pests.

Production of insect viruses

We have at our disposal many virus diseases which can be used against
arthropod pests (Table 5) (Anderson and Ignoffo, 1967; Ignoffo, 1970). Some pest
species have 3 to 4 different types of virus diseases. Species of the budworm-
br11worm complex (Heliothis spp.), cosmopolitan pests which cause severe damage
to many different crops, are susceptible to NPV, CPV, and a GIV. The same can be
said for the sawfly complex (Di rion and Neodiprion spp.), armyworm complex
(Pseudaletia, Spodoptera, and Pro enia spp.) and the cutworm complex (Loxagrotis,
AUTETS770ePeridroma spp.).
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Insect viruses, as well as all other viruses, can only be grown in living
systems (Ignoffo, 1967). Various hosts from mites to caterpillars have been used
to produce viruses in the laboratory and by industry (Table 6).

Previously, insects were collected in the field and fed foliage con-
taminated with virus. Dying insects were collected and processed into virus for
use the following year. Recently developed techniques and semi-synthetic diets
permit continuous virus production on an annual basis; caterpillars are laboratory-
reared in large numbers and the viruses grown in the caterpillars (Ignoffo, 1966).

Essential nutrients and vitamins are mixed and prepared into a solid diet.
Caterpillars are' allowed to develop 5-7 days on the diet. Virus is then sprayed
on the diet and the caterpillars develop for another 6-8 days; death generally
occurs 7-9 days after spraying. One dead caterpillar produces 6-36 billion in-
clusion bodies. Dead caterpillars are collected, liquified, screened, and pro-
cessed into a dry powder. This powder is standardized for activity and purity,
formulated and then packaged for eventual field use. Generally less than 1/10 oz
of the technical virus is needed to tr,at 1 acre of cropland.

Industry, in spite'of many problems, has developed semi-automated systems
for producing insect viruses (Ignoffo, 1967, 1972a; Greer, et al., 1971). Pilot
plants which produce a million caterpillars per month are operational (Table 7).
Larger plants have been designed to produce about 1 million caterpillars per week.
Production of insect viruses at the plant-scale, however, is not presently
operational.

Other techniques for producing viruses

Tissue culture or fermentation may be the virus production technology of
the future (Ignoffo, 1967; Ignoffo and Hink, 1971). Insect cell lines are
established and insect viruses will replicate in these lines. Vertebrate viruses
are rozinely produced by this method on a large scale and therefore it is possible
to adapt current technology of producing vertebrate viruses to production of
insect viruses. Production cost may not be as expensive as vertebrate viruses
since levels of sanitation needed for vertebrate viruses may not be needed to
produce insect viruses.

Fermentation also may be used to produce insect viruses. Living bacteria
or yeas:.s have been used as the "host" for viral replication instead of cater-
pillars or tissue cells (Wells, 1970). Large numbers of bacterial or yeast cells
can be grown in fermentors. Host cells can be specially treated to accept the
insect virus inoculum. Cells, containing replicated insect virus, can then be
concentrated, either physically or chemically, dried, standardized, and formu-
lated into a finished product.

Safety of insect viruses

Once produced, insect viruses should be tested to see what effects they
have on man, other animals, and plaits. Indirect evidence, i.e., natural occur-
rence, presence on marketed vegetables or persons handling the virus, indicate
that insect viruses are safe. Indirect evidence, however, should and must be
corroborated by direct experimentation (Table 8). Experimental evidence relating
to possible toxicity, pathogenicity, allergenicity, carcinogenicity, terato-
genicity, specificity and mutability of t'e.e viruses, therefore, must be accumulated
for both animals and plants which may be exposes; to field applications of the
viruses (Ignoffo, 1968b, 1972b; Heimpel, 1971). Safety in all living systems and
for all times can never be absolutely guaranteed. However, each individual virus
should be evaluated for safety prior to large-scale field use. (ntinual use,
after initial safety is established, should be carefully monitored for several
years to insure that detrimental accumulated effects will not develop. Based on
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present knowledge, however, insect viruses are generally safe, specific, and
innocuous to other living organisms.

Within the last few years industry has developed the Heliothis NPV for use
against bollworms-budworms on cotton (Ignoffo, 1972a, 1972b).--TETWirus has been
fed to many different insects, been tested on other invertebrates and on verte-
brates including man, and repeatedly applied over wide areas to many different
crops without any reported ill effects to users, wildlife, beneficial insects, or
plants to whicErt was applied (Ignoffo, 1968b, 1972b); only species of Heliothis
were found to be susceptible (Table 9). Test animals were fed or injectiff7r07
the virus, or were made to inhale or receive, topical applications of the virus.
No adverse effects were ever observed. This is a remarkable level of specificity
when compared to the specificity of many other viruses.

A temporary exemption of a requirement for tolerance, based upon a series
of 8 types of tests (Table 10), was granted in 1970 (Ignoffo, 1972b). This
significant development has established general guidelines and protocols for
evaluating future viruses. Costs for these tests were estimated at less than
$125,000.

Effectiveness of insect viruses

All presently known insect viruses must be eaten by the insect pest if con-
trol is to be effective. Therefore, two factors are of utmost importance if
viruses are to be successfully used against insect pests. First, application must
be early enough in the life cycle of the pest or crop to minimize damage, and
second, consistent, uniform plant coverage must be obtained.

In order to control an insect pest like loopers on a cole crop, for
example, its NPV is mixed with water and sprayed on plants. Caterpi'lars feed
on the plants and consequently swallow the viral inclusion bodies, which dissolve
in their stomachs. Seconds later, virions or infective subunits are :cleased.
These pass through the gut wall of the caterpillar and infect the nuclei of sus-
ceptible cells in which replication occurs. The virus continues to grow in sus-
ceptible cells until the caterpillar eventually dies.

The occurrence of natural epidemics which completely wipe out populations
of insects are striking demonstrations of the effectiveness of insect viruses.
These natural epidemics can occur annually with some pests, e.g., the cabbage
looper. In fact it is often impossible to grow cabbage loopers in the laboratory
on raw cabbage or lettuce bought at the supermarket. Enough natural virus can
still be on the leaves to kill about a million young cabbage looper larvae. The
example of the cabbage looper is not an isolated case. Natural epidemics are
observed in field populations of sawflies, the gypsy moth, tent caterpillars,
the alfalfa caterpillar, as well as with many other arthropod pests. Unfor-
tunately, most of this "natural" control comes after the damage is done! Plants
must be sprayed with virus when the caterpillars are still young if extensive
damage is to be prevented. Natural epidemics are not the only example of the
effectiveness of insect viruses. Nearly 40 different insect viruses have been
successfully used to control field populations of various pest insects (Ignoffo,
1967, 1968a, b; Stairs, 1971). All major viral groups and types of pests are
included in examples as shown in Table 11.

Within the past 10 years, 5 different viruses have been produced by
American or foreign commercial concerns and either sold or made available for
experimental control of insect pests (Ignoffo, 1970). All viruses developed so
far are of the nucleopolyhedrosis type. In a eries of similar tests conducted
ia 6 cotton states in 1969, one NPV (Viron H).L./ significantly increased yields

I/Mention of a proprietary product does not constitute endorsement by the USDA.

[545)



Ignoffo, C. M. BEST CU; AVAILABLE Insect Pathogens

over untreated fields and gave control of bollworm-budworms comparable to the
standard insecticide (Table 12). These tests were all conducted at 240 X 109 PIS/
'acre, which represents the amount of virus obtained from 25 to 40 mature, virus-
killeu bollworms. Use of additives to inhibit inactivation by sunlight increased
yields and reduced variability (Ignoffo, et al., 1972).

In 1970, the Heliothis NPV was federally registered and granted a tempo-
rary exemption for thiWiTaliment of tolerance (Ignoffo, 1972b). A permanent
exemption was granted on May 23, 1973. This was the first time an insect virus
was ever registered as a pesticide. The temporary permit authorized use of more
than 2 million acre-treatments of virus in 19 cotton-growing states from coast to
coast, from Illinois south to the Gulf.

Conclusion

Realistically, viral insecticides to be bought and used by growers must
be effective, economical, and offer a distinct advantage over other materials. In
most instances, they must compete directly with commonly-used chemical insecti-
cides which have built up a following, as well as a technology for field appli-
cation. In general, insect viruses show promise as living insecticides. They
are effective, can be as available and competitive as insecticides, are not
poisonous, and do not cause diseases in other animals and plants.

SHAPES 4 VIRIONS
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Figure 1.--Shapes of virions which cause diseases in bacteria, plants, insects,

animals and man.
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Figure 2.--Scanning electron
microphotograph of purified
inclusion bodies of an insect
nucleopolyhedrosis virus
(10,000 X).
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Figure 3.--Rod-shaped virions of an insect
nucleopolyhedrosis virus (30,000 X).
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Figure 4.--Carbon replica et purified
inclusion body of an insect cytoplasmic
polyhedrosis virus (15,000 X).
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Figure 5.--Negative stain of
sub-spherical virions of an insect
cytoplasmic polyhedrosis virus
(650,000 X).
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Figure 6.--Shadowed purified
inclusion bodies of an insect granu-
losis virus (20,000 X).
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Figure 7.--Alkali-released, rod-shaped
virions of an insect granulosis virus
(30,000 X).
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Figure 8. -- Cross -se!; ion through an
inclusion body of an insect pox virus
(25,000 X). Courtesy M. Bergoin,
Laboratoire de Cytopathologie, Gard,
France.

Figure 9.--Ovoid-cuboid shaped virions
of an insect pox virus (100,000 X)
Courtesy of M. Bergoin.
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Figure 10.--Irregular-shaped body of
an insect polymorphic inclusion virus
(2,000 X). From E. A. Steinhaus,,
University of California, Irvine,
California, USA (deceased).
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Figure 12.--Sub-spherical shaped
virions of an insect non-inclusion
virus (120,000 X). Courtesy of
C. Vago.
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Figure 11.--Bullet-shaped virions
of an insect non-inclusion virus
(350,000 X). Courtesy of C. Vago,
Laboratoire de Cytopathologie.
Gard, France.

Figure 13.--Paracrystalline pattern
of sub-spherical shaped virions of an
insect non-inclusion virus (12,000 X).
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Table l.-- Virion shape and size and nucleic acid type of viruses isolated from
bacteria, plants, vertebrates and invertebrates.

Disease or virus
Nucleic
acid

Virion
size (mu)

Bacteriophage

Complex shape

DNA

Spherical or sub-spherical shape

Head, tail, 100

Insect Iridiovirus
Mammalian Herpesvirus
Cauliflower mosaic
Bacterial coliphage
Insect cytoplasmic polyhedrosis
Tomato bushy stunt
Colorado tick fever

DNA
DNA
DNA
DNA
RNA
RNA
RNA

130
125
50
25
60
30
75

Cuboid-brick shape

Insect pox DNA 260 X 320 X 210
Vaccinia DNA 100 X 200 X 300

Rod or bullet shape

Insect nuclear polyhedrosis DNA 60 X 320
Tobacco mosaic RNA 20 X 300
Insect granulosis DNA 60 X 320
Rabies RNA 70 X 175

Filament shape

Bacterial coliphage DNA 800 X 5
Potato virus Y RNA 750 X 4
Mammalian myxovirus RNA 100 X 18

Table 2.--Current approved groups and names of arthropod viruses.

Virus type Type host species Virus genus

Cytoplasmic polyhedrosis
Drosophila CO2-virus

Nuclear polyhedrosis
Granulosis
Densonucleosis
Pox-Spheroidosis
Iridescent

RNA Viruses

Bombyx mori (L.)
DrosophiliThelanogaster Meigen

DNA Viruses

Bombyxbyx mori (L.) Baculovirus
Choristoneura fumiferana (Clemens) IEFURTERI
Galleria melionelia L. fliFiFFTEE
HirMirrthiTc=affItha (L.) KEEWEgiVirus
ETUITTATudosa Meigen Iridovirus

undecided
Sigmavirus
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Table 3.-- Percentage of the described viruses isolated from various types of
arthropods.?/

Arthropod types
Percent of
described viruses

Moths and butterflies 83
Sawflies 10
Flies and mosquitoes 4

Beetles 1

Spider mites 1

Grasshoppers 1

1/Ignoffo, 1968a.

Table 4.--General characteristics of the various types of viruses associated
with arthropods.

Virus type
Estimated
number

Nucleic
acid

Shape
inclusion virion

Inclusion viruses
Nuclear polyhedroses 138 DNA polyhedron rod
Cytoplasmic polyhedroses 121 RNA polyhedron sphere
Granuloses 42 DNA granule rod
Pox viruses 12 DNA polyhedron oval
Polymorphic viruses 1 irregular

Non-inclusion viruses
Spherical viroses 12 RNA none sphere
Iridescent 6 DNA none sphere
Rod viroses 2 RNA none rod
Densonucleosis 1 DNA none sphere

Table 5.--Some selected examples of major economic arthropod pests in the United
States having associated viruses.

Grain, Grasses, Forage and
Grasshoppers
Bud- and bollworms
Alfalfa caterpillar

Fruit, Vegetables
Cutworms
Imported cabbageworms
Codling moth

Fiber Crops
Armyworms
Pink bollworm
Saltmarsh caterpillar

crops
Redbanded leafroller
Citrus red mite
Cabbage looper

and Truck

Forest Ornamental
Sawflies
Gypsy moth
Tent caterpillars
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Table 5.--continued.

Household, Stored
Clothes moths
Mosquitoes
Midges

Products, Man and Animals
Almond moth
Greater wax moth
Gnats

Tablf 6.--Representative yields of arthropod viruses produced on a laboratory
scale./

Target pest Food
Billions of viral
units/gram of host

Bollworm
Cabbage looper

Gypsy moth

Nuclear polyhedrosis

diet
diet

broccoli-cotton
diet

Cytoplasmic polyhedrosis

European pine pine
processionary moth
Japanese pine caterpillar pine

Codling moth
Redbanded leafroller

Spruce budworm

Citrus red mite

Granulosis

diet
apple leaves

Entomopox

diet

Non-Inclusion virus

lemons

30
43
26
30

5

30

20
10

1

1

1 /Ignoffo and Hink, 1971.

1/All viral units are inclusion bodies except median-infective dose of citrus red
mite non-inclusion virus.

Table 7.--Levels of Heliothis NPV produced at various phases of its developmentli

Development
phase

Thousand host
larvae/month

Estimated cost/
larvae (C)

Laboratory
Pilot-plant
Commercial plant

54
1,000
4,200

7.0
4.8
2.0

1/Ignoffo, 1972a.
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Table 8.--Types of insect viruses tested for safety to various vertebrates.1/

Test animals Viruses tested

Mammals: white :pause, white
rat, guinea pig, rabbit,
dog, human

Birds: chicken embryo, turkey
embryo, chicken, sparrow,
dove, mallard, quail

Amphibians: frog

Fishes: blue gill, black bullhead,
killifish, rainbow trout,
sheepshead minnow, spotfish,
white sucker

nuclear polyhedrosis
cytoplasmic polyhedrosis
granulosis
non-inclusion

nuclear polyhedrosis
cytoplasmic polyhedrosis
granulosis

nuclear polyhedrosis

nuclear polyhedrosis

11Ignoffo, 1968b.

Table 9.--Plants, insects, other invertebratvi, and vertebrates used to
determine the specificity of the Heliothis NPVY

Vertebrates

Man, monkey, dog, rabbit, guinea pig, white rat,
white mouse, chicken,chicken egg, quail, sparrow,
mallard, killifish, spotfish, rainbow trout, blue-
gill, black bullhead, white sucker, sheepshead
minnow

Insects

Heliothis (5 species), tobacco hornworm, tomato
ornworm, greater wax moth, cabbage looper, beet
armyworm, fall armyworm, southern armyworm, Lucerne
moth, tobacco cutworm, cabbageworms, beetworm,
diamondback moth, smaller citrus dog, Oriental
tussock moth, common cutworm, honey bee, house fly,
rice leafhopper, Daikon leaf beetle, carmine spider
mite

Invertebrates

Grass shrimp, brown shrimp, oyster

Plants

Cotton, corn, sorghum, bean, soybean, snapbean, kidney
bean, tomato, tobacco, radish

1/Ignoffo 1968a, 1972a; Greer, et al., 1971.
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Table 10.--Tests which established that the Heliothis NPV was 44fe and could be
granted a temporary exemption from the reguireffiiaErtolerance..il

Type of test Animal system
Estimate0,
cost ($)V

Acute toxicity-pathogenicity
Per os diet rat or mouse, birds, fishes, oyster, shrimps 6,000
Inhalation
Dermal
Intraperitoneal injection
Sub-cutaneous injection

Sensitivity-irritation
Eye rabbit 500
Skin rabbit, man 6,500

Sub-acute toxicity-pathogenicity
Diet monkey, dog, rat or mouse
Inhalation monkey, dog, rat or mouse
Sub-cutaneous injection monkey, dog, rat or mouse

rat
rats, rabbit, guinea pig
rat or mouse
rat

750
750
725
500

Teratogenicity

Carcinogenicity

Replication potential

Phytotoxicity

Invertebrates-specificity

rat or mouse

rat or mouse

man, primates, tissue culture

agricultural crops

beneficial and other arthropods

25,000
18,000
18,000

3,000

30,000

6,000

1,750

4,000

1/Ignoffo, 1972a, b.

1/Costs of tests conducted from 1965-1968, inclusive.

Table 11.--Selected examples of viruses used to experimentally control arthropod
pests.

Target pest
and crop attacked Virus type Reference

Vegetables
Cabbage looper
Cabbageworms (Pieris spp.)

Orchard crops
Codling moth
Citrus red mite

Forage crops
Alfalfa caterpillar

nuclear polyhedrosis
granulosis

granulosis
non-inclusion

Hofmaster i Ditman, 1961
Biliotti, et al., 1956

Falcon, et al., 1968
Munger i Gilmore, 1960

nuclear polyhedrosis Steinhaus i Thompson, 1949

Fiber and grain crops
Boll- and budworms (Heliothis spp.) nuclear polyhedrosis Ignoffo, et al., 1965
Cotton leafworm nuclear polyhedrosis Abul-Naar, 1959

Forest and shade trees
Gypsy moth nuclear polyhedrosis Rollinson, et al., 1965
European pine processionary moth cytoplasmic polyhedrosis Grison, et al., 1959
Spruce budworm entomopox Bird, et al., 1971
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Table 12.--Seed cotton yields from plots treated with Viron Ht in tests conduced
in Alabama, Arkansas, California, Mississippi, North Carolina, and Texas (1969)Y.

2/
Formulations-

Pounds seed cotton/acre
Average Range

Viron H3/
Viron H + carbon 4/
Viron H + IMC 90001-F5

/
Standard insecticide-
Check

1878
2038
2140
2179
1647

575 - 3278
970 - 3192
980 - 3585

1095 - 3648
392 - 2799

1/Ignoffo, et al., 1972.

a/5 to 7 testsgozmulation; 2/Viron H used at 40 LE/acre.

4 /SunlightSunlight Protectant of Int. Minerals and Chemical Corporation.

-"Standard insecticide was insecticide commonly used on cotton in specific state.
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PROTOZOAN PATHOGENS

William r. Kellen
Market Quality Research Division, ARS, USDA

Fresno, California

Insects are known hosts for a wide variety of pathogenic prbtozoa. Lipa
(1963) presented a general review of the insect pathogenic amoebae, flagellates,
and ciliates; a similar review by Weiser (1963) covered the pathogenic Sporozoa,
including members of the Eucoccida, Haplosporida, Microsporida, and Neogregarinida.
A more recent general discussion of pathogenic protozoa and their possible appli-
cation for insect control was prepared by McLaughlin (1971). The present review
will be limited to the protozoan orders Microsporida and Neogregarinida because
they have received the greatest attention of researchers as possible agents for
the microbial control of insect pests.

Microsporida

Biology

The members of the order Microsporida are. characterized by the formation
of r. sting spores which contain a polar filament and a single infective sporoplasm.
All are obligate intracellular pathogens. They are known to infect invertebrates
and to a lesser degree lower vertebrates, but one representative has also been iso-
lated from the nervous tissue of mammals. The Microsporida are relatively common
pathogens of both beneficial and pestiferous insects.

The majority of the over 200 known species from insects belong to the
family Nosematidae, wh4.ch is comprised of 8 genera. The genera are distinguished
by the number of spores (1, 2, 4, 8, etc.) formed in the aporoblast during the
sporogonic (sexual) part of the life cycle. Because oL differences in the inter-
pretation of certain details in the formation o2 spores, however, the taxonomic
validity of some genera recently has been challenged (Surges, et al., 1971).

As many species o Microsporida have relatively few distinct morphological
differences, diagnostic characteristics of new species have been largely based on
a combination of characters, including store size and shape, tissue specificity,
and host range. Even these characters, however, are not always conclusive. For
example, Hazard and Lofgren (19/1) presented data to show that tissue specificity.
which was long considered to be a very stable character, can vary from host to
host. They infected 4 species of mosquitoes with a Nosema which vas originally
isolated from the common malaria mosquito, Ano heles-45Wlimalulatua Say. In its
original host the pathogen was highly virulent, nvading 12 di rent tissues and
organs, 4 of them heavily. In contrast, the southern house mosquito, Culex pipiens
quinquefasciatus Say, was invaded very lightly by the Nosema; only 9 triEWs and
organs were involved and one of them only rarer A third host, Aed!s salinarious
Coquiilett, was invaded rather lightly, but the same tissues were-TEMA7ia iriaTE
A. quadrimaculatus. Finally, the pathogen only invaded the nervous tilAtile of the
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yellowfever mosquito, Aedes aegypti (Linnaeus). The authors concluded, of course,
that the site of infect-fa-is not always a good criterion for species separation.
In a similar study, Weiser and Coluzzi (1966) showed that Pleistophora culisetae
Weiser and Coluzzi invaded the fat, gut, Malpighian tubes, muscles, and-51-60-Zills
of the mosquito, Culiseta longiarelolata (Macquart), but it only invaded the fat
body of the northi7EWaie mosquito, Culex pipiens pipiens Linnaeus. It is evi-
dent from these studies that degrees ET-tissue specificity must be determined
separately for each pathogen, as broad generalizations cannot be made. The same
care must be taken in the selection of all such diagnostic characters.

Until recently many workers assumed without conclusive data that micro-
sporidans were host specific or restricte to closely related host species.
Steinhaus and Hughes (1949), however, clearly showed that such is not always the
case. They demonstrated that under laboratory conditions at least 10 different
insect species in 3 different orders (Lepidoptera, Hymenoptera, and Neuroptera)
were susceptible to peroral transmission of Nosema destructor Steinhaus and
Hughes, which was originally described from EfigF6tEETEURNOrm, Phthorimaea
o erculella (Zeller). Furthermore, Kellen and Lindgren (1969) reported 5 species
of LepaBlitera (4 genera) and 2 species of beetles as being susceptible to Nosema
heterosporum Kellen and Li Igren which was first isolated from the Indian meal
moth, Plodia interpunctella (Hubner). Similarly, Surges, et al. (1971) showed
that Nosema oryzaephili Surges, Canning, and Hurst, a virulent pathogen of the saw-
toothia-Fain beetle, Oryzaephilus surinamensis (Linnaeus), had a host range among
storage insects that included 5 species of beetles and 3 moths, involving 5 insect
families. It must be remembered, however, that such laboratory data do not neces-
sarily indicate the extent of the host range as it occurs under natural field
conditions. Weiser (1963) has suggested that selection for host range is depen-
dent upon having potential hosts occupy a common biotype with a common food source,
so that frequent transmission is facilitated; he concluded that close taxonomic
relationship is of secondary importance.

The formation of resistant spores is the terminal stage of development of
Microsporida. When the spore is ingested, chemical activity of the gut stimulates
the extrusion of a hollow polar filament through which the sporoplasm passes. In
this way the infective agent is released in the tissue to initiate further develop-
ment and multiplication. In recent years electron microscope studies of spores
have been conducted to elucidate the ultrastructure in an effort to clarify the
mechanism of germination as well as to establish additional criteria for species
determination (Sprague and Vernick, 1968).

Trans-ovum transmission of Microsporida is as common as peroral trans-
mission in many species of insects. Ovaries and associated tissues of sublethally
diseased females may become infected and eggs which harbor pathogens both inter-
nally and externally may be laid. Internal (transovarian) transmission is an
especially important factor in maintaining pathogens in overwintering adult popu-
lations of insectr.

Kramer (1959) reported that infected adult females of the European corn
borer, Ostrinia nubilalis (Hubner), transmitted Glu9ea pyraustae (Paillot) to half
of theiF8171WiFF--THitissues of the accessory glands and ovarian tubes har-
bored every stage of the pathogen. External contamination of eggs consisted of
clusters of spores which became lodged in the shallow fovea on the surface of the
chorion. As larvae fed 1i:don empty egg shells soon after hatching, young larvae
acquired infections during this first feeding. Schizonts (asexual forms) and
sporeu were also observed within about 50% of the eggs examined, so that many
larvae became initially infected as embryos.

In a study cif the transgyarian transmission of Nosema plodiae Kellen and
Lindegren in the Indian meal moeh, Kellen and Lindegren(1973)-rou-Id
that 12.5% of 856 eggs laid by infected moths harbored pathogens. The highest
level of transmission by an individual female was 14 infected eggs of 27 laid
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(51.8%); the lowest level of transmission observed was one of 43 eggs (2.3%). All
stages of N. plodiae were not transmitted with equal frequency, however, and eggs
usually harborea predominantly only one stage of the pathogen. Approximately 82%
of the infected eggs contained schizonts almost exclusively; about 6.5% contained
mainly spores, and the remainder contained about equal number of spores and
schizonts. Histological data indicated that infections probably started in ovarian
nurse cells and subsequently were transferv.id to associated oocytes. Similarly,
Brooks (1968) reported that eggs of the corn earworm, Heliothis zea (Boddie), were
heavily infected with binucleate schizonts of Nosema halal1TM Lutz and Splendor,
but spores were detected infrequently. Finalli,-WIlen and Wills (1962) reported
that eggs of the mosquito, Culex tarsalis Coquillett, harbored only mononucleate
and binucleate schizonts of-THWTORWTEEirifornica Kellen and Lipa. Typical spores
of this pathogen were not obiiNiaTHinfected females. In contrast to the above
relationships, however, Kellen and Lindegren (1969) noted that Nosema heterospornm
rarely invaded the ovaries of the Indian meal moth, and transovarian
did nct occur.

In addition to peroral and transovarian transmission, Microsporida can also
be transmitted by inoculation through the cuticle. This may occur in nature
through the agency of paracitic wasps which transfer spores on ovipositors which
have become contaminated by previous attacks on infected larvae (Tanada, 1963).

Microsporida as Microbial Control Agents

Microbial insecticides may be applied as protectants much as chemical
insecticides are used, or they may be introduced into insect populations to act as
suppressing or stressing agents to assist other natural factors to regulate insect
populations. The potential use of protozoan pathogens generally lies in the latter
category.

One way in which Microsporida act to regulate populations is by reducing
adult life span and fecundity. Thomson (1958) presented evidence to show that
Glu ea fumiferanae (Thomson) had a very significant depressing effect on the
fecundity 77713iipruce budworm, Choristoneura fumiferana (Clemens), and the
pathogen was credited with creating a general riEFFIFF-In at least one population
in Canada (Thomson, 1960). Kramer (1959) reported that European corn borers
infected by Glugea pyraustae have significantly shorter adult life spans than
uninfected adults. Moreover, in laboratory tests infected females produced fewer
eggs and frequently were sterile. Veber and Jasic (1961) noted that the fc,undity
of moths of the silkworm, Bombyx mori (Linnaeus), with sublethal infections of
Nosema bomb cis Naegli was-HT4Ely-Tiauced. When reared on a diet containirg 5 x
103 spores g as 5th instar larvae, egg production of moths was reduced about 25%;
when moths were fed the same concentration of spores as early 4th instar larvae,
however, fecundity was reduced about 55%. In a similar study, Kellen and Lindgren
(1971) reported that 25% of the eggs of Indian meal moths infected with Nosema
plodiae did not hatch; moreover, 27% of the survivi. ; progeny were infected
transovarially.

Although pathogenic protozoa frequently give rise to chronic disease which
may not :ause mortality until late in the larval stage, there is evidence that
protozo ns can be effective regulatory agents when their total influence is
evaluated. Franz ano Huger (1970) investigated the role of Nosema tortricis
Weiser in the collapse of an outbreak of the green tortrix, SFEFrxVrFraiNi
Linnaeus, in oak forests of central Germany. In a 1.reliminary examiaTIOETn 1968,
they found that 29% of the 1st instar larvae collected from cak twigs were infected
with the Nosema. A subsequent collection of over 1500 larvae showed that the
level of infection had risen to 59%; moreover, 60% of the adults examined were
also naturally infected. Because of transovarian transmission by infected females,
the initial level of infection was about twice as high the following year. Two
suosequent larval collections were made. The first consisted predominantly of 3rd
instar larvae of which about 80% were infected; the final sample (2 weeks later)
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showed the typical post-epizootic phase of the disease; the incidence of infection,
which was density dependent, had dropped to 24%. Franz and Huger (1970) recom-
mended: (1) that the health status of insect pest populations should be determined
regularly and (2) that when the population nears a critical threshold the levels
of naturally Occurring disease should be carefully considered before control
measures are taken.

In addition to naturally occurring epizootics of Microsporida, it has been
demonstrated that it is possible tc introduce pathogens at optimal times to control
populations before they are well established. For example, Henry (1971) conducted
a field study to determine the feasibility of controlling grasshoppers in Montana
with applications of Nosema locustae Canning. Spores in a bran were applied at
rates of 50, 100, 200771W Wiloriff-spores/in2 in plots of 10 acres each. The
experimental plots were subsequently sampled to determine the incidence of infec-
tion and the reduction in population due to Nosema disease. The average incidence
of infection among the treated groups of insiEUTR the several species increased
from about 3.6% after 3 weeks to 34% after 6 weeks, but there was no significant
difference in the 5 rates of spore application tested. Five of tilt; species of
grasshoppers were the most abundant and had the highest levels of infection. After
6 weeks the combined density of the 3 most predominant species was reduced by
34.5%. The density of one of them, Melanoplus gladstoni Scudder, was reduced by
56.7%; the high level of reduction was attributed to the fact that this species
developed later and was, therefore, at an early nyiphal stage of development when
the Nosema spores were applied. Henry stated that in addition to the reduction in
population density due to mortality, an additional reduction would probably occur
because of reduced fecundity. Although the lowest effective dose ior control was
not determined, it was noted the, a single infected adult grasshopper produced
sufficient spores of N. locustae to treat about 3 acres. Considering that there
have been very few we'll EZUEWEEed field trials with pathogenic protozoa, tha
results reported by Henry are very encouraging.

Neogregarina

The Neogregarina include a variety of forma with diversified host-pathogen
relationships. Like members of the Microsporida they are obligate pathogens. The
species belonging to the genus Mattesia (Schitocystidae) have received predominant
attention as possible microbial cortaT agents. They are pathogens of Lepidoptera
and Coleoptera.

The life cyple of Mattesia includes a micronuclear and macronuclear
schizogony and a sporogoniE-EYETW-terminating in the formation of twin spores.
Germination occurs in the gut of the susceptible host resulting in the release of
8 sporozoites from each spore. Sporozoites are motile and penetrate the fat tissue
where the life cycle is repeated.

Considerable effort has been made to test the feasibility of using
Mattesia as an agent for controlling the boll weevil, Anthonomus randis Boheman.
McLaughlin (1967) treated plants in 1/16-acre field caiiiUXEi ait containing
spores of Mattesia randis McLaughlin and a feeding stimulant from cottonseed oil.
At the end-67-717te:A. e recorded that 55% of the weevils were diseased; more-
over, the diseased population subsequently produced about one-half as many adults
as the untreated check population. It was concluded that spores plus a feeding
stimulant might be effective for use in large open fields where weevil movement is
unrestricted. Thera was a 97% increase in cotton yield in *he treated plots. In
a subsequent field test which also included the application of spores of a micro-
sporidan, McLaughlin, et al. (1969) observed that it was possible to reduce over-
wintering populations of the boll weevil by applying baits to populations entering
diapause. If such a reduction were t:,,upled with an induced epizootic of the
spring population, control would be feasible. Two advantages of microbial control
were apparent. It provided preservation of other natural enemies of thw weevil
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which are not susceptible to the pathogens and an alternative method to chemical
control to be used if resistance to chemicals should develop.

It is evident that insect pathogenic protozoa have potential for practical
application in many control programs. Future applications of microbial control
technology will utilize this potential.

References Cited .

Brooks, W. R. 1968. Transovarian transmission of Nosema heliothidis in the corn
earworm Heliothis zea. J. Invertebr. Pathora7 500-512.

Burgns, H. D., E. C. Canning and J. A. Hurst. 1971. Morphology, development and
pathogenicity of Nosema oryzaephili n. sp. in Oryzaephilus surinamensis and
its host range among granivorous insects. J. Invertebr.-Pithol.
17: 419-432.

Franz, J. M. and A. M. Huger. 1970. Microsporidia causing the collapse of an
outbreak of tho green tortrix (Tortrix viridana L.) in Germany. Proc.
IV Int. Colloq. Insect Pathol. IT7517-

Hazard, E. I. and Lofgren, C. S. 1971. Tissue specificity and systematics of a
Nosema in some species of Aedes, Anopheles, and Culex. J. Invertebr.
FiES6r. 18: 16-24.

Henry, J. E. 1971. Experimental application of Nosema locustae for control of
grasshoppers. J. Invertebr. Pathol. 18: ITT=734.

Kellen, W. R. and W. Wills. 1962. The transovarian transmission of Thelohania
oalifornica Kellen and Lipa in Culex tarsalis Coquillett. J. nsect
Pathol. 4: 321-326.

Kellen, W. R. and J. E. Lindegren. 1969. Host-pathogen relationships of two
previously undescribed Microsporidia from the Indian meal moth, Plodia
interpunctella (Hubner), (Lepidoptera, Phycitidae). J. invertebE7PiEhol.
16: 378=335.

Kellen, W. R. and J. E. Lindegren. 1971. Modes of transmission of Nosema plodiae
Kellen and Lindegren, a pathogen of Plodia interpunctella mumwr. J.
Stored Prod. Res. 7: 31-34.

Kramer, J. P. 1959. Some relationships between Perezia pyraustae Paillot
(Sporozoa, Nosematidae) and P rausta nubirini-(Hubner) (Lepidoptera,
Pyralidae). J. Insect Patho . is 4

J. J. 1963. Infections caused by protozoa other than sporozoa, In Insect
Pathology, An Advanced Treatise (E. A. Steinhaus, ed.), 2: 335-3T1.
Academic Press, New York.

McLaughlin, R. E. 1967. Development of the bait principle for boll weevil control
II. Field-cage tests with a feeding stimulant and the protozoan Mattesia
grandil. J. Invertebr. Pathol. 9: 70-77.

McLaughlin, R. E., T. C. Cleveland, '. J. Daum and M. R. Bell. 1969. Development
of the bait principle for boll weevil control IV. Field tests with a bait
containing a feeding stimulant and the sporozoans Glugea gasti and Mattesia
grandis. J. Invertebr. Pathol. 13: 429-441.

[5621



Kellen, W. R. Insect Pathogens

McLaughlin, R. E. 1971. Use of protozoans for microbial control of insects. In
Microbial Control of Insects and Mites (H. D. Burge:: and N. W. Hussey,
eds.), pp. 151-172. Academic Press, New York.

Sprague, V. aftd S. H. Vernick. 1968. Light and electron microscope study of a
new species of Glu ea (Microsporida, Nosematidae) in the 4-spined stickle-
back Apeltes qua racus. J. Protozool. 15: 547-571.

Steinhaus, E. A. and K. Hughes. 1949. Two newly described species of Micro
sporidia from the potato tuberworm, Gnorimoschema operculella (Zeller)
(Lepidoptera, Gelechiidae). J. Parasitul. 35: 67- 5.

Tanada, Y. 1963. Epizootiology of infectious diseases. In Insect Pathology, An
Advanced Treatise (E. A. Steinhaus, ed.), 2: 423-475. Academic Press,
New York.

Thomson, H. M. 1958. The effect of a microsporidian parasite on the development,
reproduction and mortality of the spruce budworm, Choristuneura fumiferana
(Clem.). Canadian J. Zool. 36: 499-511.

Thomson, H. M. 1960. The possible control of a budworm infestation by a micro-
sporidian disease. Canadian Dept. Agr. Bi-Mo. Progr. Rept. 16: 1.

Veber, J. and J. Jasic. 1961. Microsporidia as a factor in reducing fecundity
in insects. J. Insect Pathol. 3: 103-111.

Weiser, J. 1963. Sporozoan infections. In Insect Pathology, An Advanced
Treatise (E. A. Steinhaus, ed.), 2: 423-275. Academic Press, New York.

Weiser, J. and M. Coluzzi. 1966. Plistophora culisetae in the mosquito Culiseta
longiareolata Macqu. - further remarks.17a7Ist Int. Congr. PaairE617,
tome 1: 596-597.

Kellen, W. R. and J. E. Lindegren. 1973. Transovarian transmission of Nosema
plodiae in the Indian meal moth, Plodia interpunctella. J. Invertebr.
Patnol. 21: 248-254.

[563]



FUNGAL PATHOGENS AND THEIR USE IN THE MICROBIAL
CONTROL OF INSECTS AND MITES

C. W. McCoy
Agricultural Research and Education Center
Institute of Food and Agricultural Sciences

University of Florida
Lake Alfred, Florida

Introduction

Excellent reviews of entomogenous fungi and their use as microbial agents
have been published in the last decade (Muller-Kogler, 1965; Madelin, 1966, 1968;
Roberts and Yendol, 1971). Students and researchers alike should familiarize
themselves with these works before embarking on a problem relating to fungi and
microbial control.

The late Dr. E. A. Steinhaus (1949) stated: "Entomogenous fungi, in nature
and without any help from man, cause a regular and tremendous mortality of many
insect pests in many parts of the world and do, in fact, constitute an efficient
and extremely important natural control factor." The literature contains numerous
reports that support this statement, for example, Baird (1958) lists 41 successful
attempts to control 28 species or groups of insects with fungi. Nevertheless,
the opinion of many insect pathologists is, fungi will not be used successfully in
the field as a reliable control for insects. There are numerous reasons why this
negative feeling prevails. Since the eighteenth century7URERetarrhizium
anisopliae (Metch.) Sor. was used for sugarbeet curculio control, partial or com-
plete failure in controlling insects with fungi has usually resulted; in fact, few
fungi listed by Baird as successful, to my knowledge none in the U.S. are utilized
in control programs today. Also, our meager knowledge of fungal epizootiology
and host ecology does not provide answers to questions such as 1) are fungi truly
regulatory agents and 2) would economic loss be greater if fungi were absent in
a given ecosystem? Finally and most basic to the problem, fungi are unique from
other microorganisms in that they cause mortality by entering the host, usually
via the host integument. This mode of invasion has rigid tolerances in the
micro-environment of the host; simply infection will not occur if favorable
weather conditions do not prevail. Unfortunately, past researchers have either
failed to recognize the importance of micro-climate or have been unsuccessful in
their efforts to manipulate it to achieve insect control. It is interesting to
note that most attempts to control insects with fungi have not occurred in sub-
tropical and tropical regions, where micro-climate would appear to be most
favorable.

I would like to discuss briefly the various fungal pathogens having
received noteworthy attention as microbial agents in the past, outline the general
mode of infection for fungi, discuss some factors such as micro-climate involved
in fungal epizootiology, and conclude by presenting the ways fungi might be used
in insect control in the future.
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Entomopathogenic Fungi

Parasitic fungi of insects and other invertebrates have been reported in
all four major classes of true fungi excluding the slime molds (Roberts and Yendol,
1971). Those fungal genera most frequently associated with insect disease are
listed in bold type in Table 1.

Phycomycetes

This primitive fungal group is almost wholly aquatic and is known col-
lectively as water molds or aquatic phycomycetes. They show the closest
resemblances to protozoa, in that they produce motile spores furnished with
flagella and in many of the simpler forms (e.g., chytrids), the vegetative struc-
ture is not mycelial.

Table 1.--List of the major taxa containing entomogenous species (the main
genera are shown in bold type).

PHYCOMYCETES BASIDIOMYCETES

Coelomomyces E9252P2NDg!
Myiophagus Uredinella

Entomophthoraa

Massospora

ASCOMYCETES FUNGI IMPERFECTI
c

Ascosphaera (Pericystis) Acrostalagmus

Calonectria Aegerita

Cordyceps Aschersonia

Hypocrella Aspergillus

Myriangium Beauveria

Nectria Cephalosporium Paecilomyces

Ophiocordyceps Gibellula Penicillium

Podonectria Hirsutella Spicaria

Sphaerostilbe Hymsnstilbe Sorosporella

Torrybiella Isaria Synnematium

Laboulbenialesb Metarrhizium Tetracrium

Microcera Verticillium

Table slightly modified from Roberts and Yendol, 1971.
aDivided into more than one genus by some authors.
b
Approximately 125 genera.
cMany species in the genera listed are asexual states of ascomycetous insect-
parasites.

Coelomomyces

Excellent reviews on the genus Coelomomyces have been reported by Couch
and Umphlett (1963).
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The genus, belonging to the order Blastocladiales, has been reported mainly
as an obligate parasite of mosquitoes. However, it has been reported from sand-
flies, chironomids, and possibly blackflies too (Garnham and Lewis, 1959). These
fungi prefer the immature stages of their host, usually first instar larvae, but
occasionally infect adults. The genus appears to have worldwide distribution
having been found in nearly all mosquito breeding habitats.

Like other representatives of the order Chytridiales, Coelomom ces spp.
have a zoosporic stage and therefore depend on the presence of tree wa er at some
stage of their life cycle as a medium for zoospore locomotion. Parasitism culmi-
nates in the formation of resting sporangia within the host.

Ccelomom ces spp. would appear to have a promising future as microbial
agents in aquat c environments, if practical mass production procedures can be
developed. Significant steps toward this goal have been achieved by Couch (1968)
in North Carolina, where he and his associates have monitored the process of
sporangial germination in the laboratory and in independent studies, brought about
both laboratory and field infections of Anopheles quadrimaculatus by C. punctatus.

Laird (1967) in his well-known Tokelau Islands pilot project showed con-
clusively, that diseased mosquito populations introduced from one region into a
non-diseased population in another region could become established. However, the
value of this control endeavor from the standpoint of population suppression
remains in question.

Entomophthora

Comprehensive accounts of the entomophthorales have been presented by
MacLeod (1963) and Madelin (1966).

Fungi of the family Entomophthoraceae appear to be the most advanced evolu-
tionarily of the Phycomycetes. These organisms have a worldwide distribution
attacking many species of Homoptera, Hemiptera, Diptera, Lepidoptera as well as
three families of Acari and one family of millipeds.

Members of the genus Entomophthora have short, thick-walled hyphae which
develop within the host; repraUFF7WilEir by means of modified sporangia called
conidia which are snot-off singly from the apex of club-shaped conidiophores
formed outside the host. Conidial germination must take place very soon after
discharge, as the ability to germinate is rarely retained for more than 2 weeks.
Secondary and tertiary conidia can be formed from germinated primary and secondary
conidia, respectively, and then be discharged. Sexual reproduction is by the
union of hyphal bodies to form thick-walled zygospores or parthenogenetically
formed azygospores. Rhizoids are often formed to secure a diseased host to a
given substrate and under unfavorable conditions modified hyphal bodies called
chlamydospores may be formed within the host.

Because of their po-ential economic importance, numerous attempts have been
made to culture maw! pecien of Entomophthora on an artificial medium (e.g.,
Gustafsson, 1969). many CAMS, success has been achieved quite easily; howevpr,
the essentially obligate forms have presented considerable difficulty. Where iso-
lation and cultivation of the fungus has been successful, conidia are often non-
viable. Some species, however, produce resting spores quite easily (e.g., E.
virulenta and E. exitialis), and these have been cultivated successfully on an

medrum77j777Willer-Kogler, 1967). Gustafsson (1969) has successfully
cultivated different Entomophthora species on soil media in air-tight containers
and extended conidials4 to 5 months. In large-scale field studies,
Hall and Dunn (1958) tried spraying resting spores and vegetative stages of the
more virulent species for control of the alfalfa aphid. Also, they introduced
small vegetative cultures in containers directly into the field where the sporu-
lating cultures would subsequently contact the host. These methods of pathogen
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dissemination were either unsuccessful or too laborious for practical application.

Ascomycetes

The Ascomycetes are a large class in which insect parasitism is represented
in diverse genera (Madelin, 1966). Apart from the Laboulbeniales which are highly
specialized ectoparasites, the vegetative phase of parasitic Ascomycetes is con-
fined to the body of the host. The largest single genus of such endoparasites is
Cordyceps (Fries) Lirk.

Members of the genus Cordyceps are found on Diptera, Hymenoptera,
Coleoptera, Lepidoptera, Hemiptera, isoptera, and Orthoptera among insect orders
and on spiders (McEwen, 1963). Immature stages appear to be the most common host.
The genus is characterized by a stroma, an aerial outgrowth arising from the host.
The stroma is produced by the sclerotium, a compact mycelial mass within the body
of the host. The perithecia develop on the fertile portion of the stromata.

The stromata of the genus hosts infected with Cordyceps can be found in
moist soil and decaying logs, but also on the bark and foliage of trees infested
with host insects.

Whether or not infection by Cord ceps is a significant factor in the
natural control of any insect population remains to be determined.

Rather little information has appeared in recent years on other endo-
parasitic ascomycetes, particularly of fungi in the genera found on scale insects
and mealybugs. A review of the scale insect fungi has been reported by Steinhaus
(1949). The more important genera are Sphaerostilbe (conidial stage believed to be
Fusarium), Nectria, Podonectria, Hypocrella (conidial stage in Aschersonia), and
WEEFirum.--Wiirostilbe auranticola and Nectria diploa attack Florida red scale.
Nectria vilis has been found on snow scale and -Frine scale and Podonectria
EFCETEEli-ni been reported from chaff and purple scale on citrus in Florida (e.g.,
i7WF77942).

Basidiomycetes

The entomogenous habit is represented among the Basidiomycetes in only the
genera Septobasidium and Uredinella (Madelin, 1966). Other than a few reports of
parasitism and observation on behavior of Septobasidium app., these fungi have
apparently received little experimental study.

Fungi Imperfecti

The Fungi Imperfecti comprise many species in a variety of unrelated genera
that are parasitic to insects. However, the majority of publications on insect
mycoses discuss the imperfect genera Beauveria and Metarrhizium. Insect parasitism
in this group was reviewed extensive17-67-Milin (1943, 1966). Only the major
parasites will be considered separately here.

The Fungi Imperfecti are mainly hyphomycetous; conidia are generally pro-
duced on free or aggregated conidiophores arising from mycelium growing from the
surface 4Sf *heir substratum. They can enter intact insects only by the pene-
tration of hyphae aLIzivig from spores in the insects' immediate environment.

The entomogenous fungus most widely used for microbial control has been
Beauveria bassiana, one of 14 species of the genus attacking insects (MacLeod,
1954). It has een used as a biological insecticide against a wide range of 'lab-
terranean and subaerial pests (such as, European corn borer larvae, Colorado potato
beetle, wireworms, and eye gnats) with varying degrees of success. In Europe and
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Russia, Beauveria has been used in combination with sublethal doses of different
insecticiairlii-Bontrol work (Telenga, 1958). A number of techniques including
submerged culture have been developed for the cultivation of B. bassiana on a more
or less large scale for production of spores (Martignoni, 196T; VaiteTWO and
Goral, 1967). The major shortcoming to the use of Beauveria as a biological
insecticide concerns its effect on man. Allergenic-n/7E17Es have been reported
after harvesting B. bassiana spores (Hall, 1954; York, 1958).

The most common species of Metarrhizium is Metarrhizium anisopliae, the
cause of the green muscardine disease. According to Veen (196f), the host range
of M. aeisotliae exceeds 200 species of insects, attacking mainly larvae of soil
inhabiting rorms. Its length of conidial viability at intermediate humidities
around 45 is rather poor and is relevant to its use in microbial control (Clerk
and Madelin, 1965). M. anise lice can also be readily cultured on a suitable
liquid and solid media an no oust, will receive more consideration as a microbial
insecticide in the future.

The genus Hirsutella is currently classified in the Fungi Imperfecti
(Mains, 1951), alaBLWE7i3ii reports have listed it incorrectly in the Basidio-
mycetes (Muma, et al., 1961; Lipa, 1971). Twenty-six species are known to be
entomogenous (Mains, 1951) with H. thorn sonii being the only species reportedly
attacking Acari (Fisher, et al., 19 ; axer and Neunzig, 1968).

MacLeod (1959) conducted extensive nutritional studies on the spruce bud-
worm pathogen, H. qqi antea, while McCoy and Kanavel (1969) and McCoy, et al.
(1971) isolated H. t ompsonii from the citrus rust mite and cultivated it on both
solid and liquid media. In adapting the mass production method for H. thorn sonii
to submerged culture, the authors successfully produced large quantities of myce is
and used it in a fragmented form with adjuvants rather than conidial powder as a
field inoculum for controlling the citrus rust mite in Florida.

Many fungus species formerly placed in Isaria and S icaria are now in the
genus Paecilomyes (Brown and Smith, 1957); however, the rat er common insect
pathogen S. ril ei is still unassigned (Behnke and Paschke, 1966). Paecilomyes
farinosus is t e most common species causing disease in cerambycids, sawflies, and
07iIEBUt moth larvae. Spicaria ril ei is the cause of disease in many field
crop pests such as cabbageelooer,Heeliothis sp., velvetbean caterpillar, and
soybean looper (e.g., Allen, et al., 1971).

In Florida, insects belonging to the families Coccidae and Aleyrodidae are
subject to attacks by fungi. Of the Fungi Imperfecti, Aegerita, Aschersonia,
Cephalosporium, and Verticillium have been reported on various spiEliiRiEale
insects and whitefly (e.g., Fawcett, 1908).

Mode of Infection

Although the mode of infection among fungi differ somewLat, disease is
generally induced as outlined in Figure 1. The conidium or spore, zoospores in
the case of many phycomycetes, is the infective unit. When environmental con-
ditions are suitable, the conidium germinates on the host integument, producing a
germ tube that either penetrates directly or forms an appressorium with an infec-
tion peg that penetrates the insect epicuticular layer (Figure 2). Studies by
Gabriel (1968) and David (1968) suggest that enzyme activity as well as mechanical
force are involved in cuticle penetration. The respiratory or alimentary tract
has been reported as an invasion site (Muller-Kogler, 1965). Within the hemocoel
of the host, hyphal bodies are generally produced which usually float free and
apparently multiply in the hemocoel (Prasertphon and Tanada, 1968). Some fungal
strains produce sufficient toxins at this time to cause death, though no vital
organs have been invaded. Fat body is generally the preferred site for hyphal
invasion. After death or in some cases before, the mycelia continue to develop
within the body until the insect is virtually filled with mycelia. Cunidiophores
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are then produced which erupt through the cuticle during suitable environmental
conditions and produce spores on the outside of the insect.

Toxins

In fungi, distinct metabolites produced either in the insect body or in
artificial culture exhibit a toxic effect on insects. Descriptively, these toxins
are not classical toxins like those in bacteria. Rather they have been placed in
two overlapping categories; those toxic per os and those toxic on injection (Muller
)(ogler, 1965; Roberts and Yendol, 1971; Lysenko and Kucera, 1971).

Four toxic materials of known chemical composition produced in vitro by
several insect pathogens are toxic on injection. These materials are destruxins
A and B from M. aniso liae, beauvericin from B. bassiana and cardycepin from C.
militaris (Roberts an endol, 1971). The.deitrUni-lid beauveriOin are toxic to
FIERIZErlarvae. All materials are toxic to G. mellonella by injection.

Various fungal enzymes of high molecular weight have been reported as toxic
to insects. These materials are often secreted -n considerable quantities into
the culture media and into the host body and can be isolated by reliable methods
of protein chemistry. The practical importance of enzyme toxins is uncertain at
this time, however, subsequent research in this area may solve some questions about
the mechanisms of pathugenicity of fungi.

Epizootiology

General information on the important role of microbial pathogens of insects
in the population dynamics and general ecology of insects can be found in the
classical paper by Steinhaus (1954) and the reviews of Tanada (1963)_, Muller-Kogler
(19F5), and MacLeod, et al. (1966).

Entomogenous fungi may occur in insect populations as an enzootic or
epizootic disease. An enzootic disease is one that has a low incidence but is
constantly present in a population. An epizootic disease is simply one which may
flare up sporadically into outbreaks which involve large proportions of the insect
population.

Any epizootic affecting an invertebrate population is concerned with three
primary agents: 1) the infectious agent, 2) the invertebrate host, and 3) the
environment. These agents have certain attributes that interact to determine the
characteristics of an epizootic (Figure 3). In the case of the infectious agent,
four attributes are of major importance in the dew sent of an epizootic. These
are dispersal, viability, concentration, and virulen, of the inoculum.

Spores of many fungi are widely disseminated by wind (Hirst, et al., 1967).
Rain, spore discharge (e.g., Entomophthora spp.), and infected host movement
account for some spread.

Viable inoculum is maintained in the environment by the production of
conidia, ascospores, sclerotic, chlamydospores, or mycelia fragments in or on
the host. Conidia and ascospores are relatively short-lived, longevity being
influenced by temperature and humidity, while the other structures survive longer
under adverse conditions.

Virtually nothing is known concerning inoculum concentration, specifically
with regard to the minimum number of spores required to induce disease. Counts
from environments where epizootics occurred have not been reported and LD50 values
obtained in laboratory experimentation tend to be rather high and difficult to
relate back to the field (Roberts and Yendcl, 1971).
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Finally, within single fungal species strains exist which differ in viru-
lence for a given insect species (Perron, 1967). Although virulence is difficult
to measure, only highly virulent strains should be considered in microbial contro
attempts.

In general, fungal pathogens of insects act as imperfectly density-depen-
dent mortality factors (Milne, 1958). When given suitable weather conditions, they
infect a greater proportion of insects as the host population density increases.
If we apply this axiom to pest management systems where subeconomic populations of
a pest species are acceptable, one could assume that fungi will cease greater
mortality and perhaps epizootic, will occur more quickly and/or more frequently
where the host carrying capacity is higher.

Unusually high populations have often been regarded as the primary factor
favoring the development and spread of fungal epizootic. However, certain fungi
such as strains of B. bassiana and some Entomophthora species are capable of
initiating epizootics 1EFiriEively low host population densities (MacLeod, et al.,
1966). Unfortunately, there is very little quantitative data to demonstrate
whether some fungi are regulatory agents or if a threshold density exists above
which a major epizootic will occur.

Because fungi have a cuticular mode of host invasion, host susceptibility
is influenced by factors such as nutrition, crowding, molting, etc., that affect
the composition of the insect cuticle. Therefore, host susceptibility to fungus
_evasion may vary with host behavior (e.g., Jaques, et al., 1968), stage of
development and age of the host.
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Temperature, humidity, and light appear to be the critical environment
factors affecting fungus survival (MacLeod, et al., 1966). These parameters must
be measured in the micro-climate around the host to achieve wmeaningful under-
standing as to how environment influences fungal epizootics.

Much information is available on the effects of temperature on germination
and/or growth of entomogenous fungi in vitro (e.g., Muller-Kogler, 1965). In
general, the limits for growth range between 5 and 35°C and optima fall between 20
and 30°C. Optimum temperatures for spore germination are similar, but more re-
stricted than those for growth.

The effect of relative humidity on fungal epizootics is more significant
than temperature. Hi'-' humidity is needed by most fungi for spore germination and
spore dispersal to 'plied and heighten the epizootic. Although there are reports
of insects becoming infected at low humidities, even as low as 46% (e.g., Madelin,
1963), most fungi germinate only at very high relative humidity, i.e., usually 90%
or higher. It is widely held that the spores of many pathogenic fungi will germi-
nate only in a water film and not in saturated air (MacLeod, et al., 1966). It
is likely that the differences found in published information concerning humidity
requirements for spore germination have developed because of the difficulty in-
volved in measuring accurately micro-humidity. However, these difficulties should
be minimal in the future, with improved meterological instrumentation (i.e.,
micro-sensors, etc.) now available.

Light, presumably ultraviolet radiation, appears to affect both longevity
of spores and germination (e.g., Muller-Hagler, 1965) and neglect of this fact may
be responsible for some of the microbial control failures recorded with fungi.
Proper formulation and/or application in the evening should reduce thin noblest.

Possible Approaches to Microbial Control

Theoretically, entomogenous fungi can be used in three ways for inenct and
mite control depending upon the characteristics of the fungus and host involved.
These ways are by colonization, as a microbial insecticide, and in integrated
control.

Colonization is analogous to the classical introduction of parasites and
predators, where an exotic organism is placed into a new environment where its
action supplements the existing natural control to the point of economic benefit.
Few attempts have been made in the past to introduce beneficial fungi through
colonization; the best example, being the transfer of Coelomomyces sp. into
mosquito populations free of this parasite (e.g., Laird, 1967).

To my knowledge, no fungal pathogen is being produced commercially for
crop protection today. It is generally agreed, however, that inundative appli-
cations of fungi may be useful in initiating epizootics before they would normally
occur or in increasing the amount of inoculum in areas where insufficient amounts
are present to start epizootics (Baird, 1958). Here again, moisture is still of
paramount importance. Time of application must be synchronized with optimum
weather conditions or cultural methods such as irrigation, must be available to
augment environmental conditions. Dunn and Mechalas (1963) and Schaerffenberg
(1964) suggest that infection can occur with low humidity, if large numbers of
spores are used. Further research is needed to validate this work.

If fungal applications can be synchronized with environmental conditions
and still supply the necessary crop protection, they still must compete with
insecticides in availability, cost of production, ease of application, etc. This
can be accomplished most efficiently in commercial production by adapting fungus
production to deep-tank fermentors with liquid medium. This production method has
numerous advantages, but creates an ..tunediate problem, that is, many fungi will
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not sporulate in liquid culture. In view of these difficulties, McCoy, et al.,
1971, by-passed the sporulation phase in the laboratory production of Hirsutella
and disseminated the pathogen in the field as fragmented mycelia. Since the fungus
mycelia began to sporulate within 48 hr after exposure to air, infective spores
could be produced in the immediate environment of the target organism. In this
method of mycelia application as a foliar spray, the actual number of spores pro-
duced in the field was relative to weather conditions after application. Although
post-treatment spore levels have not been determined using this method of appli-
cation, it would appear that the viable spore reservoir may be higher and persist
for a longer time than a spore powder inoculum. Although the elimination of the
sporulation phase would make commercial production of fungi cheaper, difficulties
with storage and formulation develop when using mycelia as a field inoculum. The
vegetative stage is also less resistant than spores to environmental conditions,
so formulations would have to be patterned after virus preparations and field
application would have to be confined to the evening. Anyway, many advantages do
exist and with more research in storage and formulation of the field inoculum,
consistent success may be achieved with this method of application.

One of the basic components of pest management or integrated control con-
cerns selective pesticides. These are materials that reduce the pest population,
but cause a minimum of harm to the natural enemies. Fungicides used to control
plant-attacking fungi and nutritional sprays used to supply minor elements to
citrus trees have been considered limiting factors in the development of fungal
epizootics in pest populations in Florida (Griffiths and Fisher, 1950). Some
fungicides appear to have less effect on naturally occurring epizootics than
others. Jaques and Patterson (1962) have shown that E. sphaerosperma killed more
apple sucker when orchards were treated with glyodin rather than Captan or Ferbam.
Also, Shands, et al. (1962) were still able to find more than 11% of the potato
aphids infected with Entomophthora app. after weekly applications of Zineb, Nabam,
and zinc sulfate.

Inhibition of entomogenous fungi by commercial insecticides and fungicides
has been demonstrated in the laboratory. Hall and Dunn (1959) found that wettable
sulfur, Dithan 2-78, Ferbam, Bordeaux 5-5-10 and Captan restricted the vegetative
growth of the entomophthoraceous fungi attacking the spotted alfalfa aphid. Also,
some chlorinated hydrocarbons and organic phosphates retarded the germination of
E. virulenta resting spores. Yendol (1968) showed inhibition of conidial germi-
Eitrararr coronata by malathion and fungicides.

The effect of fungi on other beneficial insects must be considered in
pest management. Strains of even broad spectrum fungi are known which are much.
more virulent with one insect as compared to others (e.g., Veen, 1968).

As a concluding remark, I would like to say that many fungi we have talked
about this afternoon do have potential as microbial agents and can be used in pest
management systems of the future, if the organism is highly virulent, amenable to
mass production, reasonably stable in the field, and is used in habitats where
environmental conditions are optimum.
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NEMATODE PARASITES

S. R. Dutky
Insect Physiology Laboratory

Beltsville, Maryland

Introduction

Many nematodes are known to be parasitic to insects and some are capable
of a high degree of natural control of their hosts. Some that are adapted to one
host and its special ecology are so highly specialized that they are not easily
manipulated or artificially propagated. With additional knowledge and effort, they
may one day have a place in insect pest management. Other less highly specialized
forms that have wide host ranges and can be mass produced readily, lend themselves
to more immediate application in control.

The terrestrial mermithid parasite of grasshoppers, A amermis decaudata
Cobb, Steiner, Christie, 1923 - Figure 1, is a good ex'aple o a nemat6U-TEIT-can
give a high degree of natural control (over 80% of the grasshoppers of some areas
were infested with nematodes), but that is difficult to manipulate. The infested
insects are killed on emergence of the large postparasitic juvenile nematodes that
then take a year or more to maturate, mate, ovulate, and produce young that can
again attack the host insect. Not all of the terrestrial forms of this important
family take this long to maturate but all do require a period long or short after
emergence from the host.

Aquatic mermithid parasites maturate much more r&pidly after emergence
from the host and thus offer less difficulty in their propagation. One of these,
Reesimermis nielseni Tsai and Crundmann (1969), which parasitizes a number of

rerN=spro=i3"sqs of some 1" genera (Figure 2), has been shown to have con-
siderable promise as an effective biological control agent. This species matu-
rates, mates, and oviposits within 2 weeks after emergence and has been propagated
in large numbers on laboratory-reared mosquito hosts (Figure 3). More information
on mass rearing will greatly improve its potential since sex ratios and hence
yields of prs?arasitic nematodes are greatly influenced by environmental con-
ditions--parasite to host ratio, host species, level of nutrition (Petersen, 1972).

Another aquatic mermithid that is also readily propagated is Diximermis
terseni, Nickle (1972). This mermithid is parasitic only in certairriaigirine

mosgu oes, and thus has somewhat less potential for control (Figure 4).

Some nematodes sterilize their insect hostd. A good example of this is
the sphaerulariid parasite, Heterotylenchus autumnalis, Nickle (19f7), of the face
fly, Musca autumnalis DeGeer. This nematode has a ratner complex life history,
with iiiiTrtalTEMiof gametogenetic and parthenogenetic generations. The female
fly is sterilized; the ovaries become filled with packets of male and unmated
female nematodes that develop in the sites normally occupied by eggs. During
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mock oviposition, the female fly deposits the packets of nematodes in manure. The
deposited nematodes mate, the males die, and the impregnated young female nema-
todes enter the body cavities of fly maggots developing in the manure. Once
inside the maggot, the small female nematode develops into the adult parasitic
stage that lays eggs in the hemocoele. These eggs develop into parthenogenetic
females that lay large numbers of eggs that in turn develop into small males and
females. When they grow to a length of about.one millimeter, they penetrate the
insect ovaries, completing the life cycle. Figures 5, 6 and 7 illustrate this
interesting nematode (Stoffolano, 1970).

A good example of the less specialized nematodes that have wide host ranges
can be mass-produced readily, and have an immediate potential for control of many
pest insects is DD-136 nematode, Neoaplectana dutk i Jackson (1965) (Turco, et al.,
1971). This nematode is presently under study y many investigators in many
countries throughout the world. I will discuss this species in some detail to
exemplify how nematodes can ne manipulated to insect control.

Biology of the DD-136 Nematode and its Associated Bacterium

The bacterial pathogen associated with the DD-136 nematode causes a bac-
terial septicemia that kills the host. The bacterium also serves as food for the
nematode. Also, it elaborates a wide-spectrum antibiotic that prevents putre-
faction of the cadaver and the growth of microorganisms inimical to the develop-
ment of the nematode (Figure 8). The infective stage of the nematode is the
ensheathed second-stage larva. The nematode seeks out the host insect, enters
(usually by way of the mouthparts), exsheaths, penetrates the intestinal wall, and
injects the bacteri'jt contained in its esophagus and intestinal tract into the
body cavity of the host. This injection initiates the septicemia that kills the
host. At 30°C., the entire process from exposure to the nematodes to death takes
less than 24 hr. After the death of the host; the invading nematodes maturate
and become adults in 3 days (Figures 9, 10). If both males and females are
pl,lsent (in this species the sex ratio is 100/100), they mate, giving rise to
yoL,ng.

The young are born matricidally--that is, fertile ova produce embryos
within the gravid female's ovaries. When 'the eggs hatch, the young feed on the
tissues of the mother. They escape after her death as second-stage larvae.
Some (about 80%) are ensheathed and do not develop further. Others maturate,
mate, and produce young until the host cadaver is filled with ensheathed larvae
(Figures 11, 12). A generation is complete in about 40 hr. Ensheathed larvae
then emerge from the crowded cadaver in search of a new host. At the most favor-
able temperature, 23-28°C, the cycle from infective stage to infective stage is 8
days. The cycle lengthens at lower temperatures. If the cadaver is not in con-
tact with free water, the ensheathed larvae may remain inside the partially dried
cadavers for at least 2 months without injury. Emergence of larvae from such
cadavers begins within minutes after they are in contact with water.

The size of the adults is variable, it depends on the size of the host and
the amount of nutrient remaining in the host. However, the size of ova, newly
hatched larvae, and infective stage larvae are fixed, regardless of the size of
the host or the female. The largest females are nearly 15 mm. long and contain
more than 1,000 ova; the smallest females are less than a tenth this length and
contain as few as 8 ova. The infective stage larvae are about 25 um wide and 600
om long. Newly hatched larvae are about 390 im long. Female nematodes grown on
restrictive artificial media used to define the sterol requirements of the species
usually deposited their ova, which hatched outside the female, on richer arti-
ficial media, the development was similar to that observed in the insect host.

The nematode-bacteria complex is also most interesting because of the
light it throws on host-parasite relationships. The sterol requirement of the
nematode is particularly notable. Our studies showed that sterol is essential for
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growth, development, and reproduction of the nematode (Dutky, Robbins and Thompson
1967), and that the nematode derives its essential sterol from the cholesterol of
the insect host, and converts a part of this to A7-cholests (Dutky, et al.,
1967). The average amount of sterol in infective larvae grown on insect hosts was
95 picograms per nematode, enough for maturation of the nematode to the adult
stage, bat not enough for the adult to reach its maximum size or for the females
to produce fertile ova if the diet was a sterol-deficient medium (Figures 13, 14).
When cholesterol was added to the medium, the female reached its maximum size and
produced fertile ova (Figures 15, 16). Also, of 10 highly purified sterols tested,
all except stiqmasterol and ergosterol could replace cholesterol in supporting
growth and reproduction. These two exceptions are similar in structure and differ
from the other 8 in having a double bond at the 22,23-position (Figure 17).

More recently, in this laboratory, we have used 4-14C cholestanol and
3N-0-sitosterol to gain further insight into the mode of utilization of sterols by
the nematoft. When 4 -14C cholestanol was added to the medium, it was converted
mainly to Al cholesCenol with only a trace of cholesterol, an indication of rapid
desaturation of the 7,8-position. The 3H-0-sitosterol was dealkylated and con-
verted to cholesterol which was then further metabolised A saturating the 5,6-
position, desaturating the 7,8-position, and producing A/ cholestanol.

Laboratory and Field Testing of the DD-136 Nematode

The DD-136 nematode can be propagated in enormous numbers in several
easily reared insect hosts, some of which are presently available from commercial
sources as fish bait. It can also be propagated on artificial media. The choice
is largely one of convenience and should depend on the availability of help trained
in the proper disciplines; with entomologists, insect hosts would usually be most
convenient. The nematode can be stored in the infective stage for long periods
before use. The detailed procedure for propagation and storage has been published
and is available (Dutky, Thompson and Cantwell, 1964).

The DD-136 nematode has avid. host range. Nearly all the hundreds of
insect species tested to date, including many important insect pests, are accept-
able to this nematode and are quickly entered and killed by it. Since beneficial
insects may also be attacked, some judgment must be used in selecting the site of
the application, but this hazard is probably considerably less than that asso-
ciated with the use of insecticides. Adults, pupae, and larvae of most insect
species are equally susceptible to the nematode though the adults of some species
may be more susceptible than the larvae and the adults of others may be quite
resistant. To date, no evidence of extensive attack on eggs has been noted. The
susceptibility of the different stages can be easily assessed in a simple labora-
tory test, and such tests are recommended before field testing.

Laboratory tests of candidate hosts are useful also, even if a species is
reported as highly susceptible, because they provide an opportunity to train the
personnel who will conduct the field tests to recognize the appearance of insects
killed by nematodes, and also instill confidence in the efficacy of the agent.
The yield of infective-stage larvae from the parasitized hosts should also be
determined. If field test data for an insect species are already available,
laboratory tests could be set up at the same time as the field tests. The effect
on the nematode of pesticides (fungicides, insecticides) used on the crops in the
test area should be evaluated.

The success of the nematode in field applications depends in large part
on the ingenuity and skill of the investigator. The nematode is not resistant to
drying and is quickly killed by desiccation. Moreover, it requires a moist sur-
face when it migrates in search of a host. Proper timing is therefore necessary
when the nematode is applied to exposed surfaces. Early morning or late evening
applications of spray may produce satisfactory conditions that will last long
enough for the nematode to complete its search and attack. When nematodes are

[5781



Dutky, S. R. Insect Pathogens

sprayed on the trunks of trees protected by the canopy of leaves, conditions are
much less critical, and satisfactory applications can be made at any time of day in
spite of hot, dry weather. The nematode is sensitive to high temperatures and is
quickly killed at 42°C, and above. This limitation must be considered when the
nematodes are transported to the field, and when they are sprayed at high pres-
sures (Figure 18). The nematode is resistant to shear and is not likely to be
damaged by this stress even when small nozzles and high pressures (up to 1,000
pounds per square inch) are used, but spraying at high pressures involves a con-
siderable production of heat in the pumping equipment, and unless care is taken,
the resultant temperature rise may bring the nematode suspension above the thermal
death-point. The suspension to be sprayed should be cold enough so that the heat
developed during spraying will not bring the temperature above the safe limit
(not higher than 35'C).

The available spray equipment should be tested to make sure that the
nematodes are delivered from the nozzle in good condition, and without loss of
numbers. If clean equipment and clean suspensions are used, the screens can be
removed and the nematodes can be delivered freely to the nozzle. Nozzles with
openings less than 2/3 the length of the nematode (400 u) will deliver nematodes
satisfactorily without blockage.

The type of pumping equipment is not critical; even gear-pumps will deliver
nematodes without excessive damage. However, the suspension may recycle through
the pump many times before delivery, and damage may be cumulative. Pumps should
thus not be allowed to idle longer than necessary.

The infective-stage larvae of the nematode are resistant to many pesti-
cides. Chlordane, DDT, endrin, lindens, methoxychlor, toxaphene, azinphosmethyl,
Chlorthion (0-(3-chloro-4-nitropheny1)0,0-dimethyl phosphorthioate), hexaethyl
tetraphosphate, methyl parathion, paraoxon, parathion, tepp, and trichlorfon were
among the insecticides tested in water solution or suspension without effect.

The miticides tested had no effect. These included Aramite (2-(27tert-
butylphenoxy) isopropyl 2-chlorethyl sulfite), dicofol, and ovex. The fungicides
captan, copper sulfate, Dyrene (2,4-dichloro-6-(0-chloranilino)-triazine), ferbam,
folpet, maneb, sulfur and zineb had no effect. However, two fungicides, dodine
and glyodin, had considerable and limited toxicity, respectively. Two herbicides,
ammonium sulfamate and monuron, were without effect, and even two nematicides
tested had little or no effect on the ensheathed larvae. This resistance to so
many pesticides makes it easy to use the DD-136 nematode in an integrated control
program.

The large numbers of the DD-136 nematode that can be released to control
an existing insect population, the high reproductive potential of the nematode,
and its longevity in the infective stage make the effectiveness of the nematode
independent of the population level of the host; thus this agent can virtually
eliminate a population (Figures 19, 20).

Summary

Numerous nematodes are known that are parasitic in insects and capable of
a high degree of natural control of their hosts. Some are highly adapted to one
host and its special ecology, but these specialized forms are often not easily
manipulated or artificially propagated. However, other less specialized forms
that have wide host ranges and could be mass-produced easily would lend themselves
to manipulation for insect control. The DD-136 nematode and its associated bac-
terial insect pathogen is a good example of this less specialized group.

The DD-136 nematode can be propagated in erormous numbers in several
easily reared insect hosts and on artificial media. Also, it can be stored for
long periods before use. Nearly a.11 the hundreds of insect species tested to date
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are acceptable as hosts to this nematode, and are quickly entered and killed by
it. Because of the large numbers of the nematode that can thus be released to
control an existing insect ovulation, the high potential of reproduction of the
nematode, and because of OA longevity of the nematode in the infective stage,
the effectiveness of the DD-136 nematode is independent of the level of the host
population, and can virtually eliminate a population. Since the nematode is
resistant to most chemicals used commonly as pesticides (insecticides, fungicides,
and herbicides), this agent can also be used in an integrated control program.
The nematode can be applied with the same equipment used to apply pesticides.
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Figure l.--Grasshopper with abdomen dissected to show mermithid parasite,
A amermis decaudata. Photograph from USDA files furnished by Dr. W. R. Nickle,

_emaEBITO-Iiboratory, Beltsville, Maryland.

41)

Figure 2.--Reesimermis nielseni wound around thoraxes of fourth instar Culex
pipiens quinqUiTITEUEN.--PEOTE0Traph furnished by Dr. James J. Petersen,TOK,
Oaf Coast Mosquito Research Laboratory, Lake Charles, Louisiana.
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Figure 3.--Mass production of R. nielseni using C. E. quinquefasciatus as the
rearing host. Photograph furnisEedETni7-0etcrsen.

46.

7.

1

"gb

Figure 4.--Diximermis peterseni in fourth instar larva of Anopheles crucians

(ventral view). Photograph furnished by Dr. Petersen.
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Figure 5.--Ovaries of non-infected face fly containing several individual eggs
each terminated by a dark respiratory mast (11.6X). Photograph furnished by
Dr. John J. Stoffolano, Jr., Department of Entomology, University of Massachusetts,
Amherst, Mass., 01002.

Figure 6.--Ovaries of a face fly infected with Heterotylenchus autumnalis and
containing thousands of male and female gamogenetic larvae instearaniiii
(11.6X). Photograph furnished by Dr. Stoffolano.
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Figure 7.--Same ovaries as in Figure 6, but with the ovary sac ruptured to re-
lease the nematode larvae (11.6X). Photograph furnished by Dr. Stoffolano.
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Figure 8.--Sterile agar block technique for demonstrating antibiotic production

by nematode associated bacteria. Upper left: agar blocks from uninoculated plate.
Upper right: agar blocks cut 30 mm away from colony on Tryptose-phosphate agar.
Lower left: agar blocks cut 20 mm away from colony. Lower rights agar blocks cut
within 10-15 mm from colony. Note clear zones surrounding each block. Test medium
Tryptose-phosphate agar seeded with Bacillus subtilis spores (Mag. 0.6 X).
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Figure 9.--Development of N. drkyl within the dead wax moth host. Insect integu-
ment ruptured to show nematodes 2nd day after exposure. Three preadults are seen
in the saline solution above host (Mag. about 3X).

Figure 10.--DD-136 nematode development 3rd day after exposure. Note the very
large size of these adult females and the very much smaller adult males (Mag.
about 3X).
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Figure 11.--DD-136 nematode development 4th day after exposure. These smaller
adults are progeny of those seen in Figure 10 (Mag. about 3X).

Figure 12.--DD-136 nematode development 8th day after exposure. Cadaver filled
with ensheathed larvae (Mag. about 3X).
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Figure 13.--Adult male N. dutkyi on sterol-deficient medium (Mag. 55X, picture

width 2 mm).

Nib
N

Figure 14.--Adult females N. dutkyi, on sterol-deficient medium (Msg. 55X).

Ova present are not fertile.
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Figure 15.--Adult males N. dutkyi on sterol-enriched medium (Mag. 55X).
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Figure 16.--Adult female N. dutkyi on sterol-enriched medium (Mag. 55X).
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Sterols tested for support of nematode growth and reproduction
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Figure 17.--Sterols tested for support of growth and reproduction of N. dutkyi.
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Figure 18. -- Nematode application in appla orchard at White Swan, Washington.
B&W copy of color transparency furnished ay B. A. Butt, In Charge, Arid Areas
Deciduous Fruit Insects LaborJtory, Yakima,. Washington.
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Pate of Overvintering Codling Moth Population Under Bands

limber
of trees

Rill Orchard

No. levatode
W41

killed
Per tree

Living
Per tree

9/22/60 20 33 1.65 54 2.70

11/2/60 20 30 1.50 107 5.35

5/10-11/61 37 16 0.432 71 0.19

5/23/64 26 5 0.178 14 0.50

8.7k

Oservintering brood nematode killed before enerpnos

8.74 ,
8.74 + 0.179

Figure 19. - -Results of codling moth tests at Hill Orchard, Kearneysville, West
Virginia. Number of trees treated - 178 in 7 rows. Trunks and main branches
sprayed with 2 million nematodes per tree 9/8/60 and 5/11/61. Rainfall frequent
before and after applications.

Pate of OvervinterSng Codling Moth Population Under Bands

O'Neil Orchard

9/14/60

9/26/60

11/9/60

5/3/61

5/16/61

Number
of trees

12

7

9

10

1

Living

ttli Per tree

763 63.6

644 92.1

59 6.6

56 5.6

16 1.6

No. Nematode
Total Per

143

229

614

37 (10
new)*

38 (100
new)**

killed
tree

11.9

32.7

68.2

3.7

3.8

total nematode killed 373 of vhich mere recently infected

11 total nematode killed 381 of vhich 10%vere recently infected

Overvintering;brmai nematode killed before emergence 1.

98.7$
121,9

Figure 20.--Results of codling moth test at O'Neil Orchard, Vincennes, Indiana.
Number of trees treated - 118. Trunks and main branches sprayed with 4 million
nematodes per tree 9/1/60 and 5/3/61. No rainfall between 8/15/60 and 10/1/60 at
this location. Rainfall on 10/8/60 totaled 1.13 inches.
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The dispersion of pathogens of insects has been touched on by many authors
in their treatments of specific host-pathogen relationships, but the subject has
received very little in-depth attention since the inception of modern insect
pathology, with the result that there is a paucity of information in the litera-
ture on the varied mechanisms that bring about such movement. In this presen-
tation, there will be an effort to bring together the bits of evidence concerning
the means of natural spread of entomogenous microorganisms, followed by a brief
discussion of manipulated dispersion, as entered into by man, including the appli-
cation of pathogen, as microbial insecticides.

Natural Dispersion

Any microorganism that displays pathogenicity for an insect has attained
an interrelationship with its host which is regulated by the balance between the
virulence of the microorganism and the degree of susceptibility of the host,
augmented by the presence of an efficient means of transmission of infective stages
of the pathogen from one individual or population of the host to another. The
overall effect of these factors that influence the spread of any specific infection
at a given place and time has been termed mdispersibility."

The ability of an entomogenous microorganism to spread or distribute
itself throughout the range of its susceptible host or hosts is designated as the
capacity of the pathogen to disperse. The importance of dispersion has been empha-
sized by Tanada.(1963) in his statement that a pathogen lacking a high dispersal
capacity may ha.:, only a low potential of developing an epizootic even though it
may possess high virulence for the host and efficient survival capacities. The
dispersal cawity may be the result of an adaptation to permit redistribution over
relatively short distances, such as from soil to foliage when pathogen and host
have become separated within an ecosystem due to normal environmental changes. Or,
it may result from an established or fortuitous means by which the pathogen can
follow its host great distances from its native habitat to a new area where environ-
mental factors are favorable for development.

Although there are certain exceptions, such as some of the entomophilic
nematodes, the motile-zoospore possessing primitive Phycomycete fungi and the
higher,phycomycetous Entomophthorales fungi, which can project their conidial
spores,) entomogenous pathogens, in general, lack meaningful means of locomotion,
so that their movement from host to host within a population, or from population
to population, must be accomplished through the actions of other factors, physical
or biotic, in the environment. The physical factors considered to be important
are wind and water.
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The feasibility of wind transmission was demonstrated by Thompson and
Steinhaus (1950) in their study of the nuclear polyhedrosis virus of the alfalfa
caterpillar, Colias eurytheme Boisduval, in California over 20 years ago. They
determined inirdWiatory trials that low-velocity air movement of 2 to 4 miles per
hour could dislodge and splatter the fragile remains of freshly dead larvae to
adjacent foliage and move contaminated dust several feet. It takes little imagi-
nation to conceive the effect of the 20 to 40 mph (or more) winds that blow fre-
quently in the agricultural areas of California and other parts of the southwest
in the distribution of this virus. Since other types of pathogens that have
fallen to the soil and become attached to dust particles could transported in
this manner from one area to another, it is quite possible that wind transmission
may play a major role in creating apparent new outbreaks of disease and resultant
epizootics that appear to spring up suddenly in populations of many of our pest
insect species. Wind, also, is a factor in the movement of elate insects, with
resultant effect'on the spread of any pathogens that they may be carrying.

The importance of water movement in the form of rain, irrigation water and
flowing streams in the dispersion of pathogens has been suggested by a number of
workers. According to Jaques (1970), the splashing action of rain is a prime con-
tributor in the redistribution of viruses of the cabbage looper, Trichoplusia ni
(Hubner), and the imported cabbageworm Pieris rapae (Linnaeus), from contaminated
soil to the foliage of young cabbage plants. Moreover, Thompson and Steinhaus
(1950) observed the development of epizootics in populations of the alfalfa cater-
pillar within two weeks after fields were irrigated by flooding, and they suspected
that the thorough wetting of the new plant growth by that type of irrigation was
responsible for the even distribution of the virus on the foliage, resulting in
uniform epizootics in the developing Colias populations.

The role played by flowing streams has not been documented, but it is con-
ceivable that pathogens could be washed from the foliage or leached from the soil
by rain and transported by water movement to a new location where application of
the water through irrigation practices could deposit viable infective stages where
they could be contacted by susceptible hosts.

The biotic agents affecting the dispersion of entomogenous microorganisms
are quite diverse. Of great importance is the role played by the primary host
itself, since it has the closest association with the particular pathogen con-
cerned. In any host-pathogen relationship, there is variation in susceptibility
within the host population, and even when the percentage of susceptible hosts is
high enough to permit an epizootic to occur, from few to many individuals may
possess low susceptibility or even be immune. Thus, the diseased individuals not
yet immobilized, the still uninfected susceptibles and those that are immune may
serve to transmit infective material either externally on their body surfaces, to
be deposited during contact with new foliage, within their digestive tracts fol-
lowing ingestion with food until excreted with feces, or within infected cells and
tissues, to be passel on to progeny via transovarian transmission or deposited on
the substrate when the host dies. Thompson and Steinhaus (1950) and Martignoni
and Milstead (1962) cite the importance of the trans-ovum transmission of virus
via the egg of the insect host which becomes contaminated externally during the
process of deposition by a contaminated or infected parent.

Examples of diseased hosts acting to disperse their pathogens may be
observed readily in certain aphid-fungus relationships. This author has repeatedly
seen in the field recently killed fungus-infected elate female spotted alfalfa
aphids surrounded by their first-stage young that were born just before the mothers
succumbed from the disease. With the female being held to the foliage by rhitoids,
the entomophthoraceous fungus pathogen was able to project conidial spores which
were carried by air currents until some made contact with susceptible hotts, either
the adjacent new-born young or other members of the population that were nearby.

[592]



Hall, I. M. Insect Pathogens

This is only one example of the adaptation by pathogens of means of
attaching hosts to a substrate in position to assure maximum opportunity for the
infective stages to make contact with other susceptible individuals. In this case,
as is common with many of the entomogenous fungi, the host is passive and the
action of attachment by rhizoids is a function of the pathogen itself. Some fungi
that attack aphids, however, do not form rhizoids, and the retention of the host
in an elevated position on the foliage is by the chance holding effect of the
proboscis inserted in the substrate. Obviously, this method is not as effective in
assuring the localized distribution of the pathogen because many of the hosts be-
core dislodged and fall to the ground.

Other types of entomogenous pathogens are not as well organized as are the
Entomophthorales fungi, and they are forced to remain passive and rely on the
activity of their hosts to assure their dissemination. In this regard, it is most
interesting that diseased insects often undertake characteristic "migrations" or
movements from one position to another as they reach advanced stages of disease.
As discussed by Steinhaus (1949), in the case of certain virus infections, the
infected caterpillars climb to the upper portions of the host plants, on which they
are feeding, where they hang by their prolegs and die. A classic example of this
host response is the Wi felkrankheit or high place nuclear polyhedrosis virus
disease of the nun motn, antinTiOnacha Linnaeus, in Europe, and other examples
are common among the NPV is Briiilly of our noctuid pests. What prompts
this host response remains unknown, but Steinhaus speculates that diseased insects
may be seeking more suitable humidity and temperature conditions to relieve their
discomfort. Whatever the cause, the host action does facilitate dissemination of
the infectious agent, which may fall, be washed, or be blown from the disinte-
grating host remains onto adjacent foliage to increase the chance of contact with
a healthy individual.

Nonsusceptible insect species which coexist in mixed population relation-
ships on the same plants with insect species that are subject to disease may act
as mechanical carriers of the pathogen. Most certainly, the migrations of the
western yellow-striped armyworm, Prodenia praefica Grote, from fields where the
alfalfa caterpillar has been deciWEE0757 FT/ITUepizootic will serve to spread
the virus to adjacent fields. Similar situations undoubtedly exist in the case
of migratory grasshoppers and other insects, and these nonhost species may be more
effective in their spreading of a particular pathogen, to which they are not
susceptible, than the previously mentioned immune individuals because of sheer
numbers.

The effect of insect parasites in dispersing pathogens of their hosts was
first touched on by Payne (1933) who provided evidence that a hymenopterous para-
site, Microbracon hebetor (Say) was capable of transmitting infective stages of the
microsporidan Thelaniiiiephestiae Mattes from one larva of the Mediterranean flour
moth, Ana esteWM1MM (Zeller), to another via its contaminated ovipositor.
The overall e fectiveness of this type of transmission is unknown, but it is quite
possible that the activity of parasites in seeking out and stinging healthy hosts
may play an important role in the dissemination of some pathogens. However, with
contamination of the ovipositor a result of chance contact with a diseased host
rather than a certainty, and the knowledge that in some cases, at least, the ovi-
positor may become free of contamination following one or two stings of disease-
free hosts, it is possible that parasite transmission may have definite limitations
in some situations.

A noted example of parasites acting as intermediaries with man's help in
the introduction of a pathogen has been documented by Bird (1961) in his report
on a study of the nuclear polyhedrosis virus of the European spruce sawfly,
Diprion here nice (Hartig). This sawfly, which invaded Canada early in this
century, spree rapidly and became a serious pest in the spruce forests of eastern
North America by 1938. Initial control of the sawfly was attained by the develop-
ment of epizootics of a naturally occurring virus that appeared following the
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importation and colonization of parasites. The origin of the virus never has been
determined with certainty, but it is considered to have been introduced accidentally
into Canada with the parasites which were collected in large numbers in the native
habitat of the pest in Europe and mass-propagated for release into Canadian forests.
Following the rapid spread of the virus and the establishment of the introduced
parasites, both agents have continued to exercise major roles in maintenance of
the pest at acceptable low levels.

Predaceous insects, insectivorous small mammals and birds act much in the
same manner in the dispersion of entomogenous pathogens. AS they search for prey,
their body surfaces may become contaminated by infectious agents in abundance in
their environment, and these materials may be deposited on clean foliage as they
continue to forage. In addition, they may ingest diseased insects and subsequently
deposit the pathogens in new areas with their droppings. Such actions wevi:. docu-
mented during the studies on the spread of the milky disease bacilli of the
Japanese beetle, Popillia japonica Newman, in the eastern United States in the
1940's (Hawley, 1952), and such carriers have been termed "facultative vectors" by
Franz (1971).

It must be noted that man, by chance or design, can and does play an
important role in the dispersion of pathogens of insects. At the local level, the
w-rker moving within a field or from field to field may mechanically transport
infective stages of pathogens, such as nuclear polyhedrosis viruses that, as part
of larval remains, become smeared on clothing or tools. Moreover, in the movement
of agricultural products from one area to another, man unknowingly may move viable
infective materials in the remains of diseased insects on the plants, or actually
transport infected living insects on or in the products being shipped or the
vehicle carrying the shipment.

The effect of man in the movement of pathogens for great distances, such
as from one continent to another, has not been documented to any great extent in
the literature, but there are several examples that can be mentioned that would
suggest that such movement might be more common than one would think.

The first example is that of the milky disease bacteria of the Japanese
beetle. The history of the invasion of the eastern seaboard of the United States
by this insect in the early part of this century, the continued spread of the pest
up to the present time, and the'extensive investigations by Federal and State
agencies leading to the discovery of the milky disease bacteria and their develop-
ment into effective microbial control entities, have been well recorded, but prac-
tically nothing has been postulated about the origin of the pathogens. About all
that is known is that they have very close and complex relationships with their
host and were not known to exist in the United States prior to the invasion by the
beetle. Although they have not been detected in Japan and Korea, the native home
of P. japonica, it probably is safe to assume that the two bacteria, Bacillus

Dutky and B. lentimorbus Dutky, must have entered this country the
initial insect introduction, either within infected host insects or as resistance
spores in the soil in which the grubs were living. Of importance is the strong
possibility that man, although ignorant of his action, actually moved via sea
shipment enough infective stages of the pathogens to have them become established
in a new location far around the world from their probable home.

The second example of man's actions in long-di,tnce dispersion already has
been mentioned with respect to the transmission of an eDt-mogenous pathogen by
parasitic insects. Bird (1961, 1962) reported that the nuclear polyhedrosis virus
from the European spruce sawfly, which was discovered shortly after the initiation
of biological control efforts, is considered to have been accidentally introduced
into Canada with shipments of parasites collected in Europe where the sawfly is
native, and it became established very rapidly following propagation and release
of large numbers of the parasites. Although not planned, man's effort in moving
the parasite apparently was reponsible for introduction of the virus.
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The third example is that of the accidental introduction of two species
of entomophthoraceous fungi that attack the spotted alfalfa aphid, Therioaphis
mQculata (Buckton), into the United States in the 1950's. As the history of the
invasion of this country by the pest has been determined, it first appeared on
alfalfa near an Air Force base in New Mexico in the early part of that decade.
With the frequency of flights by Air Force planes to and from the Mid-East home
of the aphid, it may be concluded that one or more living elate female aphids must
have been transported in a protected niche on a plane, arriving in gcod enough con-
dition to be able to move to suitable nearby host plants to initiate a new popu-
lation. The finding of the two species of pathogenic fungi, Entomophthora
exitialis Hall and Dunn and E. virulenta Hall and Dunn, attacking only T. maculate
TR-TOUR= California within a-7707E5EMB of the time the pest reached the Meat
Coast led to subsequent determinations that they attacked the aphid throughout its
native range of the Mid-East through to India, as well as in other areas where the
aphid had become established. This has brought forth the belief that one or more
planes may have flown through flights of elate aphids, thereby picking up and
transporting relatively large numbers of the pest, some of which were infected by
one or the other of the two fungi. Since the fungi worked side-by-side in creating
epizootics within a host population, it is most likely that they came in together.

Manipulated Dispersion

Although not practiced widely over the years, particularly because of the
limited state of knowledge of insect pathology and microbial control and the
centering of interest in other arens :if biological control which were thought to
offer greater chance of success, a major method cf utilization of entomogenous
microorganisms to control insect postu involves the direct introduction or
colonization of pathogens for the purpose of establishing them into close associa-
tion with the pest populatict, following which they can disperse throughout the
range of the host aided by the varied applicable physical and biotic factors to
bring about long-term reduozion and possible permanent control of the pest species.

Probably the most successful program of this type has been the use of
preparations of the milky disease bacteria in the control of grubs of the Japanese
beetle on turf in the eastern United States since 1940. As discussed by Hawley
;1952) in his review of the effort, because spores of these bacilli proved to be
difficult and costly to produce, thorough-coverage application rarely has been
attempted. To conserve materials, dry spore preparations generally have been
applied to turf by spot treatment using equipment as simple as a rotary hand corn
planter modified to inject about 2 grams of spore powder each time it is tripped.
With injections made every 10 feet, checkerboard fashion, a treatment of 1.75
pounds of bacillus preparation per acre was found to be adequate. The acreage
treated also varied, and it was found that only two 1/2-acre plots per square
mile were needed in open agricultural areas, and smaller plots on at least one
block in 10 in urban areas. The rate and degree of subsequent spread of the
bacteria were found to be dependent on the size of the initial grub population
and the actions of the physical and biotic factors. Hawley states that spread of
the milky disease bacteria from the points of introduction is accomplished by (1)
any natural or artificial movement of topsoil containing spores of the bacilli, (2)

the dispersion of diseased grubs through the soil, and (3) the activity of birds
and mammals that feed on diseased grubs.

Other classic examples of introduction and colonization of a pathogen have
been the applications of entomogenous viruses for the control of a number of insect
pests in the forests of Canada. Particularly well documented are the studies of
some of the viruses of sawflies, one of which already has been mentioned. As
stated by Bira (1955, 1961, 1962) and Bird and Burk (1961), the nuclear poly-
hedrosis virus of the European spruce sawfly was applied by spraying to a small
number of trees. Following the initiation of disease in the populations of young

, larvae on the trees, the virus spread very rapidly. Rain appeared to be the chief
:'ent of spread within a tree, while natural enemies, particularly parasites, and
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infected sawfly females appeared to be responsible for transmitting virus from
tree to tree. It was found that little, if any, virus remained on the foliage over
winter, and that transmission from one year to the next was mainly transovarian
through eggs from infected adults, with epizootics starting from foci of diseases
in less than 10% of the overwintering egg masses.

The possibility of practical use of transovum transmission, which is
transmission occuring outside the ovary, has been suggested by the report of
Martignoni and Milstead (1962) on their study of the dissemination of the nuclear
polihedrosis virus of the alfalfa caterpillar through release of artificially con-
taminated adult female butterflies. As with practically all efforts at coloni-
zation followed by natural spread, this method of virus dispersal is not conducive
to the attainment of rapid control of populations of the pest, since the natural
development of virus infection followirj eclosion cannot assure quick kill of the
larvae. However, the advantages of the need for only small amounts of infective
material, the simplified nature of the procedure for contamination of the adults
and the lack of a need for precise timing of application would suggest that this
type of release program might be useful in the future.

In the past few years, the principal interest in microbial control has been
in the utilization of entomogenous microorganisms or their toxins in the manner of
chemical insecticides for the quick control of economic pest infestations. This
has meant the bypassing of the factors involved in the natural spread of pathogens,
and the development, where feasible, of techniques for thorough coverage of plant
surfaces to induce rapid mass infection of the pest populations and their subse-
quent quick reduction to levels approaching localized extinction in order to pro-
tect the crop. Moreover, practical utilization of microbial insecticides con-
taining B. thuringiensis has been limited by economic and residue factors to the
control of insect pests on short-term vegetable or field crops, such as head
lettuce and cotton, with the result that to a great extent post-treatment dis-
persion and extended persistence of the pathogen on a crop following initiation of
disease in the pest population have not been matters of concern.

Because of the need for thorough coverage to assure rapid infection of the
susceptible pests, the early testing of the B. thuringiensis preparations some 15
years ago against the cabbage looper on crucifers (Hall and Andres, 1959) indi-
cated the feasibility of using dust formulations which would give thorough cover
age and place the toxic materials on the undersides of the foliage where they
could be ingested by the young larvae and bring on cessation of feeding and death
before the plant suffered severe damage. In the western parts of the United States,
the use of bacillus dusts as the best means of mechanical dispersion for control
of the cabbage looper became commonplace during the 1960's. In other areas, where
weather conditions and/or habit precluded the use of dusts, spray formulations of
the first-generatital bacillus products often gave poor control, and sprayable BT
preparations only came into their own wit't the development within the past three
years of the much more toxic strains of tne bacillus, in which the 20-fold increase
in potency was enough to make up for the inherent poor coverage from spray
application.

It is interesting to note that B. thuringiensis is an entomogenous pathogen
the': has shown almost no ability to disperse on its own or through the help of
environmental factors. As stated by Tanada (1963), it is a microorganism possess-
ing high virulence (for some hosts) and efficient survival mechanisms, but it lacks
a high dispersal capacity and, thus, has only a low potential for developing epi-
zootics in populations of susceptible hosts remote from the spot where mechani-
cally applied.

In summing up our knowledge on the subject of dispersion, it is apparent
that the dispersibility of an entomogenous microorganism is the result of inter-
actions of many factors, from the makeup of the pathogen itself, its particular
rJlationship with its host or hosts, and the effects of the varied physical and
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biotic pressures in the immediate and not so immediate environment. With the
varied nature of these influences, it is understandable that pathogens will have
their own established patterns of spread, giving them more-or-less definable
capacities to disperse. Most notable of those with apparent high dispersal capa-
cities are the nuclear polyhedrosis viruses, which, in general, show marked levels
of virulence for their hosts and are readily and rapidly transmitted great dis-
tances to cause widespread epizootics. From the standpoint of microbial control
of pest insects, these viruses and other types of pathogens with similar capacities
may be considered to be very effective and efficient parasites, and they may be
amenable to utilization in easy to set up introduction and colonization programs.
In contrast, many entomogenous pathogens do not possess such high levels of dis-
persion, and some, such as B. thuringiensis and other crystalliferous bacteria,
show almost no ability to spread from the point of application. These, it is
obvious, may be usable only as microbial insecticides where thorough coverage
application is practiced to place the infective or toxic materials in contact with
the pest species.
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PRODUCTION OF MICROBIAL CONTROL AGENTS

H. T. Huang
International Minerals and Chemical Corporation

Libertyville, Illinois

In going over the program for this Institute, I could not help noticing
that I am probably one of only two speakers who has not been trained as an ento-
mologist. I am certain]y the only speaker from an industrial organization. These
observations do not necessarily confer a sort of distinction on me personally.
Rather, they are indicative of the fact that microbial control has indeed come of
age. It has graduated from the stage of laboratory research and development to
the realm of practical utilization, or if you prefer, commercialization.

Since the hour is late and we have all had a long day, I shall be as brief
as possible. I am going to discuss only the production of microbial agents on a
commercial scale and leave aspects of the subject still under development for a
separate presentation at another time.

As shown on Slide 1, the production of microbial control agents, as opposed
to chemical agents, are currently accomplished by some type of biological i_co-
ceduret viz. fermentation in the case of bacteria and the use of the actual target
host animal in the case of viruses. There are today, three microbial agents pro-
duced commercially in this country (Slide 2). I would assume this is a resonably
complete list. I have no direct knowledge of the situation in Eastern Europe and
other Communist councries, but as far as we know, the same list is probably appli-
cable worldwide.

Bacillus popillie and Bacillus lentimorbus are produced by one manufacturer
only. Its use limited to catarcifTR11Wise beetle on turf. Attempts are
being made to expand its usage to include forage crops, but registration has not
yet been obtained (Heimpel, personal communication). The second agent, Bacillus
thuringiensis, can qualify as a full-fledged commercial microbial insectriTai7It
is registered for use on a wide variety of vegetables, fruits and field crops
(Federal Register, 1971), and also shade trees, forests and ornamentals. Slide 2
shows quite a long list of producers. Actually, the list includes all producers
that have at one time or another been interested in and worked on the commercial
production of B. thurgingiensis. Today, many have abandoned this business in the
U.S., and we have only tnree producers in actual operation. Biotrol is produced
by Nutrilite Products, Inc., Dipel by Abbott Laboratories, and Thuricide by
International Minerals and Chemical Corporation. Bactospeine is commercial in
France and perhaps in some other countries in Europe.

We now have a temporary registration for the third agent, Heliothis
nuclear polyhedrosis virus (Federal Register, 1970). We hope that it will receive
permanent registration in the near future.
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I do not know too much about the production of Bacillus popilliae except
that it is prepared from the whole living organism. ThiWarire actually col-
lected from the field so the possibility of very large-scale production is rather
low. If its usage expands, improvement in production technology would be desir-
able. Slide 3 shows what a preparation of B. popilliae may look like under the
microscope. You will be interested to compare it to a similar slide which will
be presented later on B. thuringiensis. Please note the parasporal body being
formed concurrently with the spore.

B. thuringiensis is produced by two methods. Both are fermentations using
artificial media. One is the so-called surface culture. Slide 4 gives a sche-
matic representation of a typical surface culture operation (Dulmage and Rhodes,
1971).

The inoculum is provided by a couple of stages in submerged culture. It
is then spread on a semi-solid type of medium and allowed to incubate for a given
length of time. When the number of spores reaches maximum level then the whole
mass is collected, dried and ground to a fine powder. It is a simple procedure.
The only disadvantage is that in terms of cell yield it is not as efficient as the
submerged culture procedure. It is generally known that Nutrilite, Inc., produces
its product by a surface culture method.

The second and more widely used procedure is submerged culture. The flow
diagram on Slide 5 shows the procedure used at International Minerals and Chemical
Corporation. A liquid medium in a large fermentor is sterilized and seeded with
an inoculum which is itself derived from several different stages of culture in
increasing volume. After optimum growth and sporulation are achieved, the
material is screened, centrifuged, standardized and finally formulated into the
commercial product.

A successful fermentation is based on two key factors. First, an optimum
culture environment; in this case it means particularly a good medium that is
conducive to production of high levels of spore and crystals.

You are already familiar with the fact that the B. thuringiensis products
that are on the market today are a combination of spores and endotoxin or crystal
toxin. Both entities are needed in the product for maximum activity. Slide 6
provides an example of the type of medium that is conducive to the production of
spores and crystals. You will note that the protein level is quite high. B.
thuringiensis is highly protolytic organism and can hydrolyze large amounts of
protein during a growth cycle. Evidently these are necessary for optimal sporu-
lacion and crystal formation.

The second important factor for a successful commercial fermentation is a
good culture. Of course, the medium and the culture have to be compatible with
each other. One culture may work very well in one medium but it may do poorly in
another medium.

Slide 7 shows actual bioassay values obtained with different B.
thuringiensis cultures (Dulmage and Rhodes, 1971). These are based on products
that were recovered from submerged fermentations of different strains of B.
thurin iensis tested. To the best of my knowledge all three producers in the U.S.
to ay use variety alesti. The French are still using variety thuringiensis.

One way of recovering the spore crystal complex is described on Slide 8.
It is quite a useful method for producing material of high potency. After centri-
fugation, the spore crystal complex is suspended in a solution of lactose, and
precipitated with acetone. The precipitate is dried in air to give a highly con-
centrated product.
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Slide 9 shows the B. thuringiensis culture at the stage when it is almost
ready for harvesting. You can see the crystals as dark spots with a diamond-shaped
form in outline.

On Slide 10 is an electron micrograph of a single crystal. The striations
on the surface presumably have something to do with the fine structure. I won't
go into detail as to what makes the crystal tick. That is in itself a topic that
requires extensive discussion. I do want to emphasize, however, that the com-
mercial product that one buys on the market is a mixture of the spore and the
crystal.

I would like to go on now to the production of the Heliothis virus as
practiced at this time at International Minerals and Chemicii731Wation (Greer,
Ignoffo and Anderson, 1971). You will see on Slide 11 that we have actually two
operations proceeding simultaneously. On the left side we have an insect rearing
cycle and on the right side an infection cycle for the production of virus. In
summary, what we are doing is to use the young bollworm larvae as fermentors to
produce a virus which only propagates in the tissue of the host. The rearing cycle
begins with the adult, both male and female (Slide 12). These are placed together
in a mating jar (Slide 13) some 50 to 100 pairs. The jar is so constructed and
furnished that the females deposit their eggs on a strip of paper that can be
easily removed to collect the eggs (Slide 14). For a successful process we need
first a suitable artificial diet to rear the bollworm larvae. Secondly, because
the bollworm is cannabalistic, we have to find a way to rear each larva
individually.

Several artificial diets have been successfully used for rearing the boll-
worm. One example of such a diet is shown on Slide 15.

In order to isolate individual larva during the growth cycle, we place
them in cavities that are familiar to us for the packaging of small portions of
jams and jellies. These come in trays of a convenient size (Slide 16). After
cooking the diet for the required length of time, it is dispensed in individual
cavities. The entire tray is then covered with a piece of plastic film (Slide 17).

Newly hatched larvae are introduced into these cavities and allowed to grow
to the pupa stage. These emerge as adults and start on a new cycle. It is
interesting to see how much a bollworm grows in size in a period of say about 9 to
12 days (Slide 16). The newly hatched larva is a speck, barely visible to the
naked eye, as contrasted to the hypodermic needle. A one-day-old larva is shown
to the left. To the right are the 3-day-old, 5-day-old and full-size larva.
Thus, the bollworm larva makes an attractive fermentor in that one can conduct a
fermentation, propagate the virus, while the fermentor itself is expanding
continuously.

In the operation of the infection cycle (Slide 11), what we do is simply
break the life cycle of the bollworm at about 5 day:; of age and infect it with
the nuclear polyhedrosis virus (Slide 19). Stacks of trays of infected larvae in
individual cups are incubated for a suitable number of days (Slide 20) until the
larvae are mature and the disease is fully developed. As shown on Slide 21, they
are either dead or they look very sick. At this stage they are harvested and
processed to give the actual commercial product.

Slide 22 is an electron micrograph of polyhedral inclusion bodies (PIS)
that are produced. Slide 23 shows a section of the PIB's and the individual
virions within. On Slide 25 is a virion under higher magnification.

Any discussion of the production of microbial insecticides would not be
complete without a few words about product standardization. In the early days of
microbial control, many of you have probably had to work with products that varied
in activity from batch to batch, whether it was produced in your own laboratory or

[6011



Huang, H. T. Insect Pathogens

by a commercial company. This was a major problem in the early days of commerciali-
zatix, of B. thuringiensis.

Obviously, one purpose of standardization is to ensure that the product
will have a uniform potency from batch to batch. But another equally important
purpose is to enable the product to be registered. In order to register a pesti-
cide in the U.S., we must be able to declare the amount of active ingredient on
the label in a manner consistent with the requirements of the Federal Insecticide,
Fungicide and Rodenticide Act (FIFRA). The FIFRA as you probably know, was
written explicitly with the aim of regulating chemical insecticides.

When the first microbial, a B. thuringiensis product, was submitted for
registration, the USDA and FDA had to determine how it should be standardized.
They had to answer the question, "What is the active ingredient in the B.
thuringiensis product? Eventually the Government and the producing companies
agreed-on a system for declaring the active ingredient based on a convention which
we will examine shortly.

Let us look at the next slide (No. 25) which shows three typical microbial
agents. The active entity in the case of the mold will be the spore or a toxin or
perhaps both. In the case of the Heliothis virus, it is undoubtedly the polyhedral
inclusion body (PIB). In the case37177Eurin iensis it was thought to be spores
but now we know it is a combination of spores an crystals.

If the active entity is the spore or PIB, the simplest approach would be
to declare the number of spores or PIB's on the label, for example, X spores per
gram or X PIB's per gram. If you look carefully at the slide of our Heliothis NPV
label (Slide 26), you will see the statement: "Active ingredient - polTEFIEWT-
inclusion bodies of the Heliothis virus - 0.4%." Lower down it further states the
product contains 4 billiaFETAidral inclusion bodies per gram. The percentage
was arrived at by agreement with the Government, on the convention that one billion
polyhedral inclusion bodies weigh 1 mg.

In the case of B. thuringiensis, the original registration was based on
the assumption that spores were the only active ingredient and that one billion
spores weigh 10 mg. Thus a typical label would have a declaration as shown on
Slide 27. By the middle 1960's, we were well aware that the spore count by
itself was a poor indicator of the potency of the material. The crystal is at
least equally important. But we were unable to develop a chemical analysis of the
crystal which would reflect its biological activity. We, therefore, petitioned
the Government to adopt some kind of bioassay unit for declaring the ac'...ive ingre-
dient. To cut a long story short, it took more than a year's continuous delibera-
tions to finally arrive at the currently approved label declaration based on both
a unit of bioassay activity and spore count.

On Slide 28 you will see a new label for our product, Thuricide HPC. The
declaration now states "B. thuringiensis Berliner, potency of 4000 International
Units per milligram" of product. At the same time there is a guarantee regarding
minimal number of spores per mg.

In any case, B. thuringiensis has reached a stage where it can be manu-
factured and distributed on a commercial scale and registered in a manner that
meets with the approval of regulatory agencies of the federal government. We hope
the Heliothis NPV will also become fully commercial shortly. If so, it will be the
foreilliEirEF a new series of viral insecticides, which will greatly increase the
role of microbial agents in our unending battle against noxious insect pests.
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Slide 1. Chemical versus microbial insecticides.
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BEST CON AVAILABLE

slide 2.--Commercial Microbial Pathogens

Product Designation Manufacturer

B. popilliae and Doom
B. lentimorbus Japidemic

B. thuringiensis Agritrol
Bakthane L69
Bactospeine

Polyhedrosis
Virus of
Heliothis

Bathurin

Biospor 2802
Biotrol BTB
Dendrobacilin

Dipel
Entobakterin 3

Parasporin
Spore ine
Thur icide

Viron/H

Biotrol VHZ

Insect Pathogens

Fairfax Biological Labs., U.S.
Ditman Corp., U.S.

Merck and Co., U.S.*
Rohm and Haas Co., U.S.*
Pechiney Progil Lab.,
Roger Bellon, France

Chemapol, Biokrma,
Czechoslovakia

Farbewerke Hoechst, Germany*
Nutrilite Products, Inc., U.S.
Moskors.. mod. bakt.

prepar atod., U.S.S.R.
Abbott Laboratories, U.S.
All-Union Institute

Plant Protection, U.S.S.R.
Grain Processing Corp., U.S.*
Laboratoire L.I.B.E.C., France
International Minerals

Si Chemical Corp., U.S.

International Minerals
Si Chemical Corp., U.S.

Nutrilite Products, Inc., U.S.

*No longer in production.

Slide 3.--Spores-and parasroral bodies of Bacillus
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Slide 4.--Semi-solid fermentation of B. thuringiensis.
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Slide 5.--Submerged fermentation of B. thuringiensis.
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Media for the fermentation of Bacillus thuringiensis

Ingredient
Level (g/liter)

Soybean meal
Ttyptone medium halo medium medium

Tryptone
Prato
Soybean meal
Baciopeptonee
Dextrose
Corn starch
Yer! :nt::.c:
K2I1PO4
KH3,04
Mi504.71130
Fe504.71130
Zn304.71130
CaCO3

10.0

5.0
5.0

1.0
1.0

10.0
ISA

2.0
15.0e 5.0

3.0

0.3 0.3
0.02 0.02
0.02 0.02
1.0 1.0

All media diluted to volume with distilled 1130

Slide 6.--Media for fermentation of S. thuringiensis.

Characteristics of the insecticidal activities of powders recovered from
fermentation beers of different variants of Bacillus thuringiensis grown on

tryptonebased and Prollobesed media

Variant Medium'

Characteristics of powder

Spore count DDLII./109 DDUpi
x 10elg DDUtaig sporesil recovered/

liter beer

76.000
120

<3,700

etsevrel Tryptons 1,000 150.000
250 230.000

eksti Tryptone <70 <3.000
22 <2,200 <100 <3,100

itendrolimus
holt*
Tryptons 93 450 WON
Proflo 230 <2.300

26,000entomoeidus 36
<10 <15.000

Tryptone 720 61,000
holt° 110 240.000

<7.900
2100 11300.000

finlike: Tryptone 42 <70 <5.100
Prof% 41 4,100 100 29.000

*Striae Tryptone 44 17.000 370 33.0430

hello 120 44,000 370 240.000
Amore Tryptone 9 61.000

ProlIo 60 100,000
13.000

71.1"700 6154110.1"000

98.000
monism, Tryptone 69 1.200 230,000

Prollo
Tryptone

70 I A00 600,00
WHO

Preto 7
Poor pow*

<280 <40 <1.600
subtoxinis 31 220,000

33,000
Tryptone

TTPfPiti::::::::

7,100 420.000
13 620 '40.000
22 230,000 10.500 420,010thotietiensis

160 180,000 1.100 1.100.000
rohvorrhi 14 8100300 58.000 3,000.000

Prono 130 100.000 770 5110.000

!For formulae of media. see Table IV.
°Assay speciesPectinophora sossypietki.

Slide 7.--Activity of variants of B. thuringiensis.
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Flow sheet: Process for recovery of tporecrystal complex
ofBacillus thuringiensis

Whole beer, pH 11.4-3.7

Adjust to pH 7.0 with HC1

trifuge

Supernatant Residue

(Discard) Suspend in 0.1.0 n5 vnl
(Bawd on original bent

44% beton

Stir 30 min

Add slowly while stirring
4 vet acetone

Stir 30 min

Let stand 10 min

F. ter with suction

Filtrate Residue

(Discard) Stir with small volume acetone
1

er with suction

Filtrate Residue

(Discard) Stir with small volume acetone

F er with suction

Filtrate Residue

(Discard) Dry overnight, room temperature-

Insect Pathogens

Slide 8.--Recovery of spore-crystal complex of B. thuringiensis.

Slide 9.--Spores and stystals of B. thuringiensis..
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I r.

Slide 10.--Electron micrograph of single B. thuringiensit crystal.
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Slide 11.--Schematic diagram of process for propagation of Heliothis NPV.
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0.11W

.1

a

0

Slide 12.--Male and female moths of Heliothis zea.
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Slide 13. - -Egg laying jars for Heliothis zea.
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Slide 14.--Removal of eggs on paper strips.

Group

II

III

IV

Ingredient Quantity

Distilled I20 (heated to boil.
ing)

4 st 101I
Casein
Alfalfa meal (entomological

grade)
Sucrose
Wesson salis mixture
Alph: 'el
Wheat germ
Ascorbic acid

1200 ml

IS nd
126 g

54 K
126 g
3G g
IS g

IOS g
14.3 g

Aureotnycin (2!)0 Ingicapside) 0.50 g
Sorbic acid 4 g
15% Met hyl-p.hydroxyben

soate solution
10% Choline chloride solution
lOci Formaldehyde solution
Agar, granulated. dis..olved of

2.500 nil boiling distillal /110'
Vitamin solution At
Vitamin soiution lit

35 ml
36 ml
13 ml

90 g
12 tat
12 ml

:4

Prepare Group I in a Igal Waling Illendor
equipped with a Powerstat ; add u se compuhenis
in the order listed with the Idendor operating at
very slow speed. Add group II. cool to about 60-
65'C, and add groups III and IV. Adjust Power.
stat to maximum output and continue blending
at slow speed for 2 min. Final pit of diet will be
about 5.2.

*Vitamin solution A: nicotinic acid amide,
12.0 g; calcium pantothenate, 12.0 g; thiamine
hydrochloride, 3.0 g; pyridoxine hydrochloride,
3.0 g; biotin, 0.24 g; vitamin Du , 0.024 g; distilled
11,0, 1000 ml.

*Vitamin solution riboflavin. 6.0 g; folic
acid, 3.0 g. Dissolve in solution of 2.24 g of 1:01I
in 1000 ml distilled water.

Slide 15.--Artifilial diet for rearing Heliothis zea.
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Slide 16.--Dispensing diet into individual cavities on tray.

d

Slide 17.--Covering tray of cavit...es with plastic film.
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Slide 18.--Spectacular growth of Heliothis sea, one-, three-, five- and nine-day
old larvae.

Slide 19.--Five-day-old larvae ready for infection with virus.
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Slide 20.--Incubation chamber for trays of Heliothis zea.
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Slide 21.--Diseased larvae ready for harvest.
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Slide 22.--Carbon replicas of PIH's, 15,000X.
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Slide 23.--Partially dissolved PIS'. showing release of virions, 25,000X.
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Slide 24.--Ultrastructure of Virion, 170,000X.

0:009111110N/H
FOR EXPCRIMENTAL USE ONLY USDA Temporary Permit 4456Exp-11G

BIOLUGICAL INSECTICIDE FOR HELIOTHIS SPECIES...
Cotton Bollworm,

Tobacco Budworm

SOLUBLE POWDER

ACTIVE INGREDIENTS:

Polyhedral Inclusion Bodies of
Heliothis NucleerPolyhedrosis
Virus' 0.4%
INERT INGREDIENTS MIS

100.0%

CAUTION: KEEP OUT OF
REACH OF CHILDREN
Activity may be impaired by store. et
temperatures above 110°F.

'Contains at tent 4 Billion Polyhedral Inclusion Bodies pet gram of product

1200 GRAMS NET (1.2 Kilograms) 'cavitation! Misetsis Coperston

Slide 26 --Front panel label for Viron/H.

(615]

Otl

elr



M
IC

R
O

B
 IA

L
A

C
T

IV
E

A
G

E
N

T
S

T
A

T
U

S
E

N
T

IT
Y

S
T

A
N

D
A

R
D

 IZ
A

T
 IO

N

B
ea

 u
va

 r
ia

R
es

ea
rc

h
S

po
re

s,
T

ox
in

S
po

re
s

ba
ss

 la
 n

a

H
el

 io
th

 is
P

ol
yh

ed
ra

l
N

P
V

D
ev

el
op

m
en

t
In

cl
us

io
n

P
 I 

B

B
od

y

B
ac

ill
us

C
ry

st
al

s 
&

th
 u

ri 
ng

ie
ns

 is
C

om
m

er
ci

al
S

po
re

s
S

po
re

s

S
l
i
d
e
 
2
5
.
-
-
 
A
c
t
i
v
e
 
e
n
t
i
t
i
e
s
 
o
f
 
t
h
r
e
e
 
m
i
c
r
o
b
i
a
l
 
a
g
e
n
t
s
.



Huang, H. T. BEST COPY AVAILABLE

1 quart net

thuricide
ARMORIAL WENT/WOE AQUEOUS SUSPENSION

sots
ACTIVE INGREDIENTS:
30 billion triable spores
of Realign tkurInglenals
Berliner per gram
of this product. 3%
Petroleum hydrocarbon
solvent 3%
INERT INGREDIENTS: 84%

100%

KEEP OUT OF REACH OF CHILDREN

STORE PI COOL PLACE. Insect activity
may be impaired by storage at imposture
above SO'F.Protect from homing.

Crop All Produoto Dept.
IIITONATNIAL MINERALS & CIEMICAL CIEFERATNIN
Skokie. Illinois. U.S.A.

*Om Trade Mirka IntOrnatrenel Menthol* 4 Chemical Corporation

Insect Pathogens

Slide 27.--Front panel - label for Thuricide 90TS.

1 gallon net

thuricidelin
A HIGH POTENCY AQUEOUS CONCENTRATE

ACTIVE 1.1011101INTS:

ed Iles tkenegionns
Berliner, potency of 4,000
International Units (at least
I million viable spores)
Per milligram' 0.11%
Petroleum hydro-
carbon solvent 3.0%
INERT INCIREININTS SE.2%

100.0%
o...wow to 4.0 Woo Iniernereoel
Units per wan

CAUTION: REEF OUT
OF REACN OF CNILORIN

STORE IN A COOL PLACE
Insect activity may be impaired by storage
at tomperaturos above 501.Protoct from frosting

Slide 28.--Front panel - label for Thuricide HPC.
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INSECT PATHOGENS: INTEGRATION INTO A PEST MANAGEMENT SYSTEMa/

L. A. Falcon
Associate Insect Pathologist and Lecturer in Entomology

University of California, Berkeley, California

I. Past Management System

An effective pest management system is one in which realistic economic
injury levels are used to determine the need for insect control. In such a system
all possible is done to protect and preserve naturally-occurring biotic mortality
agents such as parasites, predators and pathogens. When artificial controls are
needed they are employed in a selective manner and only when their use is eco-
nomically and ecologically justified. The ultimate Objective of the system is to
produce maximum return (crop, comfort, recreation) at minimum cost with the least
possible deleterious effect to the environment (Falcon, 1972).

The effective integration of insect pathogens into pest management systems
requires many considerations: (1) thorough knowledge of the biology, ecology, pho-
nology and behavior of the target insect to determine when a pathogen can be
employed for maximum effectiveness; (2) the pathogen selected must be safe, easy to
use, reasonably selective and sufficiently virulent to effectively control its host;
(3) the method of dissemination must provide a persistent, uniformly distributed
lethal deposit of the pathogen; (4) the benefits obtained from using the pathogen
must justify its use (Falcon, 1971a).

In pest management systems, insect pathogens can be used in almost every
conceivable way. Some examples are: (1) they may be applied alone, before, after,
or in combination with chemical pesticides; (2) used together with released or
native parasites and predators or other insect pathogens; (3) in sterile male pro,
grams, to aid in reducing the target pest, or provide control of other pests in the
treated area. The developing use of pheromones and insect growth regulating hor-
mones for insect control provides additional areas for the integration of insect
pathogens.

In recent years much has been written about the development and use of
insect pathogens for insect control and the reader is referred to these for
additional information: Steinhaus (1963, 1964); Hall (1964); Martignoni (1964);
Tanada (1964, 1967); Anonymous (1969); Burgos and Hussey (1971) and Falcon (1971a).

I/In this paper, past management and integrated control are used
synonymously.
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II. Practical Application

Since the pest management approach has only recently started its rise,
there are few good case histories of such systems employing insect pathogens.
Currently though, there is much interest and activity in this area in the United
States and other parts of the world (see Burgas and Hussey, 1971).

A. Bacillus thuringiensis in California.--A successful operation in
California involves the integration of commercial products containing the bacterium
Bacillus thuringiensis (Bt), into pest management systems for the control of
LIFIZEgEera which defoliate trees and shrubs in roadside areas that are managed by
the California State Division of Highways (Pinnock, 1971; Pinnock, et al., 1971).
The major species are California oakworm, Phryganidia californica (Dioptidae);
red-humped caterpillar, Schizura concinna (NotodontidiiiiWMit tree leafroller,
Archips argyrospila (Torfiraalii)7--NEWF lepidopterous pests which have also been
controlled with Bt as part of this program include tent caterpillars, Malacosoma
californica, M. constricta (Lasiocampidae), and Western grapeleaf skeleton zer,
harrisina 6ralaFtril7iiiadae).

A good example of the types of pest management programs being developed
under the Highway project is the one against the red-humped caterpillar. This
insect has a wide, host range and several generations per year. Formerly, when
chemical insecticides were used in pits control, he Division of Highways applied
many applications per year of Sevin° or Diazinar. However, in developing the pest
management program, Pinnock (1972) found that red-humped caterpillar larvae are
heavily parasitized by two species of indigenous hymenopterous parasitoids,
Hyposoter fugitivus (Ichneumonidae) and A anteles schizurae (Braconidae). also
found that (1) the populations of these pares o ds were greatly reduced in the
spring when chemical insecticides were applied for the control of aphids feeding on
pyracantha; (2) due to the destruction of the parasitoids, the red-humped cater-
pillar population increased rapidly and required repeated treatments with chemical
pesticides during the spring and summer months; and (3) this resulted in continu-
ous suppression of parasitoids and other natural enemies throughout the period when
red-humped caterpillar was active.

In the pest management program, a mixture of green soap and water is used
to control aphid on pyracantha in the spring. The soap mixture greatly reduces the
aphid population, but enough survive to attract and serve as food for predaceous
insects such as ladybugs (Coccinellid spp.), and lacewing (Chrysopa sp.). Once
established, these predators regulate the aphid populations and further
controls are not required summer. At this time the natural enemy populations
decline in abundance and the red-humped caterpillar larval population increases
rapidly. At this time the one and only application of Bt is made and the red-
humped caterpillar population is reduced below damaging levels.

More recently studies have shown that the parasitoid adults need to feed on
flower nectar to enhance mating, reproduction, and longevity. While nectar sources
are abundant in the spring, they disappear in the summer, and it is this factor
which leads to the disappearance of the parasitoids. A search is now underway to
locate plant species which flower during the summer and thus maintain parasitoids
through this period.

B. Metarrhizium anisopliae in Brazil.--An integrated control program in
sugarcane anaFiFEURris under development in northeast Brazil (Guagliumi, 1971).
The program is directed at the control of nymph and adult populations of several
species of froghoppers (Mahanarva eosticata, M. fimbriolata in sugarcane; and
Deois schach and Zulia eNEFWErira in pasture) anaIFIEWITies (1) chemical insecti-
Enraigrations-aFeNiiiiiEiiichloride (BHC) or aldrin; (2) cultural control by
burning sugarcane straws and pastures; (3) biological control with mass-rearing
and liberations of a hymenopterous egg-parasite, Acmopolynema hervali (Mymaridae);
and dipterous nymph-predators (Salpingogaster niqra and E. pyg53537Wr (Syrphidae)
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and (4) microbial control with mass-culture and dissemination of the entomogenous
fungus, Metarrhizium anisopliae.

The fungus is obtained by culturing it on rice which was previously auto-
claved at 120C. The spores thus produced are collected and sprayed on froghopper
infested sugarcane at 500-1000 grams in 500 liters water per hectare. One to 2
hectare areas in a plantation are treated with the objective of establishing a foti
from where the fungus can spread to the untreated areas. The fungus is spread into
surrounding areas by wind, infected froghopper adults, parasites, predators,
insectivorous birds and field workers. According to Guagliumi (1971), M.
anise)liae has become the most important mortality factor regulating populations of
rog oppers in sugarcane in northeast Brazil.

C. The Role of Entomogenous Pungi in Nicaragua.--Cotton pest management
programs have been under development in Nicaragua since 1968 (Falcon, 1971b). In
studies conducted to determine the components of the cotton ecosystem, entomooenous
fungi were found to be the dominant insect mortality factor in the months of
October and November (Figure 1). The species thus far identified are: As r illus
flavus, Entompphthora sp., Penicillium sp. and poicaria, rileyi. S. rile_y_ appears
fFErthe most abundant.

The initial appearance of the fungi coincides with the end of the rainy
season, the disappearance of beneficial insects, and the start of the period of
most intensive chemical pesticide usage. Unknowingly then, chemical pesticides
have been integrated with the naturally-occurring entomogenous fungi to regulate
pest insect numbers. Now that there is an awareness of what occurs in this eco-
system it is possible that the naturally-occurring fungi can be made more effective
by (1) disseminating field-collected or laboratory cultured fungi earlier in the
year (August - September), thus accelerating their period of activity and
increasing effectiveness; or (2) the application of pathogens such as Bt, and
insect viruses to augment or otherwise enhance the effectiveness of the fungi.

Of additional interest is the possibility that the fungi are responsible
for the cataclysmic reductions which occur in the populations of parasitoids and
predators. This may result either through direct infection of the insects by the
fungi, or indirectly, as the fungi infect and destroy the hosts used as food by
the parasites and predators.

D. Granulosis Virus of Codling Moth. -- Several years of field evaluations
in California with a granulosis virus of codling moth (Laspeyresia monella) have
shown it to be effective in reducing populations of this cosmoiMitanpes of
deciduous fruits (Figure 2) (Falcon, et al., 1968; Falcon, 1971a). Similar results
have been obtained with this virus tested in Victoria, Australia (personal communi-
cation, D. S. Morris, Victoria Plant Research Institute). Currently a major dis-
advantage to using the granulosis virus for control of the codling Loth is the need
of very frequent applications (4-to-5-day intervals).

However as pest management programs are developed there will be many oppor-
tunities to integrate the virus for control of the codling moth. One such example
would be to integrate it with the sterile male technique. In such a program the
virus could be used to lower populations of the target insect, thus reducing the
quantity of sterile insects required to obtain control. Unlike sterile male
insects, the virus can be produced in the laboratory at any time and stored until
needed.

In the field studies conducted in California it was round that the virus
interfered with the survival of parasitoids of the codling moth, these being a
Dipteran, Lixo haga variabilis (Tachinidae) and a Hymenopteran, Ascogaster
quadridentatus racalliiT7the major interference caused by the virus appeared
to be destruction of the host before the parasitoids were able to complete their
development, resulting in marked reduction in the abundance of these parasitic
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species (Figure 3).

E. Nuclear Polyhedrosis Viruses.--Considerable effort has been devoted
to the integration of insect pathogens into cotton pest management programs in
California (Falcon, 1971a, 1972; Van den Bosch, et al., 1971).

The respective nuclear polyhedrosis viruses of the cabbage looper, the
beet armyworm and the western yellow-striped armyworm occur naturally in cotton-
growing areas of California and are important in the population regulation of
their respective hosts. Collected in the field, or mass-cultured in the labora-
tory, and disseminated at the proper time, the viruses have provided consistent,
effective control of their respective hosts. Commercial formulations of these
viruses are urgently needed at this time.

In an effort to encourage the use of these viruses, the 1972 Pest and
Disease Control Program for Cotton, published by the University of California, pro-
vides specific instructions for collecting and using the viruses:

Polyhedroses are naturally-occurring insect diseases which can be
important in suppressing populations of cabbage looper, beet armyworm,
and western yellow-striped armyworm. In evaluating need for control,
every effort should be made to determine if disease is present in the
field. If diseased worms are found, they may signal an impending general
epidemic and chemical controls may not be necessary. Apparently each insect
species is susceptible to a specific polyhedrosis and therefore a disease
which infects one species will not infect another. Infected larvae
usually show few distinctive symptoms until about 2 or 3 days before
death at which time they become somewhat sluggish and turn yellowish or
pale: they also may swell slightly and become limp and flaccid. Shortly
before and after death the integument is fragile and easily ruptured;
when ruptured it emits the liquefied body contents composed of polyhedra
And disintegrating tissue. Dead larvae eventually dry to dark brown or
black and are commonly found hanging from the host plant. Polyhedroses
may kill larvae of any size but are most lethal to the younger ones- -
occasionally, death may not occur until the pupal stage. The polyhedra
can be spread by infected larvae or moths of affected species and by wind,
rain, birds, other insects, and activities of man.

Polyhedroses may also be spread by using diseased caterpillars
from naturally infested fields. To.prepare infectious material for
field distribution diseased worms are suspended in water (pH 6.0 to
8.0) and the suspension is homogenized in a blender'or allowed to
putrefy under cool, dark conditions.

This preparatior can be stored (4,5F) in the dark until needed.
For application, the material is coarse-filtered to remove large
insect parts and a wetting agent added (again being certain the pH
of the mixture is between 6.0 and 8.0). The following equivalents of
diseased caterpillars should be applied per acre: cabbage looper, 10
large worms; beet armyworm and yellow-striped armyworm, 25 large worms.
Any type of conventional spray equipment can be used. For best results,
applications should be made when larvae are small.

In contrast to the aforementioned viruses the nulear polyhedrosis virus
of Heliothis (bollworm virus) does not appear to occur naturally in the San
JoaiiiiiiVirrey of California. However, laboratory - cultured experimental and
commercial formulations have been tested in the field since 1964 with promising
results (Falcon, 1971a). The virus has provided reductions in worm populations
comparable to chemical insecticides (Table 1), none however (virus or chemical
insecticides) give economic control of bollworm on cotton in the San Joaquin
Valley. Consequently the University of California 1972 Pest and Disease Control
Program for Cotton does not recommen4 treatments of any kind for bollworm.
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Only in recent years with the efforts to develop microbial, macrobial and
chemical controls, has the actual status of bollworm been determined. Some of the
major factors which appear to influence bollworm abundance and damage to cotton
include: (1) climatic conditions, especially temperatures; (2) the moon; (3) num-
bers of fertile egg-laying female moths present; (4) abundance and effectiveness
of parasitoids and predators; and (5) growth and fruiting patterns of the cotton
plant.

When moths are present and active, mating and oviposition are greatly
reduced during the light of the full moon (Figure 4). This effect appears to
begin one night before the moon is brightest and ends two nights later. After
full moon, oviposition increases and usually reaches a peak around new moon. The
intensity of each period and the actual times when they occur may be influenced by
many factors; temperatures, host plant condition and the effectiveness of predators
appear to be the most important. In the San Joaquin Valley, predators may destroy
80% or more of the bollworm eggs and hatching larvae (Van den Bosch, et al., 1969).

Knowledge of the growth and fruiting pattern of the cotton plant is impor-
tant to developing an understanding of the bollworm situation. In the San Joaquin
Valley, Acala SJ-1 variety cotton is in the fruit formation period for about nine
weeks from early June to early August (Figure 5 (Falcon, 1972). !'he squares
formed June 1 to July 10 produce the flowers of June 25 to August 6, and the plants
normally have set 80% or more of their boll-carrying capacity by early August and
100% by mid- to late August. Squares, flowers and small bolls, however, continue
to be produced into late September, but these late-produced fruiting parts do not
contribute to the harvest.

Putting together the plant growth and moon information, it is readily
apparent that the San Joaquin Valley bollworm populations first appear after the
full moon which occurs sometime in mid to late July or early August, depending on
the year. By this time, much of the harvestable cotton crop is set. However, an
abundance of squares, flowers and small bolls are still being produced and the
developing bollworm population feed almost totally on these extra fruiting parts
and not on the harvestable bolls. In this system it appears important to maintain
vigorous plant growth and bud formation in the bollworm period, because without
this, the larvae might attack and destroy a high percentage of the harvestable
bolls.

Research undertaken to integrate bollworm virus into the cotton pest
management system has resulted in showing that the bollworm seldom needs to be
controlled in the San Joaquin Valley. Although this has not led to the use of
bollworm virus it demonstrated the benefits which can be derived from undertaking
such studies, and has set the stage for future work.

III. Current Research

In the microbial control research program in California much attention is
being given to the application of insect pathogens in an effort to find simple,
efficient, effective and inexpensive ways to apply them.

One approach, designated the "auto-contamination" method, is to attract
adults of a target species to a source where they are contaminated with a patho-
gen. The adults are then released and spread the pathogen to (1) untreated
adults in the process of mating; (2) eggs as they are oviposited; and 13) the
plant or other substrates where the immature stages feed. Nontarget insects which
are attracted to the auto-contamination site also pick up and aid in disseminating
the pathogen but with no harm to them because the pathogens used are selective in
their host range. This procedure is being tested in cotton in the San Joaquin
Valley using specially adapted ultraviolet light traps and the nuclear poly-
hedrosis viruses of the bollworm, cabbage looper and beet armyworm.
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Another method of application under investigation is the use of ultra-low
volume, wind-drifted, aerosol applications of insect pathogens delivered by cold
fowler-generator type equipment. The key to success appears to be the use of non-
evaporative carriers which provide necessary buoyancy to the small droplets,
adhesion on impact to leaf surfaces, and protection of tkm pathogen from desic-
cation and solar irradiation. Crude cottonseed oil appears to be an excellent
carrier for nuclear polyhedrosis viruses and Bacillus thuringiansis preparations.

Table 1.--Effectiveness of various mortality agents in reducing populations of
small-sized bollworm larvae on cotton in the San Joaquin Valley of Californi

Agents Percent worm kill

I. Beneficial insects4/
Geocoris pallens 50
ffigiiiNericoferous 78-89
Zoo a carnea 41-84
Natural complex 66-93

II. Chemical insecticides=i
carbaryl (4 Lb.) 25-40
methyl parathion (1 lb.) 45-50
Gardona (1 lb.) 50-65
Lannate (0.5 lb.)

6/
40-56

III. Microbial pathogens
Thuricide HPC (1.5 qt) 7/ 20-4

0.E/Viron H + UV filter (40-200 le) 21-50
Biotrol VHZ + UV filter (50-200 le) 20-50

ITC7x;piled from information given in 1972 Pest and Disease Control Program for
Cotton, published by California Agricultural Experiment Station and Extension
37171.741;

2/Heliothis zee;

2/Small larvae are under 1/2" in length;

'Conducted in replicated small cage tests;

'Pounds of active ingredients in parenthwass

1/Thuricide contains Bts Viron H and Biotrol VHZ contain nuclear polyhedrosis
virus of Heliothis,

2/le staw,do for larval equivalent (6 x 109 PM;

YAddition 1% Buffer-X to the mixture in the spray tank significantly improved
worm kill.
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Figure 1.--A general scheme of the cotton agroecosystem in Nicaragua depecting
the periods of activity, some interactions and the relative importance of the
Major components. "BC" refers to Biological Control and shows the periods of
activity of insect parasitoids and predators and the entomogenous fungi discussed
in the text.
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Figure 2.--Imptt of a granulosis virus on survival of codling moth (Laspeyresia
pomonella) larva. as determined by the trunk band sample method.
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Figure 3.--Fate of codling moth (Laspeyresia pomonella) larvae collected from
trunk bands and held under laboratory conditions until death of adult emergence.
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Figure 4.--Bollworm (Heliothis zea) moth flight activity and larval density
pattern relative to the-I171777cTrin the San Joaquin Valley of California during
1969.
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SAFETY OF INSECT PATHOGENS

A. M. Heimpel
Plant erotection Institute, ARS, USDA

Beltsville, Maryland

The production of microbial agents has been going on sporadically for some
time past. Starting in 1880, Eli Metchnikoff and Krassilstschick produced a wide-
spectrum, entomogenous fungus, Metarrhizium anisopliae, on a type of beer mash for
control of the sugarbeet curculI67inialiPunctiventris. There is no record of
any safety tests done by these sciarliTiind I believe that such experiments
never occurred to them.

Another product under the tradename "Sporeine," produced by a French firm
Laboratoire Libec, 26 Rue d'Allerary, 15 Arrondissement, Paris, France, was used
to control the meal moth, Ana asta kuehniella, in ground grains. To my knowledge
no extensive safety experimen s weri-EiMirbut on this product.

Bacillus popilliae, a pathogen of the Japanese beetle, was isolated and
described by Dutky 1937, 1940) and this scientist took out a public patent de-
scribing a method of control of the Japanese beetle using B. popilliae in 1941. In
1942, Dutky applied for a second public patent on a method of production of a pro-
duct based on the bacterium.

Before launching into extensive dissemination programs using the bacteritu4
Dutky contacted the Federal Bureau of Entomology and Plant Quarantine, the Public
Health Service, the Bureau of Plant Industry, the Bureau of Animal Industry and
the Apiculture Division. His presentation to these organizatiOns included his
feeding tests using starlings and chickens, showing that the bacterium did not
germinate in the bird gut and remains viable during passage through the gastro
intentinal passage. He described the highly specific conditions required to
germinate and grow the bacterium and showed that the human body temperature, 98.6°F
is higher than the top growth temperature, 96°F, for this bacterium. Of course
the body temperatures of farm animals are higher than man's normal temperature.

His arguments proved sufficient for those times and there ensued a federal-
states coouerative work that disseminated some 200,000 pounds of this bacterial
product on 194,000 sites in 14 states on the eastern seaboard and the District of
Columbia.

The product is now made commercially by the Fairfax Biological Laboratory
in Clinton Corners, New York, and registered under the tradename Japanese Beetle
DOOM.

In 1968, the Pesti 72 Regulation Division withdrew the registration for
B. popilliae for use on pa .gyres and since then safety tests and health studies of
pioranIEWTiersonnel have been carried out. Petition for registration should
be submitted this year.
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From this point on, the registration of a microbial product became more
formal, governed by the regulations laid down under the Federal Insecticide, Fungi-
cide and Rodenticide Act signed into law on June 25, 1947. This law is now enforced
mainly by two Divisions in the relatively new Environmental Protection Agency (EPA)
namely, the Pesticide Regulation Division (PRD) and the Pesticide Tolerance
Division (PTD). Other government organizations are involved as consultants and
these are the various EPA groups, Microbiology, Pharmacology and Toxicology Pesti-
cide Registration, etc., an4 others including the ARS, Department of Interior,
National Cancer Institute, Universities and State experimental stations, and so
forth.

It might be useful here to review the various requirements for registration
of a microbial agent. This information is partly drawn from Ignoffo's paper pre-
sented at the National Meeting of the Entomological Society of America in Los
Angeles, 1972. Although there are general requirements, each case may differ, and
this refers particularly to safety tests; protocols are still being developed and
are in evolution as it were.

A petition for registration of a microbial agent should consist of several
sections:

Section A contains the following informatioll:
1. The product's tradename, identity and composition.
2. A description of the organism.
3. A description of the production method.
4. A list of the target insects and plants to be protected.

Section 8 contains information of the efficacy of the product:
1. Recommended doses on each target insect on each crop.
2. Efficacy data.
3. Since exemption from tolerance is required the data on residue

limitations and cut off dates supplied in this section for a
chemical pesticide are usually not required.

Section C
1. Data concerning specificity and safety of the microbial agents

for animals and plants.

Section 0 - standardization
1. Methods of bioassay.
2. Counting methods.
3. Serological techniques for identification of the organism and

for residue studies.

Section E deals with levels of residue and should be included; however, a state-
ment that there is no intention or need to remove residues should be included.

Section F contains a statement on the tolerance sought, as well as a listing of
crops for which tolerance is sought.

Section G contains an explanation of the potential usefulness and advantages of
the microbial agents over other pesticides and the reasons for developing them.

The purpose of this paper is to review the work done on the safety of
microbial agents. However, let us digress long enough to study the list of
required protocols for establishing exemption from tolerance for microbial agents
as of this date, bearing in mind that these protocols are not necessarily fixed
and may be altered to accommodate for the type of microorganism.

The following list may apply to nuclear polyhedrosis viruses (see Table I).
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A standard dose has been tentatively approved by EPA for use in the tests
given in Table 1. The dose is based on the amount of the microbial product applied
to 100 acres as it applies to man (average weight, 70 Kgms). gor example, suppose
that the dose per acre is 35 larval equivalents (L.E. - 6 x 10 polyhedra) f9r good
insect control. Then a 100-acre dose would be 100 x 35 x 6 x 10v = 21 x 1012
polyheOra. Based on a man's weight the dose per kilogram would be 21 x 1012170 =
3 x 1011 polyhedra per Kg. The dose for a 20 gm mouse would then be 3 x 1011/1000
x 20 = 6 x 109 polyhedra per mouse. Should the technical virus be too much for a
20 gm mouse to handle by stomach incubation the dose could be reduced to a 10-acre
dose/70 Kg man and this would be .6 x 109 polyhedra/mouse or circa 30 x 109 virions
per mouse. This is still a respectable dose.

Included in this presentation are the protocols that have been approved by
EPA to test the safety of the Autographa californica multiple embedded virus (MEV).
It is incumbent upon me to emphasize thatiriiiarase, the protocols must be
reviewed by PTD and PRD of EPA and are subject to revision.

Please note in Table 2, that the requirements to test for storage and
replication of the virus in treated animals is fulfilled by bioassaying tissues
taken from 2 males and 2 females on days 0, 1, 3, 7, 14 and 21. Blood samples
taken from this test prepared as a sera is to be used to detect viral antibodies
in test animals.

In Tables 3-6, please note that treated tissues will also be examined
for implication of replication of the virus. Table 7 gives the protocol for the
90-day feeding test and serological examination of the blood of the chronically
exposed animals after 3 months, aids in requirements to test for the presence of
antibody against the virus in treated animals.

After these tests are completed officials in PRD and PTD of EPA will
review the results and indicate any further tests necessary. Of course, basic
protocols for sub-acute tests and long-term tests are now available but should be
discussed with scientists in PRD and PTO before starting testing.

With this introduction to the requirements for registration of a microbial
control agent, we can now review our knowledge of the safety of microbial patho-
gens for plants and animals. I will not go into extreme detail here since these
are to be found in several recent presentations by Heimpel (1971); Ignoffo (1972)
and Cantwell, et al. (1972).

We have briefly covered the status of Bacillus popilliae previously. One
of the first insect control agents registered in the USA is Bacillus thuriggiensis.
Fermentation experiments with this organism were initiated iiiI3N-EY the Pacific
Yeast Products Company (later to become Biota= Corporation). Other companies that
also registered products were Rohm and Hass, Merk, Sharpe and Dohme, Grain Pro-
cessing Company and Nutrilite Products, Incorporated. Recently, Abbott Laboratories
has registered a new B. thuringiensis product. In 1958, a temporary exemption from
tolerance was granted by FDA and PRD issued an experimental permit for testing B.
thuringiensis on vegetable and forage crops. Finally on 14 April 1960 the FDA
granted full exemption from tolerance and registration was accomplished.

This registration certainly set a precedent, however, despite extra tests
on a variety of animals, the requirements were virtually the same as previously
described.

Acute inhalation, allegicity and oral tests were carried out on mice,
guinea pigs and rats, respectively. Acute inhalation and oral feeding tests were
also carried out on human volunteers. Both acute and chronic feeding studies in
chicks, laying hens, young swine and hogs, fish, adult and larval honey bees. In
addition, mice and guinea pigs were injected with massive doses of B. thurin iensis
vegetative cells. In all cases mentioned above the organism was prEven arm ess.
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Since B. thuringiensis resembles Bacillus cereus very closely, Dr.
Steinhaus was concerned that the organism-EllErEOWEITE7masked pathogens" such as
isolated by Brown, et al. (1958) from populations of B. cereus. Accordingly, Brown
and his colleagues tested varieties thuringiensis aleiti; sotto; entomocidus and
subtoxicus using identical isolation techniques to-E176ii uiiniltEF77570Fli and
ccula not isolate any strains pathogenic to mice.

The first virus Heliothis zea nuclear polyhedrosis (NPV) petitions to PRD
were presented by International and Chemical Company by Nutrilite Pro-
ducts, Incorporated in 1968. The safety data used in these petitions included the
results from the six basic acute toxicity pathogenicity tests previously described,
the sub-acute toxicity pathogenicity tests listed in Section B of Table 1, includ-
ing the teratogenicity and carcinogenicity tests. Tests listed in Sections E and
F were also completed. These were the required tests.

There were several other tests carried out on H. zea NPV as well as other
viruses between 1965 and 1971 that I am sure provide supporting evidence. These
included skin sensitization tests on guinea pigs, intracerebral, intravenous, and
intraperitoneal injection of virus into mice, inhalation and acute oral tests of
mice and guinea pigs without any adverse effects on the test animals (Ignoffc,
and Heimpel, 1965; Ignoffo, 1968). Human feeding tests were conducted; however,
these were not acceptable to FDA for technical reasons (Heimpel and Buchanan,
1967). Test of four NPV's from Trichop_lusia ni, Spodoptera exi ua, Spodoptera
frugiperda, H. zea and a granulosis virus from the salt mars ca erpillar
Estigmene acrea, were carried out under USDA contract at Rosner-Hixson labora-
EEFIZTIE IT66 =1967. These were briefly reported by Heimpel (1971). The NPV from
H. zea was also tested in several mammalian tissue culture lines without damage to
or cytological changes in the cells (Ignoffo and Rafajko, 1972). Chautani, et al.
(1968) showed that 2 hours incubation of H. zea NPV in human gastric juices killed
all the virus. After temporary exemption from tolerance was granted, IMC carried
out a study on monkeys injected with the virus. Although there was some swelling
of the lymph nodes in the treated animals, it can be assumed that the reaction may
have been the result of subclinical infections of the monkeys. No teratogenic
responses were obtained in mammals tested with Heliothis nuclear polyhedrosis virus
(Ignoffo, et al., 1972). Tests with the Heliothis polyhedrosis virus in other
systems including plants, vertebrates and d-1747Yebrates are summarized by Ignoffo
(1968, 1972) and by Greer, et al. (1971).

Other viruses tested, along with those mentioned above, were the APV from
T. ni (Heimpel, 1966) and the non-inclusion, densonucleosis virus from Galleria
melnnella (Giran, 1966); these tests included intraperitoneal injectioE-ETTNe
virus suspensions into adult mice, rabbits and newborn mice, subcutaneous injec-
tions in rabbits and intracerebral injections in newborn mice. The treated ani-
mals were unharmed by the virus.

Dr. D. W. Roberts (personal communication) has tested the Entomopox virus
from Asmacta moorei (produced in the salt marsh caterpillar, E. acrea) in mice by
intraNWEil-iErintraperitoneal injection. All of the treated animals are still
normal after one year's observation.

Apparently the insect virus types tested are safe for other life forms.

Protozoa

The microsporidia affecting insects will likely be the most numerous of
protozoa agents selected for insect control. However, microsporidia pathogenic
for insects apparently don't harm vertebrates.

The microsporidia have been found causing diseases in rodents (Nosema and
Thelohania); in the common toad, Bufo bufo (Plistophora) in fresh and sia-Tater
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fish (Nosema, glugea and Plistophora); and in Crustacea (Plistophora); and in man
(EncepnITEEzoon) (Heimpel, 1971).

Fungi

Of all the fungi isolated from insects there are relatively few group. or
species that have been seriously considered as microbial agents for insect control,
these are the Entomophthoraceae, the Laboulbeniales, Beauveria bassiana,
Metarrhizium anisopliae and Hirsutella thompsonii.

Entomophthora coronata has been detected causing phycomycosis in man and
horses (Heimpel, 1971).

Georg, et al. (1962) reported B. bassiana the causative agent of pulmonary
mycosis in the giant tortoises Tesudo .legfizawas and T. i antea elephantine and
B. bassiana has also been isolaiirTiOm vertebrates (MacLeo ).

Fairly extensive feeding inhalation intravenous and subcutaneous injection
experiments have been carried out using rats by Schaerffenberg (1968) with B.
bassiana and M. aniso liae. No adverse effects were detected in non-stressed
animals. The testes reposed by Schaerffenberg would not be adequate to prove
safety for establishing exemption from tolerance in the United States. Indeed, the
carcinogenicity tests are required for fungi as previously mentioned.

There have been several allergic reactions to B. bassiana spore dust repor-
ted (Muller-I:ogler, 1965). These reactions were never sesWRIErfi are a warning to
people who are especially sensitive. The wearing of masks and protective clothing
is highly recommended.

Rickettsiae

Rickettsiae effecting insects will likely never be used for insect control
for two reasons--the Rickettsia kill very slowly and they have been proven patho-
genic for mammals (Heimpel, 1971).

Conclusions

Apparently, microbial agents, particularly the viruses and spore forming
bacteria can be manufactured in adequate quantities, cheaply enough to compete
with chemical pesticides, both from the efficacy point of view and from the aspect
of quality control.

Furthermore, these microorganisms are completely safe for distribution in
the environment without harm to any other life form except the target insect(s).
This is a remarkable improvement over the toxic chemical and should excite the
environmentalist. Why then have we not made progress over the last three decades?
The answer is somewhat complicated. First, the financial support has been border-
line when compared to investments in certain chemical insecticides. Secondly, the
academic support has been very poor although it is improving. It is my contention
that an entomologist is not properly trained until he has had an elementary micro-
biology course as a prerequisite to a course in insect pathology. One of the first
major problems a graduate entomologist encounters in his first job is disease in
his insect cultures.

Indeed, many entomologists know so little about insect diseases and ascop-
tic techniques in rearing that they usually do not recognize chronic disease and
may ignore frankly diseased insects. Many of the past studies in physiology,
fecundity, etc., have been carried out using diseased populations of insects.

With enthusiastic support from the academic world a large number of jobs
in insect pathology would be available and graduate research would help supply
some of the much needed background to develop microbial control.
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Table 1.--Requirements for safety evaluation of microbial agents.

A. Required in all cases:
Acute Toxicity
1. Acute oral (rats or another rodent).
2. Acute dermal (rabbits).
3. Inhalation (rats).
4. Eye irritation (rabbits).
5. Primary skin irritation (rabbits).
Sub -acute Toxicity Test
T. 90-day feeding (rats and one other species).

B. These requirements depend on the results of acute testing and the nature of

the formulation.
Sub -acute Toxicity.
1. Twenty-one-day dermal (rabbits).
2. Fourteen-day inhalation (rats).
3. Skin sensitization (Landsteiner allergenic test - guinea pigs).

4. Respiratory sensitization - allergenicity test (guinea pigs).

5. Reproductive and teratogenicity studies (rats).

C. Lon -Term Studies (same stipulation as in B).
1. Carcinogenicity studies (These will definitely be required for fungi).

D. Other Related Studies (Required).
I. Storage and replication of the biological agent in mammalian species.

2. Antibody studies.
3. Mutation studies.
4. Chemical and biological controls to ensure uniformity of product.

B. Beneficial Insect and Wildlife Toxicology (Required).
1. Acute toxicity - honey bees
2. LC so - fish (rainbow trout and bluegills).
3. 8-day LCso birds (quail and mallards).
4. Sub -acute and/or chronic bird toxicity (including reproduction).

Table 2.--Acute oral toxicity - rats.

Duration: 21-day observation period.
Animals: One hundred and twenty weanling albino rats (60 Males and 60 females)
---71111 be randomly assigned to the experimental groups listed below. The animals

will weigh between 150 and 250 grams at initiation of the test. All animals
will be individually housed with food and water available ad libitum.

Group No. No. of animals Test material
ale emae

1 20 20 saline control

2 20 20 lactose carrier + saline

3 20 20 A. californica +
laRaiTiirine

Pathogen Administration: Acetone precipitated lactose-virus polyhedra slurries,

dried in vacuo, will be resuspended in 0.8% saline at the rate of 40 x 109

polyheEi per ml.

This dosage will be administered to each animal in Group No. 3 at the rate of

1.0 ml per rat by gastric intubation. The remaining animals will receive 1.0

ml of the appropriate control by gastric intubation.
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Table 2.--continued.

Observations: Daily observations for appearance and mortality will be made. Body
----WirriErrand food consumption determinations will be made weekly. Body tempera-

ture of each animal will be recorded twice daily for the duration of the
experiment.

Clinical Studies: Blood glucose and serum glutamic-pyruvic transaminase will be
determined on five males and five females from each group at days 0 and 21.
The following hematological parameters will be determined on five males and
five females from each group at days 0, 14 and 21:

Hemoglobin
microhematocrit
coagulation time
prothrombin time

erythrocyte count
total leukocyte count
differential leukocyte count
thrombocyte count

Interval Sacrifice: Four animals from each group (two males and two females) will
be sacrificed on the following days: day 0 (immediately after dosing, day 1,
day 3, day 7, and day 14. Six animals from each group (three males and three
females) will be sacrificed on day 21. One ml of serum from each animal will
be frozen for pickup by the sponsor. Additionally, the following tissues will
be removed, stored in sterile containers, and reserved for the sponsor:

mesentery
liver

mesenteric lymph node
gastro-intestinal contents from various sections
along the GI tract.

Note: These tissues must be removed with sterile instruments. The same instru-
ment must not be used to remove more than one of the above organs.
Possible cross-contamination by the instruments must be prevented.

Termination: The study will be terminated at 21 days and necropsies will be per-
---7EFEE07 The following procedure will be followed for any animal which dies

during the experiment and on all survivors at termination:

Organ weights: for each rat
heart adrenals
lung thyroid
liver prostate
kidneys uterus
gonads pituitary

Portions of these tissues
delivered to the sponsor:

duodenum
intercostal muscle
pancreas
urinary bladder
mesenteric lymph node

plus portions of the following will be frozen and

cervical lymph node
bronchial lymph node
bone marrow
stomach
brain

Additionally, eyes will be taken, grossly observed, preserved in Zenker's
fixative, and delivered to the sponsor.

Histopathological examination
any animal that dies and from
sacrificed at day 21:

fat
heart
liver
kidneys

- The following tissues will be examined from
three males and three females from each group

spleen
lung
salivary gland
small intestine
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All slides will be delivered to the sponsor at completion of the stud;,

Report - At termination a report will be submitted, giving:

experimental design
body weight data
food consumption data
mortality data

hematology data
clinical chemistry data
gross necropsy finding'
microscopic examination results

Table 3.--Acute dermal toxicity - guinea pigs.

Duration: 14-day observation period.
EaliiTir thirty albino guinea pigs (15 males and 15 females) will be randomly

assigned to the experimental groups listed below. The animals will be
individually housed with feed and water freely available.

Group No. No. of animals Test material
RWEW---WEITEW

1 5 5 Lactose control
2 5 5 A. californica virus polyhedra
3 5 5 A. californica ME virus (released

roair--------

Pathogen Administration:
Group No. 1: The vehicle control (2% lactose in 0.8% saline) will be
administered in the manner described for the experimental groups.
Group No. 2: Acetone precipitated lactose-virus polyhedral slurrieg, dried
177VIEUB7-Wr11 be resuspended in 0.8% saline at the rate of 40 x 10/ polyhedra
per lir- This dosage will be applied to the shaved backs of 10 guinea pigs on
two areas of intact skin and two areas of abraded skin on each animal aL: the
rate of 0.10 ml per application (Draize's technique).
Grou NO. 3: Freed virus rods (by the carbonate technique)t prepared by the
sponsor w 41 be used. The free virus from 40 x 109 clean polyhedral (43.5
mgms) will be suspended per 1.0 ml of saline and applied to the test animals
in the same manner as the polyhedra (using Draize's technique).

Observations: Animals will be examined daily for the first week and at termination
----70117I4th day. Animals will be observed daily for mortality. Body weight

and food consumption will be determined weekly. Body temperature will be
recorded for each animal daily for the first 7 days and on the 14th day.

Termi tion: The study will be terminated on the 14th day and gross necropsies
per ormed. The following will be performed on all animals that die during
the experiment and on all survivors at termination:

Organ weights:
neart
lung
liver
kidneys
gonads

for each animal
adrenals
thyroid
prostate
uterus
pituitary

Portions of these tissues
frozen and shipped to the
duodenum
intercostal muscle
urinary bladder
pancreas
mesenteric lymph node

plus portions of the following tissues will be
sponsor:
cervical lymph node
bronchial lymph node
bone marrow
stomach
brain

In addit.on, eyes will be taken, grossly observed, and preserved in Zenker's
fixative prior to delivery to the sponsor.
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Histopathological Examination: The following tissues will be examined from
any animal which dies during the study and from three males and three females
from each group sacrificed on day 14:
fat lung bronchial lymph node
heart salivary gland small intestine
liver cervical lymph node mesenteric lymph node
kidneys spleen

All slides will be delivered to the client at completion of the study.

Report: At completion of the
experimental design
physical appearance
body weight data
food consumption data

study a report will be submitted giving:
results of dermal exposure
mortality data
gross necropsy observations
results of microscopic examination

Table 4.--Eye irritation test - rabbits.

Duration: 14-day observation period.
Animals: Twenty albino rabbits (10 males and 10 females) will be randomly assigned

to the following groups. The animals will be individually housed with food
and water freely available. Prior to initiation of the study all animals
will be examined for corneal injury by instillation of 5% fluorescein solu-
tion and flushing the eye with distilled water 20 seconds after application.
The animals will then be eram'ned with a band slit lamp. Any animal with
damaged cornea will be ewe d from the study.

Group No. No. t imals Test material
Female

1 5 5 ME virus in saline suspension
2 5 5 Freed virus in saline suspension

Pathogen Administration:
Grou No. 1: Acetone precipitated lactose-virus polyhedral Blurriest dried
in vacuo, will be resuspended in 0.8% saline at the rate of 40 x 107 polyhedra
perinlials. This dosage will be applied to the left eye of each animal at
the rate of 0.1 ml per animal (4.35 x 106 polyhedra per eye). The right eye
will serve as a control and will receive 0.1 ml of a 0.8% saline solution
containing 2% lactose.
Group No. 2: Freed virus rods (by carbonate technique), prepared fresh by
tne sponsor, will be used. The free virus from 43.5 mg of clean polyhedra
will be suspended in 1.0 ml of saline. The left eye of each rabbit will
receive 0.1 ml of this suspension. The right eye will serve as the control
and receive 0.1 ml of the 0.8% saline solution.

Observations: Examination for injury or irritation will be made at 24, 48, and
Hours after treatment, and at 7 and 14 days. Eye irritation will be graded

and scored according to the method of J. H. Draize. Body temperature will be
recorded for each animal daily for the first 7 days and at weekly intervals
thereafter.

Necropsy: Should damage be present at 14 days, the animal should be sacrificed and
ai-eye and conjunctivae preserved in 10% neutral buffered formalin for histo-
pathological examination. All slides should be sent to the sponsor at com-
pletion of the study.

Report: At completion of the study, a report will be submitted giving:
experimental design tabulation of eye scores
ocular findings microscopic findings.
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Table 5.--Primary skin irritation - rabbits.

Duration: 72-hour observation period.
fraTOFT Six albino rabbits, ,lipped free of hair, will be divided into two

equal groups.
The exposure area of one group will be abraded and the skin of the remaining
group will remain intact. Acetone precipitated lactose-virus polyhedra
(A. californical, dired in vacuo, will be resuspended in 0.8% saline at the
rate of 40 x I0 polyhedra per animal; 0.5 ml of this material ill be intro-
duced under a 1" x 1" gauze patch which will be secured in place with adhesive
tape.

The animals will be immobilized in stocks and the entire trunk of the animal
Will be wrapped with a non-absorbent binder for 24 hours.

Observations: After the 24-hour exposure, the patches will be removed and the
ThrstIreactions will be evaluated. A second evaluation will be made 48 hours
later (72-hour observation). The reaction will be scored according to the
method of J. H. Draize. Body temperatures will be recorded for each animal
daily.

Report: The report will include the following:
details of experimental design tabulated scoring of skin
rating of the irritancy according reactions
to the Federal Hazardous Substances
Act.

Table 6.--Acute inhalation toxicity - rats.

Ob ectivu: The purpose of this test is to determine the toxicity and patho-
gen city of a single one-hour exposure of rats to a single concentration of
A. californica ME virus.

hnimalsrYFFEFIFF albino rats obtained as weanlings (23-26 days of age) from
gales River'Breeding Laboratories will be used after a 7-day acclimation
period at HLT in an air-conditioned holding room.

Groups: Two groups, each consisting of 10 males and 10 females, will be formed
by random selection from the original 40. Group No. 1 will be exposed to the
experimental material at 40 x 10 polyhedra ver animal and Group No. 2 will
be expdsed to 2% lactose powder as a control.

Exposure Conditions: Both groups will be exposed to their respective materials
in 100-liter grass and stainless steel inhalation chambers of cubical design
with pyramidal tops and bottoms. The materials will be drawn into the
chambers from the top by vacuum at the bottom at a rate of 10 liters per
minute of airflow. The rats will be individually housed in stainless steel
mesh cages in two layers during exposure. A Wright dust feeder situated at
the top of each chamber will feed the material to be generated into filtered
and dehumidified makeup air at 72F to provide a constant concentration of
material in air during the one-hour exposure after equilibration.

Materials Needed: A quantity of pathogen (suitably mixed with the carrier) to
provide the desired dosage/hour will be required from the sponsor. Assuming a
delivery concentration in air of 10 mg/liter and a flow rate of 10 1/minute
through the chamber, 12 gm of material will be generated in one hour. Thus,
approximately 15 gm of material should be supplied. Also, 15 gm of control
material will be needed.

Post-Exposure Observations: The two groups will be housed in separate rooms
in individualiararages for 14 days after the termination of exposures. The
animals will have continuous access to water. Each animal will be observed
daily for signs of toxicity and any moribund animal will be sacrificed for
necropsy immediately. Total food consumption will be determined by weight for
inlividual animal weekly by preweighing and post-weighing the food remaining
in the food bin.

Necro sies: All animals will be necropsied after 14 days (sacrificed with barbi-
ura * overdose) or upon death. The following organs will be weighed:
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heart
kidneys
fat
pituitary

lung
gonads
thyroid

Portions of these organs plus
examined and preserved in 10%

duodenum
urinary bladder
mesenteric lymph node
bronchial lymph node
stomach
spinal cord

liver
adrenals
prostate or uterus

portions of the following tissues will be grossly
formalin:
intercostal muscle
pancreas
cervical lymph node
bone marrow
brain

In addition, eyes will be taken, grossly observed and preserved in Zenker's
fixative. All preserved tissues shall be sent to the Insect Pathology
Laboratory, Entomology Building A, ARC, Beltsville, Maryland 20705.

Histopathology: The following
from three males and three

brain
fat
liver
spleen
salivary gland
cervical lymph node
bronchial lymph node

t!.ssues will be examined from any animal dying and
females from each group on days 4 and 21:

spinal cord
heart
kidneys
lung
small intestine
mesenteric lymph node

All slides shall be sent to the Insect Pathology Laboratory, Beltsville,
Maryland.

inEmit: A final report will be submitted, describing the methodology and results
detail, within 30 days after completion of the histopathological examination.

Table 7.--Sub-acute dietary administration - rats.

Duration: 13-week observation period.
Animals: Forty healthy, young albino rats (Sprague-Dawley) will be selected and
--Teed in the following experimental groups by stratified randomization:

Group No. No. of animals Test material
Mare Tema e

1 10 10 2% lactose
2 10 10 A. californica ME virus in

2% lactose

The animals will be individually housed in screen bottom cages with feed
and water available ad libitum.

Pathogen Administration: Acetone precipitated lactose-virus polyhedral slurries,
dried in vacuo, will be mixed into the diet at a level specified by the
sponsor. -TRW-pathogen will be administered in the diet for the 13-week
observation period. Fresh diets will be prepared weekly.

Observations: Body weights and food consumption will be recorded weekly. Daily
observations for mortality will be made and weekly records will be maintained
of appearance, behavior, and signs of toxic or pharmacologic effects. Body
temperature will be recorded for each animal daily for the first 7 days, and
at weekly intervals thereafter.

Clinical Studies: The following observations will be made on five males and five
females from the control and test groups:
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Hematology: at 45 and 90 days:
eryt rocyte counts
hemoglobin

Urine Analysis (pooled samples)
specific gravity
pH
total protein

leukocyte counts

- at 45 And 90 days:
glucose
blood (presence or absence)

Interval Sacrifice: Four animals (two males ..4nd two females) from each group at
45 days.

Termination: The study will be terminated at 90 days.
necropsy Procedure: The following will be performed at each sacrifice:

cross examination: on all animals

liver kidney
heart gonads
spleen

Histopathological Examination:
brain
thyroid
lung
salivary gland
duodenum
jejunum
lymph nodes

The following tissues should be processed:
colon kidney
adrenal heart
pancreas stomach
liver spleen
uterus bone marrow
prostate ovaries
testes with
epididymis

Report: The report will include the following:
experimental design signs of toxic or pharmacologic effects
general appearance and behavior clinical findings
effects on growth, body weight, gross and microscopic necropsy
food consumption, and survival findings.
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INFORMATION AND ASSISTANCE IN THE
USE OF MICROBIAL AGENTS

John D. Briggs
Entomology Department

The Ohio State University
Columbus, Ohio

Introduction

The infectious diseases of insects caused by one or a combination of the
major groups of microorganisms (fungi, bacteria, nematodes( protozoa, and the
viruses) have been specifically treated both as entities and in terms of their
utilization by other contributors in the Institute. Constructive critics state
that biological control efforts tamed on the use of microorganisms are pre-
cariously balanced on too few successes to provide firm guidelines to the person
working in crop protection. I agree that the number of practical, viable,
regularly employed, and consistently operating biological control programs utiliz-
ing microorganisms is limited to no more than you can itemize on one hand. This
situation does not reflect the amount of information available and applicable to a
microbiological control effort. The lack of frequent field use is often the
result of a conventional, insect control decision-making process, where the cri-
teria for the selection of a control agent are those used for chemical application,
e.g., short-term results, plot-by-plot killing of insects for "control,".and local
action rather than biotype or regional crop protection planning,

We have benefitted for more than a quarter of a century from the superb,
spectacular and effective research, development, production and sale of chemical
insecticides. I should add at this point, in order that the interpretation of my
remarks are correct, that the usefulness and the value of chemical pesticides
should not be diminished for service to society because their uses have been
criticized and the consequences of some uses were not predictable.

Earlier speakers in this Institute have re:erred to four commercial pro-
ducts that are based upon microorganisms and labeled for sale. These products
represent the efforts of industry capitalizing upon the characteristics of two kinds
of bacteria and a virus. There are other products based upon virus pathogens and
fungus pathogens of insects that will be available for use. Now we are limited to
registered products for use that are formulated upon Bacillus Bo illae, Bacillus
thuringiensis and a "nuclear polyhedrosis virus." ThWITTMErgan sere ng as
the active ingredients for those products yore not synthesized by a biologist or a
chemist standing at a bench. On the contrary, they were detected by a biologist
working in the field with the particular host insect population. Beyond that point
the commercial development and aubseqlent availability to the public of microbial
agents is not different from those circumstances that assure the development, pro-
duction, and availability of a conventional chemical insecticide. I must emphasize
the significance of this fundamental difference between microbiological and con-
ventional chemical insecticidal products. For the microbial agents that may be

[641]



Briggs, J. D. Insect Pathogens

candidates as active ingredients in a biological control product, you and I as
teachers, field biologists, and entomologists who have contact with insect popu-
lations are the individuals who can detect and bring attention to the biological
agen6 as it occurs in insect populations. We will be effectively initiating the
development of a product.

Diagnosis and Information

Concerning the diagnosis of insect diseases, it is evident from the litera-
ture that to 1940 approximately, the principal efforts devoted to the microbio-
logical agents affecting insects were directed to the protection of beneficial
insects from disease, particularly silkworms and honey bees. Governments, com-
mercial, and non-profit organizations concerned with beneficial insects employed
the skills of microbiologists, particularly bacteriologists or other scientists
to assist in meeting the challenge of infectious diseases of beneficial hosts. A
prominent example was the enlistment of Dr. Louis Pasteur for the silkworm indus-
try in France. In the United States, the Department of Agriculture provided oppor-
tunities for bacteriologists in investigations of the diseases we recognize as
"foulbroods" and other infectious diseases of bees. We can consider the pre-1940
period as "the past" which was characterized by information sources and assis-
tance in the detection and diagnosis of infectious diseases of insects centered
upon individuals, generally microbiologists, who were specifically charged with the
protection of a particular kind of beneficial insect.

The "present" or post-1940 period was first identified with the detection
dnd subsequent commercial development and availability of the Japanese beetle
milky disease organisms (Bacillus po illae and B. lentimorbus). Additional indus-
trial/commercial sources 31-TETB7Mation eve develBFiaTEiEinner similar to that
which we expect for chemical insecticides. Technical and popular literature is
available from four companies in the United States.

Fairfax Biological Laboratory
Clinton Corners
New York 12514 (Bacillus papillae, B. lentimorbus)

Crop Protection Department
P.O. Box 1489 Nuclear Polyhedrosis Virus,
Homestead, Florida 33030 (Bacillus thuringiensis)

Agricultural and Veterinary Products Division
Abbott Laboratories
North Chicago, Illinois 60064 (Bacillus thuringiensis)

Thompson-Hayward Chemical Company
P.O. Box 2383
Kansas City, Kansas 66110 (Bacillus thuringiensis)

The rules "read the label," and follow label recommendations, with cognizance of
state and federal regulations pertinent to your area are as important for micro-
biological agents as they are for chemical insecticides in answering: "What can
be used and how?"

In contrast to the period prior to 1940, the diagnoses of insect diseases
are not predominantly from individuals who specialize in the diseases of a
single species of insect. The diagnoses are from laboratories in land-grant
universities, federal agencies, and non-profit private institutions (e.g., Boyce-
Thompson Institute), where there are groups of individuals principally trained as
entomologists who serve as general practitioners for sick insects of a variety of
species. The region in which the insect pathologists are located may limit the
kinds of host insects that they examines however, it is expected by those who seek
their servizes that they will recognize the nature of an infectious agent that is
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inevitably believed to cause the death of the insect(s). I use the terms "inevi-
tably believed" because animals that die of starvation or dehydration, are para-
lyzed by venom of Hymenoptera, are run over by automobiles or stepped on, suffer
insecticidal poisoning or are victims of trauma, are often expected by those who
submit the specimen(s) to have as cause of death a specific and conspicuous micro-
organism. Without taking into consideration all of the physical factors that may
have brought the life of an insect to an end, we should appreciate that the single
"pure-culture" infection of a host may be rare. The host-parasite association
existing at the peak of an epizootic disease in an insect population is the result
of the "upper-hand" achieved by a microorganism that may cause the death of many
individuals and consequently the collapse of the population. An example is the
effect of a nuclear-polyhedrosis virus infection on cabbage loopers. For the
individual insect pathologist/biologist, the results of his observations on a dis-
ease may be published for our information in a matter of months or years following
the study of the materials brought to his attention. Today the conventional
written communication frequently forces us to accept this delay.

In the present period of our history, entomologists have successfully
employed the general diagnostic services of several laboratories around the world.
In the United States, the Pioneering Insect Pathology Laboratory in the USDA
Agricultural Research Center at Beltsville, and the Laboratory of Insect Pathology
at the University of California at Berkeley have until recently provided two dis-
tinctive focal points for the diagnosis of insect diseases. Without active diag-
nostic services on a regional, national, and international scale, the individual
cannot be assured of those services necessary to help himself, or society. With-
out a continuing source of new infectious agents that affect insects, commercial
development, and distribution of microbial based insecticides will not be
stimulated.

With the foregoing brief description of the past, and the present situation
with respect to sources of information and assistance for use of microbiological
agents, prognostications are in order. Provided that the present industrial/com-
mercial efforts can remain viable we should expect, based on past performance, the
same outstanding high quality information and assistance from them concerning
specific microbiological insecticidal agents. The availability of diagnostic ser-
vices for determining what is wrong with a population of insects based on indi-
vidual specimens, as I have indicated in my earlier discussion, is not satisfactory
and we must take steps immediately to improve the situation. A single individual
or group of individuals in a laboratory located on a continent the size of North
America cannot be expected to handle the volume of materials that should be pro-
cessed, if we are to take seriously the use of microorganisms for the biological
control of insects. Regionalization of large or faunistically diverse geographi-
cal areas for purposes of insect disease diagnoses is a direction in which we
should move to efficiently and effectively provide immediate information on the
microbiological agents which are affecting insect ropulations. Regions should
provide service on an international basis with the appropriate inter-communication.
Regionalization can be implemented for biotypes of host plants or distribution of
animals rather than according to geographic or political boundaries. The World
Health Organization (WHO) has designated an International Reference Center for
Diagnosis of Diseases of Vectors (IRC) essentially a global diagnostic center.
Diagnostic activities at the Center, in the Ohio State University, Columbus, Ohio,,
are associated directly with Vector Biology and Control in WHO and
7 WHO research units throughout Asia and Africa. The International Rererence
Center is therefore specialized for diagnostic activities with respect to bio-
logical agents affecting vectors. To date the accessions are principally mos-
quitoes and other biting flies parasitized by microorganisms. The responsibili-
ties of the IRC include solicitation of specimens from all parts of the globe,
purposefully limiting the diagnostic activities to invertebrate vectors of human
disease. The information generated by the IRC is provided directly to the unit
or individual initiating accession of the specimens and the compiled information
is published on an annual basis by the World Health Organization (Briggs, 1965-
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1970). The lag time for public availability of the results of diagnosis is evi-
dent, although much shorter than we generally experience in the conventional pro-
cess of a publication. Regardless of the way in which diagnostic activities are
organized, the global concern today for knowing what kind of biological agents have
been detected, and are currently being detected in hosts (including both agricul-
tural and public health invertebrates) necessitates the development of an infor-
mation network, of which the diagnosis of invertebrate diseases is the central
element. The network should draw upon a data bank which can be updated with
information as it is available, and that may be queried by individuals in any part
of the world. A data bank must include notice of those detections of biological
agents that are not generally evident because they are never published, in
addition to advance notice of information intended for publication. The occurrence
of a virus infection in insects in Tupelo forests in Alabama could be of impor-
tance to scientists in Ceylon; or the knowledge of protozoan parasites in a species
of noctuid in Rhodesia should be available to scientists in Mexico with a minimum
of lag time. The Society for Invertebrate Pathology, an international organization,
is taking steps to implement the coordination and computer processing of infor-
mation to assure its availability throughout the world. The first projects include
virus diseases of insects, and biological agents affecting populations of mosqui-
toes. The technology for implementing a System for the Pathology of Invertebrates
(SPI) is available by electronic data processing, and access to data banks by
telephone lines and satellite communications.

Accurate information and assistancei is available for the use of micro-
biological agents when employing a registered product. With the profit incentive
clearly in evidence, the manufacturer will be interested in the results of the
application of the product, and the user can depend upon the quality of the pro-
ducts and the results of the applications. It is this direct manufacturer-user
relationship that has been well established for the chemical pesticides, particu-
larly herbicides and insecticides. The essential element to assure the avail-
ability to society of certain microbiological agents is a strong industrial/
commercial contribution. These contributions can be accelerated by the opportunity
for industry to develop effective microbiological agents perhaps found by you. I.
am not advocating the industrial/commercial institutions as the only basis for the
availability of effective microbiological control products and information to meet
minimum governmental regulations, however, a competitive capitalistic system pro-
vides thft incentives to apply the best industrial skills to research, development,
production and marketing. A parallel effort must be the on-site exploitation of
infectious diseases of insects in specific ecosystems, for example, in forests
(from tropical to alpine) or forage crops, where an industrial development of a
microbiological agent is not technically or economically feasible.

Detection of Diseased Insects

Field biologists or entomologists are faced with detecting or recognizing
abnormal individuals in an insect population. Once recognized we must take avenues
available to us for disease diagnosis, and determination of the microbiological
agent (or agents) responsible for the abnormal condition. Sufficient data must be
provided upon which a decision can be made for the abandonment or further investi-
gation of the microbiological agent. What are the routes available to the field
biologist for diagnostic services, what can the biologist do to capitalize upon
infectious microbiological agents in insect populations?

At the present time, recalling my brief review of the history of infor-
mation sources, we do not have a conspicuous series of centers for diagnosis of
insect diseases, nor is an information network available that would permit an
insect biologist to make an inquiry concerning a particular kind of agent or agents.
We lack adequate services that will help him determine the nature of the abnor-
mality in the host populatioin question. Two simple steps can be identified at
this moment for assisting the individual who detects an abnormal condition in an
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insect population that is thought to. be caused by an infectious agent. First, it
is essential that you bring the circumstances concerning the abnormality in the
insect por-lation to the attention of the individual or group of individuals who
have research responsibility for insects of that particular crop. Second, attempt
to deliver specimens of diseased and normal insects to a diagnostic facility.
For example, in central Mississippi, the entomologists in the Boll Weevil Research
Laboratory or Department of Entomology would be the group to whom you would bring
the abnormal specimens of insects. Often in land-grant institutions there are
entomologists who have specific charges for "insect control," on particular kinds
of crops, e.g., forage crops, small grains, ornamentals, etc. They are key people!

With your name and address, abnormal living and/or dead specimens of the
insect in question for examination shold be accomplished with concise and accu-
rate information:

a. Identity of affected insects;
b. Most of insect, or habitat;
c. Where was it found on the host or in the habitat;
d. When was it found;
e. % estimate of host insect affected;
f. Crop protection history of collection site.

Specimens should be handled in the following manner:

a. Single dead individuals in closed glass or plastic shell
vials, without preservative

b. Protect from heat;
c. Transfer by efficient route, hand carry or air mail;
d. Observe legal restrictions on movement of living insect.

Small containers, e.g., glass or plastic shell vials, are satisfactory for
living or dead individuals. Do not place them in alcohol or other preservatives.
Paper sacks with the mouth securely fastened with paper clips or rubber bands are
satisfactory for groups of dead or dying specimens on samples of foliage. The
important point is to get specimens and information to an entomologist who is
familiar with and is working with the insects in question. This action accom-
plished two things--it brings the insect disease condition to the attention of the
responsible Jndividual and permits him or her the opportunity to attempt infection
of other specimens under experimental conditions. Laboratory screening for
detecting infectious agents is a valuable step to tentatively isolating the
microbial agent primarily responsible for the disease. Particularly when it is
masked by secondary invasion of the specimens by other microorganisms, e.g.,
saprophytic fungi and bacteria.

I have mentioned two simple steps to assist the individual who detects a
possible microbial infection in an insect. The first is to deliver the specimens
to a responsible entomologist. The second for both you and the entomologist who
seeks a primary or confirming diagnosis of an infectious condition, is to put the
specimens into the hands of a specialist and insect pathologist. At this moment
I can commit only one laboratory and individual to this task. I trust that we
will be able to identify others. For the moment please send one or several dead
specimens and information to me:

John D. Briggs
OSU/Entomology
Columbus, Ohio 43210

I will provide a tentative or confirming diagnosis and refer it to an
individuai who should be able to act and serve your needs.
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This group assembled by the conference can provide the beginning of a self-
help system that we can refer to as PATHOGEN ALERT. Pathogen alert should be the
community effort to reveal who is finding what pathogens, where, and on which crops.
What microbial agents do I have? Can someone else use the agents? The "someone
else" may be your neighbor, or an industrial group in St. Louis, or a colleague in
Zambia or Brazil. Each of us that has contact with insect populations, in the
field or in the laboratory, can contribute to the Pathogen Alert system which
should become an integral part of all insect reporting services--in states,
regionally, nationally, and internationally. A rapid reporting system cannot be
specified now, however, the need is evident and it will come to pass. In 1972 the
USDA Cooperative Economic Insect Report does not carry references to insect dis-
eases. Two states, Illinois and Wisconsin, in their weekly insect survey reports,
record the occurrence of insect diseases.

How can we increase our sensitivity to the detection of diseased insects?
This conference and similar activities is one way to assure continued professional
development. How are we preparing the students in colleges and universities who
will soon carry the responsibility? Most of us have not been doing a good job
when it comes to insect diseases. Frankly, until recently it hasn't been neces-
sary. Courses in apiculture have faced disease problems in honey bees, whereas
the diseases of other insects were a curiosity--unless it was our armyworm cul-
ture that is dying of "natural causes"--then it is a calamity! For an entomology
curriculum, instructing in what is "wrong" with an insect is as important as
specifying what is "right" with an insect.

The microbial parasites of insects can no longer be the responsibility of
the parasitologist, the microbiology department or the burden of the extension
apiculturist. I understand that as a faculty member there is one thing over which
the faculty has control--the curriculum. We expect students in entomology to take
an insect physiology course, why not provide them with a course in insect micro-
biology or insect pathology? If not as a full course, then as a seminar (either
undergraduate or graduate) in entomology and zoology. For your action, please
refer to the library Pathfinder for insect pathology and microbial control, it
may be useful in academic and/or political interactions in your institution for
curricular revision.

LIBRARY PATHRINDFR

Scopes The infectious diseases affecting
insects, the causal agents are certain
microorganisms, some species of which are
subject to production in vivo and/or
in vitro, and can be used for insect
population management and in the formu-
lation of microbiological insecticides.

An Introduction to this Topic appears in:

McGraw-Hill Encyclopedia of Science and
Technology (1971) under the entry "Insect
Pathology."

and

Steinhaus, E. A. Living insecticides,
Scientific American, 195: 96-104.
August 1956.

INSECT PATHOLOGY /MICROBIAL CONTROL

Journals devoted to investigations of the pathology
of insects and other invertebrates.

Journal of Insect Pathology
Vol. 1 (1959)-Vol. 6 (1964).

Journal of Invertebrate Pathology
Vol. 7 (1964)-

Proceedings of International Congresses of
Entomology

Proceedings of meetings devoted to or including
material on insect pathology and microbial
control.

Transaction of the First International Conference
of Insect Pathology and Biological Control.
Prague, Czechoslovakia, 1958.

Colloque International sur la Pathologic des
Insects et la Lutte Nicrobiologie, Paris, France,
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Books dealing with insect pathology are
listed in the subject card catalog. Look
for the subjects:
Insect Pathology
Insect Microbiology
Microbial Control
Biological Control

Frequently mentioned texts include:

Steinhaus, E. A.
Principles of Insect Pathology (1949)
McGraw -Hill, Inc., New York, N. Y.

Steinhaus, E. A., ed.
Insect Pathology (2 vol.) (1963)
Academic Press, Inc., New York, N. Y.

Burgos, H. D. and Hussey, N. W., eds.
Insects and Mites (1971)
Academic Press, Inc., London

Bibliographies which oontain material on
insect pathology and microbial control
include:

Annual Review of Entomology
Vol. 1 (1956)
Annual Review, Inc., Palo Alto,
California, USA
Biological Control (general)
Pathology (specific)

1962. Entomophaga. Memoirs No. 2. pp. 566, 1964.

Proceedings of the International Colloquium on
Insect Pathology and Microbial Control
Wageningen, The Netherlands, 1966.

Proceedings of the Fourth International Colloquium on
Insect Pathology. College Park, Maryland, USA,
1970.
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