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Students possess informal, intuitive ways of reasoning about the world, including biological phenomena.
Although useful in some cases, intuitive reasoning can also lead to the development of scientifically inaccu-
rate ideas that conflict with central concepts taught in formal biology education settings, including evolu-
tion. Using antibiotic resistance as an example of evolution, we developed a set of reading interventions
and an assessment tool to examine the extent to which differences in instructional language affect under-
graduate student misconceptions and intuitive reasoning. We find that readings that confront intuitive
misconceptions can be more effective in reducing those misconceptions than factual explanations of antibi-
otic resistance that fail to confront misconceptions. Overall, our findings build upon investigations of intui-
tive reasoning in biology, examine possible instructional interventions, and raise questions about effective
implementation of reading interventions in addressing persistent misconceptions about biology.
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INTRODUCTION

In recent years, scholars have directed increasing atten-

tion in biology education research to intuitive thinking—
informal, instinctive ways of reasoning about the world

(1–4). Our own past research has demonstrated that, in

some cases, intuitive reasoning can lead to misconceptions

about biological concepts (4–6). Misconceptions are persis-

tent misunderstandings that arise as students make sense of

new information in the context of existing knowledge

frameworks (3, 7). These misconceptions are often associ-

ated with specific types of intuitive reasoning. The current

study investigates how one type of intuitive reasoning—
teleological thinking—might influence student misconcep-

tions about antibiotic resistance.

Relationships between teleological thinking and
biological misconceptions

Teleological thinking occurs when an individual con-

ceives of an outcome as goal-directed (e.g., plants pro-

duce oxygen so that animals can breathe) (8). It emerges

early in development (9, 10), persists into adulthood (2,

5), and is even evident in PhD-level scientists when

responding under time pressure (11). As such, teleologi-

cal thinking is a pervasive and compelling form of intuitive

reasoning.

Students who spontaneously generate teleological

explanations for biological concepts also tend to agree

with teleological misconceptions (4, 8, 12). In particular,

teleological thinking has been linked to misunderstand-

ings about evolution (10, 12, 13) and natural selection

(14), a concept commonly misunderstood among stu-

dents across levels of expertise (13, 15). Moreover, one

example of natural selection, antibiotic resistance—
whereby random genetic variations allow some bacteria

to survive antibiotics and reproduce to form a resilient

population—is highly relevant to individual and public

health (16–18) and susceptible to teleological thinking

(12); making it an important domain to interrogate both

misconceptions and possible interventions.
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Strategies to address intuitive misconceptions about
biology

Although numerous studies have established the ubiquity

of intuitive biological misconceptions, fewer have examined

methods to avoid or correct these misconceptions in the class-

room. One study showed that changing the framing of biologi-

cal misconceptions can impact student agreement, elabora-

tions, and/or corrections of misconceptions, demonstrating

the viability of intervention on intuitive misconceptions (19). In

an intervention with elementary school children, teaching evo-

lution with a storybook that was specifically focused on avoid-

ing teleological reasoning reduced teleological thinking and

improved student understanding (20).

Metacognition refers to a student’s general ability to

attend to and reflect on their own thought processes (21).

Inducing metacognition is one intervention that has been

shown to be beneficial to student learning across disci-

plines (22), including biology (3) and other domains of sci-

ence (for reviews, see references 23, 24). Students who

demonstrate higher metacognition also show higher sci-

ence reading comprehension (25), greater knowledge af-

ter a science learning activity (26), and general problem-

solving skills (27). Metacognition has also been linked to

intuitive thinking (28, 29), and it has been argued else-

where that metacognition can specifically reduce teleolog-

ical thinking in evolution (30, 31), although empirical work

is lacking.

One type of intervention that has been used to address
biological misconceptions is known as refutation text, which
highlights a common misconception and then directly refutes
it, providing correct information to supplant the misconcep-
tion (see references 32 and 33). We see this method as meta-
cognitive because it focuses the learners’ attention on their
own thought processes and understanding as well as the tar-
get biological concepts, thereby compelling the learner to
reflect on the friction between what they understand and sci-
entific information (e.g., references 7, 32); but see (34–37).
Empirically, refutation texts have been shown to improve
both short- and long-term science learning compared to
other types of interventions (32, 33). Recent studies have
found that these strong effects for refutation texts hold in im-
portant topics such as climate change (38) and evolution (39).
Thus, refutation texts present a promising intervention to
address biological misconceptions associated with teleological
thinking, yet there is a gap in the literature regarding their
effectiveness in this context. In addition, there is an open
question as to the most effective way to use refutation text
to address misconceptions, whether to use a text that
focuses on scientific language or one that draws attention to
and refutes intuitive reasoning.

In the present study, we examined how different reading

interventions affected student misconceptions and produc-

tion of intuitive reasoning by presenting students in an

advanced undergraduate biology class with readings about an-

tibiotic resistance at two time points during the semester. At

Time 1, students read a short article on antibiotic resistance

with either (i) teleological language, (ii) no teleological lan-

guage, or (iii) language that explained and then countered tel-

eological misconceptions. At Time 2, the same students read

one of two new articles on antibiotic resistance containing

language intended to induce metacognition by either (i) refuting

the misconceptions by explaining why they are scientifically

inaccurate or (ii) refuting the misconceptions by explaining intu-

itive reasoning. At both time points, student-generated explan-

ations of antibiotic resistance and agreement with a teleological

statement were collected both before and after reading. We

addressed two research questions: (i) How do different reading

interventions—emphasizing scientific, teleological, or metacog-

nitive language—impact students’ use of intuitive reasoning and
acceptance of misconceptions about antibiotic resistance? (ii)

How do different types of metacognitive refutation texts, refut-

ing either scientific or teleological misconceptions, impact stu-

dents’ use of intuitive reasoning and acceptance of misconcep-

tions about antibiotic resistance?

Methods

Participants and recruitment

Participants were advanced biology majors taking a

required course at a large, urban university. This course is

the last of three core biology courses at this institution,

which is required of all biology majors across multiple speci-

alized concentrations. It was decided to obtain a large,

advanced student sample across all specialized concentra-

tions, as this course is populated primarily by students with

junior and senior status (for a similar sampling strategy,

please see reference 12; 40, 41). The content of the course

was focused on genetics, and the topic of antibiotic resist-

ance was not included in the course. The pedagogical

approaches of the course included regular active learning

and were taught by faculty alumni of professional develop-

ment efforts in scientific teaching on the campus (42).

The first coauthor (S.B.P.) collected data during lecture

sections at two time points, where an assessment was given

as part of an in-class activity, with permission of the course

instructor. All participants were given the option to opt out

of having their responses including in the study. Data were

collected across the two sections of the course, one section

with 66 students enrolled and another with 47, for a total

of 113 students in the course. Since not all students were

present on each data collection day, 101 and 102 students

were invited to participate at time points 1 and 2, respec-

tively. Students who were not present for both time points

were excluded from analysis. Student assessments were

also excluded for noncompliance (10% Time 1; 7% Time 2)

or if students did not identify as biology majors (8% in

Times 1 and 2). After applying these inclusion criteria, the

participation rate for this study was 62% and 63% for time

points 1 and 2, respectively. Sixty-four participants were

included in the analyses and comparisons described below.
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The final study population consisted of 78% women (50/64)

and 82% students of color (53/64).

Reading interventions

To examine the extent to which instructional language

affects student misconceptions and production of intuitive rea-

soning, we developed a set of reading interventions, presented

at two points during the semester. These consisted of a short

article framing antibiotic resistance in contrasting ways. At

Time 1, we presented three framing conditions: (1) Reinforcing
Teleology (T): used phrasing thought to underlie teleological

misconceptions about evolution and antibiotic resistance; (2)

Asserting Scientific Content (S): explained antibiotic resistance in

a manner that would be acceptable to biology experts and

avoided intuitive language; and (3) Promoting Metacognition (M):

directly addressed teleological misconceptions and countered

them with an explanation of antibiotic resistance without intui-

tive language (see Appendix 2 in the supplemental material).

An illustration was included at the end of the reading to illus-

trate the concepts with legends that mirrored the framing of

each reading condition.

At Time 2, we presented two conditions, intended to fur-

ther explore the metacognitive intervention from Time 1: (i)

the Alerting to Misconceptions (MIS) condition and (ii) Alerting to
Intuitive Reasoning (IR) condition. The new readings were based

on text from reading M (Time 1), but differed in that they

described and refuted common student misconceptions about

antibiotic resistance. For the MIS condition, the misconcep-

tions were refuted with an explanation of why they are scien-

tifically inaccurate. In the IR condition, the statements were

refuted with an explanation of intuitive reasoning. These read-

ings were also reformatted from those at Time 1, including

bolded subheaders and without the cartoon (see Appendix 2).

During data collection, students were told that their previous

responses had informed the development of the new readings.

Students were randomly assigned to conditions at both time

points, and consequently their assignment at Time 1 was inde-

pendent of their assignment at Time 2.

Assessment tool

To examine student ideas, we adapted a written assess-

ment tool previously developed by Richard et al. (12) (see

Table 1; Appendix 1), and checked the face validity of the

assessment prompts with a subset of students. Students were

presented with two target prompts both before and after each

reading intervention. First, students were presented with an

open-ended prompt (“How would you explain antibiotic re-

sistance to a fellow student in this class?”) to assess their ideas

and explanations of antibiotic resistance without any additional

cues. Next, they were presented with a teleological miscon-

ception prompt (“Individual bacteria develop mutations in

order to become resistant to an antibiotic and survive”). For
this prompt, participants indicated their agreement along a 4-

point Likert scale and explained their choice in writing. As

described in Richard et al. (12), we predicted that this would

prompt participants to consider the accuracy of the idea that

bacterial mutation occurs with the purpose or goal of survival.

Data collection

The procedure was identical at both testing times.

Students were informed that the assessment addressed the

topic of antibiotic resistance and was part of their class ac-

tivity for the day, but was not a test or assignment with any

impact on their grade. Students were ensured that their

responses would be anonymous and that only researcher S.

B.P. (not the course instructor) would be reading their

responses. All student participants gave informed consent.

Researcher S.B.P guided participants through the assess-

ment one question at a time and students were given 3–4
min to complete each written item.

The reading intervention was distributed at random.

Participants were informed that there were multiple ver-

sions of the article and that each version explained antibi-

otic resistance in a different way. Students first completed

the open-ended and teleological prompts, then proceeded

to read the passage. To encourage students to read carefully

and actively, they were also informed that they could write

notes on the article and were alerted to the next step, in

which they were asked to list key ideas from the reading.

After listing key points, students again completed the open-

ended and teleological prompts. Finally, they were asked to

reflect on the impact of the reading on their thinking about

antibiotic resistance. Overall, the completion of the assess-

ment took approximately 45 min.

TABLE 1

Pre- and post-reading assessments completed by student

participants

Pre-Reading Assessments
1. “How would you explain antibiotic resistance to a fellow

student in this class?”†

2. “Individual bacteria develop mutations in order to become

resistant to an antibiotic and survive.”‡†

—Hypothesized teleological statement

Post-Reading Assessments
3. “What key ideas did you take away from the reading?”†

4. “How would you explain antibiotic resistance to a fellow

student in this class?”†

5. “Individual bacteria develop mutations in order to become

resistant to an antibiotic and survive.”‡†

—Hypothesized teleological statement

6. “The reading changed my mind about how antibiotic

resistance works.” ‡†

†In the space below, please explain with as much detail as

possible.
‡“Please read the statement below and circle a response on the

scale: Strongly Disagree, Disagree, Agree, Strongly Agree”
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Demographic survey

Upon completion of the in-class assessment, students

were asked to provide information about their personal and

educational backgrounds, including self-identified gender

and ethnicity. This allowed us to understand the makeup of

the participating student population.

Data coding and analysis

(i) Coding of intuitive reasoning from student writing.

Student’s written explanations for the open-ended and miscon-
ception prompts were analyzed for the presence of three

types of intuitive thinking. Based on previous work (e.g., refer-

ence 4), we defined intuitive thinking as language consistent

with teleological (assuming a purpose, goal, or function as cause

for a change or event), essentialist (assuming that members of a
categorical group all share an underlying property or “essence”
that unifies them), and anthropic (anthropomorphizing, or

attributing human characteristics to organisms or objects, rea-

soning by analogy to humans by default, considering humans to

be special or unique relative to other biological organisms)

thinking. Examples given in Appendix 3. Each response was

coded by S.B.P. based on an established rubric used to identify

intuitive reasoning (4, 12). A second researcher (K.D.T.) inde-

pendently coded a random sample of 10% of responses for

each prompt. All coding was done with coders unaware of the

condition for each response. All qualitative coding reached

80% or greater consensus.

(ii) Quantification of student agreement on the teleo-

logical misconception prompt. Student agreement with the

teleological misconception statement was scored based on

responses to the Likert scale, coded categorically as “agree”
(rating of 3 or 4) or “disagree” (rating of 1 or 2).

Statistical analysis

To look at differences in student responses in the pre-

and post-assessments for each intervention condition, we

used a 2 × 2 McNemar’s test. All statistical comparisons

were made using JMP software, version 14W (SAS Institute

Inc., Cary, NC).

Human subject approval

This study was approved by the Institutional Review

Board of San Franscisco State University on May 17, 2018

under protocol number E18-128a.

RESULTS

The results of our analyses are presented below in the

order in which participants responded to the assessment

prompts.

Time 1: Investigating scientific, teleological, and
metacognitive reading interventions

At Time 1, students received one of 3 intervention

articles: “Asserting Scientific Content” (S; n=17); “Reinforcing
Teleology” (T; n=20); and “Promoting Metacognition” (M;

n=27). We examined how variations in language and framing

in these articles (see Methods) influenced student reasoning

assessed before and after presentation of the articles.

Shifts in student responses to the open-ended prompt:
“How would you describe antibiotic resistance to a
fellow student in this class?”

The first assessment item (Table 1; Appendix 1) asked

participants to complete a written explanation of antibiotic

resistance, allowing us to examine students’ production of in-
tuitive reasoning without any particular prompting (Fig. 1,

Table 2). Overall, before reading any intervention, 77% of all

students produced some form of intuitive reasoning in their

explanations. Prior to the intervention, fewer students in

condition S produced intuitive language, compared to stu-

dents in condition Tand condition M; however, the difference

was not significant. Following the reading intervention, we

observed a decrease in the number of students producing in-

tuitive language (45% overall). Although decreases were

observed for each intervention group, the difference was sig-

nificant only among students in the M condition (χ2 = 9.31,

n=27, P=0.0023).

FIG 1. Time 1. Percentage of students producing intuitive language
in response to the open-ended prompt: “How would you explain
antibiotic resistance to a fellow student in this class?” A significant
difference was observed between student pre- and post-
assessment responses for students in the M reading group.
*, P < 0.05. No significant difference was observed between
students’ pre- and post-assessment responses for students in
groups S and T.
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Shifts in student responses to the teleological miscon-
ception prompt: “Individual bacteria develop mutations
in order to become resistant to an antibiotic and
survive”

To investigate the extent to which students would ini-

tially embrace misconceptions hypothesized to be rooted in

teleological reasoning, we presented students with a teleo-

logical challenge statement (Fig. 2). Using a Likert scale, stu-

dents indicated their agreement or disagreement with the

statement and explained their rationale. In the pre-assess-

ment, most students across intervention conditions indi-

cated their agreement with the misconception statement

(61%) (Fig. 2, Table 2). Following the reading intervention,

we observed a slight decrease in agreement among all stu-

dents (53%). This difference was driven primarily by a

decrease in agreement among students in condition M;

however, the decrease was not significant. Students in con-

ditions S and T did not exhibit a shift in agreement. Overall,

student endorsement of the misconception statement was

not affected by the reading intervention.

Time 2: Investigating misconception and intuitive
reasoning reading interventions

At Time 2, students received one of two new interven-

tion readings: “Alerting to Misconceptions” (MIS; n= 34) or

“Alerting to Intuitive Reasoning” (IR; n= 30), which differed

in how the misconceptions were specifically rebutted (see

Methods). We again examined how the new reading inter-

ventions influenced student reasoning and endorsement of

misconceptions.

Shifts in student responses to the open-ended prompt:
“How would you describe antibiotic resistance to a
fellow student in this class?”

Student production of intuitive reasoning was assessed by

examining written explanations of antibiotic resistance on the

first assessment prompt (Fig. 3, Table 3). In the pre-assess-

ment, 45% of all students produced some form of intuitive rea-

soning in their explanations. The percentage increased slightly

in the post-assessment following the reading intervention

(52%). Upon examining the two intervention groups individu-

ally—MIS and IR—we observed no significant difference in stu-

dent use of intuitive language. We did note that student use of

intuitive language at Time 2 was similar to that of the post-

assessment findings at Time 1. This suggests that the second

iteration of the readings did not further influence student rea-

soning related to this prompt.

Shifts in student responses to the teleological
misconception prompt: “Individual bacteria develop
mutations in order to become resistant to an
antibiotic and survive”

We next investigated the extent to which students

would embrace misconceptions hypothesized to be rooted

in teleological reasoning before and after the reading at

Time 2, by presenting them with the teleological challenge

statement (Fig. 4, Table 2). Initially, 59% of students indi-

cated their agreement with the statement (comparable to

the Time 1 pre- and post-assessment levels, 61% and 53%,

respectively). By contrast, we observed a large decrease in

agreement on the post-assessment, where only 14% of all

students endorsed the statement. When examined by read-

ing intervention groups, there were significant decreases in

agreement from pre- to post-reading assessment for both

the MIS and IR groups (MIS: χ2 = 11.27, n= 34, P< 0.0001;

IR: χ2 = 16.00, n= 30, P= 0.0008).

Rejection of the teleological misconception

Following the reading intervention, we observed a sig-
nificant decrease in student endorsement of the teleological
misconception. What changes in student thinking might
accompany this shift? In a previous study, we examined rela-
tions between understanding of antibiotic resistance and
teleological reasoning in faculty as well as students (12).
Unlike the undergraduate students, few faculty participants
endorsed the teleological misconception statement, and
none of them produced teleological language in their writ-
ten responses. Moreover, we observed that faculty tended
to explicitly refute the teleological inaccuracy of the chal-
lenge statement, pointing to the incorrect notion that bac-
terial mutations occur in a purposeful, intentional, or goal-
oriented way. They also acknowledged that mutations are

TABLE 2

Student production of intuitive language and agreement with the teleological misconception statement (total N= 64)

Time 1

Produced intuitive
language on open-ended
prompt

Endorsedmisconception
on teleological
statement

Produced intuitive
language on teleological
statement

Reading Intervention Pre-reading Post-reading Pre-reading Post-reading Pre-reading Post-reading

Asserting Scientific Content (S) 65% (n= 11) 35% (n= 6) 59% (n= 10) 59% (n= 10) 29% (n= 5) 12% (n= 2)

Reinforcing Teleology (T) 80% (n= 16) 60% (n= 12) 70% (n= 14) 70% (n= 14) 50% (n= 10) 45% (n= 9)

Promoting Metacognition (M) 81% (n= 22) 41% (n= 11) 56% (n= 15) 37% (n= 10) 52% (n= 14) 22% (n= 6)
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random and exist prior to antibiotic treatment and that an-
tibiotic resistance and bacterial survival occurs because of
genetic variation in bacterial populations.

In the Time 2 student responses, we observed a dramatic

decrease in endorsement of the misconception statement fol-

lowing the reading interventions, but no shift in intuitive rea-

soning, suggesting a lack of association between the two. To fur-

ther explore the nature of students’ responses, we examined

the extent to which participants in this study explicitly rejected

the teleological inaccuracy of the misconception statement (i.e.,

responses referencing the idea that mutations (i) occur ran-

domly or by chance and/or (ii) are not purposeful, a choice, or

goal oriented). To do so, we qualitatively analyzed their written

responses to the teleological misconception prompt (Fig. 5,

Table 3). Prior to the reading intervention, 27% of students

rejected the teleological inaccuracy. Our analysis of the post-

assessments revealed that significantly more students rejected

the teleological inaccuracy following the reading intervention

(56%). The increase was statistically significant for both reading

intervention groups (MIS: χ2 = 7.12, n=34, P=0.0076; IR: χ2 =
7.36, n=30, P=0.0067). Representative quotes from students in

each reading intervention condition are shown in Table 4.

Discussion

Intuitive ways of knowing can inadvertently lead stu-

dents to scientifically inaccurate thinking, as when teleolog-

ical thinking leads students to misconceive antibiotic resist-

ance as a goal-oriented process of evolution. Although the

connection between intuitive reasoning and misconcep-

tions about biological concepts has been well-documented

by education researchers, much less attention has been

focused on investigating interventions aimed at addressing

such intuitive misconceptions. In this study we begin to address

this gap by investigating classroom reading interventions

aimed at teleological misconceptions about antibiotic

resistance, with particular emphasis on metacognition-

promoting refutation texts. We sought to answer the fol-

lowing research questions. (i) To what extent do reading

interventions affect students’ use of intuitive reasoning?

(ii) To what extent do reading interventions affect stu-

dent acceptance of misconceptions? We found variable

efficacy in using a reading intervention to shift student

thinking. In the following sections, we explore our find-

ings, along with the implications of our results and poten-

tial future research directions.

Not all intervention readings are effective in shifting
student conceptions

At Time 1, we observed varying degrees of change

among student written responses and agreement with the

teleological statements before and after the intervention

readings. While student agreement with the teleological

misconception statement remained largely unchanged by

any reading intervention, student-generated explanations to

both prompts used significantly less intuitive language fol-

lowing reading intervention M, but not after reading inter-

ventions S and T. These findings are largely consistent with

our predictions. Because reading M explicitly acknowledged

and refuted an intuitive reasoning-based misconception, stu-

dents may have been more likely to recognize the inaccuracy

in their prior explanations and make corrections (43, 44),

engendering less intuitive language in their postintervention

responses. In contrast, we found that student explanations

were relatively unchanged following reading S, consistent

with literature showing that expository texts are less effec-

tive in shifting conceptual thinking compared to metacogni-

tive refutation texts (see references 32 and 43).

Although we observed shifts in student use of intuitive

language following reading M, we were surprised by the lack

FIG 3. Time 2. Percentage of students producing intuitive language
in response to the open-ended prompt “How would you explain
antibiotic resistance to a fellow student in this class?” No statistically
significant differences were observed in either intervention group.

FIG 2. Time 1. Student agreement and production of intuitive
language in response to the teleological misconception statement
“Bacteria develop mutations in order to become resistant to an
antibiotic and survive.” No significant difference was observed in
student agreement with the challenge statement for any reading
group.

ANTIBIOTIC RESISTANCE: MISCONCEPTIONS AND INTERVENTIONS JOURNAL OF MICROBIOLOGY AND BIOLOGY EDUCATION

April 2022 Volume 23 Issue 1 10.1128/jmbe.00220-21 6

https://journals.asm.org/journal/jmbe
https://doi.org/10.1128/jmbe.00220-21


of robust decrease in student agreement with the teleo-

logical misconception statement. Reading M may not have

clearly directed students’ attention to produce the necessary

cognitive conflict for conceptual change (see references 33 and

45). For example, although students were told that they would

have plenty of time, perhaps they skimmed and did not read

carefully, or were not engaged by the refutation of the miscon-

ception. As a result, students’ reading strategies or experiences
may not have been sufficient for facilitating metacognition and

conceptual change based on the text content (46).

Reading interventions designed to more explicitly
promote metacognition appear to influence student
thinking

Motivated by the inconsistent impact of reading M, new

reading interventions were implemented at Time 2, where

we observed more significant shifts in student thinking. This

included both a large decrease in student agreement with

the teleological misconception statement as well as an

increase in responses that pointedly rejected the teleologi-

cal inaccuracy of the statement after the readings. The dif-

ferences between the results at Times 1 and 2 could be due

to changes to the content and/or structure of the interven-

tions. In the MIS reading, the teleological misconception

was stated and refuted with an explanation of the scientific

inaccuracy of that thinking. This updated content may have

helped students to identify the inaccuracy of the misconception

statement as well as in their own thinking, leading to a correction

in their post-reading responses. In the IR reading, the statement

was also refuted with an explanation of intuitive reasoning. This

may have allowed students to recognize both the inaccuracy and

a common pattern in their reasoning underlying that inaccuracy.

The structure of the updated readings was also designed

to more explicitly highlight the teleological misconception and

refutation. This included visual cues like headings to alert stu-

dents to the focus of each paragraph, and bullets to draw

attention to key ideas. These changes might have helped to

direct students to the refutation content, more effectively facil-

itating a recognition of inaccuracies in their own thinking, and

as a result, a corresponding shift in their agreement and writ-

ten explanations. Previous studies have suggested that struc-

ture is an important element of the refutation text as a guide

for reader attention (41, 47–49). The importance of drawing

reader attention, particularly to the misconception, is likely sig-

nificant for promoting metacognition as part of cognitive con-

flict and conceptual change (33–35). The increased efficacy of

the updated readings, based on our findings, contributes to

existing literature suggesting that metacognition reduces intui-

tive thinking, including teleological thinking about evolution

(28–31).

TABLE 3

Student production of intuitive language and agreement with the teleological misconception statement (total N= 64)

Time 2
Produced intuitive language
on open-ended prompt

Endorsedmisconception on
teleological statement

Produced intuitive
language on teleological
statement

Rejected the teleological
inaccuracy

Reading intervention Pre-reading Post-reading Pre-reading Post-reading Pre-reading Post-reading Pre-reading Post-reading

Alerting to Misconceptions (MIS) 38% (n= 13) 50% (n= 17) 59% (n= 20) 21% (n= 7) 26% (n= 9) 32% (n= 11) 32% (n= 11) 62% (n= 21)

Alerting to Intuitive Reasoning (IR) 53% (n= 16) 53% (n= 16) 60% (n= 18) 7% (n= 2) 33% (n= 10) 17% (n= 5) 20% (n= 6) 50% (n= 15)

FIG 4. Time 2. Percentage of students endorsing the teleological
misconception statement “Bacteria develop mutations in order
to become resistant to an antibiotic and survive.” Student
agreement with the statement was significantly lower following
both reading interventions. **, P< 0.001.

FIG 5. Time 2. Percentage of students rejecting the teleological
inaccuracy of the misconception statement in their written responses.
Rejection of the teleological inaccuracy was significantly higher among
postintervention responses for students in both reading intervention
groups. **, P< 0.001.
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Conclusions, limitations, and future directions

Our findings indicate that refutation texts have the poten-

tial to shift student misconceptions rooted in persistent intuitive

reasoning. Refutation text readings provide students with meta-

cognitive opportunities, allowing them to recognize their mis-

conceptions and integrate more scientifically accurate ideas.

However, our findings are also complicated by the nature of

the study design. Because the same population of students par-

ticipated at both time points, we cannot rule out possible

interactions of the two experiences on student responses.

Beyond exploring variations on the implementation of a ref-

utation text reading intervention, few studies have addressed the

efficacy of a refutation reading relative to forms of live instruc-

tion, such as demonstrations and active learning, that can be

used to promote metacognition (50) and significantly increase

learning gains across STEM disciplines (51, 52). Some evidence

suggests that refutation texts may be more effective in combina-

tion with pre-reading activities or other forms of instruction

designed to promote conceptual change (33, 46, 53–56). Future
studies could continue to investigate the efficacy of different

classroom instructional approaches, particularly active learning

approaches, in combination with and comparison to refutation

texts, to reduce misconceptions and improve student learning.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

Many thanks to all SEPAL and CORE lab members for

constructive comments and feedback that improved this study.

We are also grateful to the supporting faculty, Sally Pasion and

Michael Goldman, and to the student participants.

This research was supported by the National Science

Foundation EHR Core Award 1535496 to J.D.C. and K.D.T.

We declare no conflicts of interest.

REFERENCES

1. Shtulman A, Schulz L. 2008. The relation between essentialist

beliefs and evolutionary reasoning. Cogn Sci 32:1049–1062.

https://doi.org/10.1080/03640210801897864.

2. Kelemen D, Rosset E. 2009. The human function compunction:

teleological explanation in adults. Cognition 111:138–143. https://

doi.org/10.1016/j.cognition.2009.01.001.

3. Coley JD, Tanner KD. 2012. Common origins of diverse mis-

conceptions: cognitive principles and the development of biol-

ogy thinking. CBE Life Sci Educ 11:209–215. https://doi.org/10

.1187/cbe.12-06-0074.

4. Coley JD, Tanner K. 2015. Relations between intuitive biologi-

cal thinking and biological misconceptions in biology majors

and nonmajors. CBE Life Sci Educ 14:ar8. https://doi.org/10

.1187/cbe.14-06-0094.

5. Coley J, Betz N, Leffers J, Xu Y, Fux M, de Nesnera K, Tanner

K. 2017. Relations between intuitive biological thought and sci-

entific misconceptions, p 3690. 39th Annual Meeting of the

Cognitive Science Society, London, United Kingdom.

TABLE 4

Examples of student rejection of the teleological inaccuracy in response to the teleological misconception prompt following the reading

intervention

Student quotes
Alerting to misconceptions (MIS) reading

Student quotes
Alerting to intuitive reasoning (IR) reading

“These bacteria that are resistant to a drug have existing mutations

that randomly occur in bacteria’s DNA. Bacteria cannot actively

create a mutation to become resistant to an antibiotic for survival.”

“The mutations were already there. The bacteria that started

out with these changes are the ones that survived and were able

to pass down resistance to all offspring. Mutations that grant

resistance to new antibiotics are few and far between, and it

never occurs to meet that specific goal.”

“Mutations do not develop as a survival response. Mutations are

random and pre-existing mutations may cause antibiotic

resistance.”

“The statement makes it seem that bacteria choose to change

their DNA to become resistant and survive, that is not true!

Bacteria cannot deliberately choose to have mutations or the

specific kind of mutations. Genetic mutations are random and

not all mutations lead to antibiotic resistance.”

“They cannot develop mutations in order to become resistant to

an antibiotic and survive. Some bacteria are already ‘born’ with the
ability to fight off and live in an antibiotic environment.”

“The bacteria don’t necessarily mutate in order to survive. A

small population of them are born genetically different and

happened to be immune to the antibiotic being used against

them.”

“The bacteria develop these mutations, however it is not

intentionally in response to an antibiotic. The mutations were

developed earlier and just enable the bacterium to survive

exposure to [an] antibiotic.”

“Mutations cannot be developed willingly or on command, they

happen randomly and by chance. Bacteria do not develop

mutations to become resistant to antibiotics, they acquire

mutations by chance that allow them to survive after being

exposed to the antibiotic making them resistant.”

ANTIBIOTIC RESISTANCE: MISCONCEPTIONS AND INTERVENTIONS JOURNAL OF MICROBIOLOGY AND BIOLOGY EDUCATION

April 2022 Volume 23 Issue 1 10.1128/jmbe.00220-21 8

https://doi.org/10.1080/03640210801897864
https://doi.org/10.1016/j.cognition.2009.01.001
https://doi.org/10.1016/j.cognition.2009.01.001
https://doi.org/10.1187/cbe.12-06-0074
https://doi.org/10.1187/cbe.12-06-0074
https://doi.org/10.1187/cbe.14-06-0094
https://doi.org/10.1187/cbe.14-06-0094
https://journals.asm.org/journal/jmbe
https://doi.org/10.1128/jmbe.00220-21


6. Betz N, Leffers JS, Thor EED, Fux M, de Nesnera K, Tanner KD,

Coley JD. 2019. Cognitive construal-consistent instructor lan-

guage in the undergraduate biology classroom. CBE Life Sci Educ

18:ar63. https://doi.org/10.1187/cbe.19-04-0076.

7. Vosniadou S. 2020. Students’ misconceptions and science edu-

cation. In Oxford research encyclopedia of education. Oxford

University Press, New York, NY. https://doi.org/10.1093/

acrefore/9780190264093.013.965.

8. Stern F, Kampourakis K, Huneault C, Silveira P, Müller A.

2018. Undergraduate biology students’ teleological and

essentialist misconceptions. Educ Sci 8:135. https://doi.org/

10.3390/educsci8030135.

9. Kelemen D. 1999. The scope of teleological thinking in pre-

school children. Cognition 70:241–272. https://doi.org/10.1016/

s0010-0277(99)00010-4.

10. Kelemen D. 2012. Teleological minds: how natural intuitions

about agency and purpose influence learning about evolution.

In Rosengren K, Evans E M (ed), p 66–92. Evolution challenges:

integrating research and practice in teaching and learning

about evolution. Oxford: Oxford University Press.

11. Kelemen D, Rottman J, Seston R. 2013. Professional physical

scientists display tenacious teleological tendencies: purpose-

based reasoning as a cognitive default. J Exp Psychol Gen

142:1074–1083. https://doi.org/10.1037/a0030399.

12. Richard M, Coley JD, Tanner KD. 2017. Investigating undergradu-

ate students’ use of intuitive reasoning and evolutionary knowl-

edge in explanations of antibiotic resistance. LSE 16:ar55. https://

doi.org/10.1187/cbe.16-11-0317.

13. Gregory TR. 2009. Understanding natural selection: essential

concepts and common misconceptions. Evo Edu Outreach

2:156–175. https://doi.org/10.1007/s12052-009-0128-1.

14. Barnes ME, Evans EM, Hazel A, Brownell SE, Nesse RM. 2017.

Teleological reasoning, not acceptance of evolution, impacts

students’ ability to learn natural selection. Evol Educ Outreach

10:7. https://doi.org/10.1186/s12052-017-0070-6.

15. MacFadden BJ, Dunckel BA, Ellis S, Dierking LD, Abraham-

Silver L, Kisiel J, Koke J. 2007. Natural history museum visitors’

understanding of evolution. Bioscience 57:875–882. https://doi

.org/10.1641/B571010.

16. Wester CW, Durairaj L, Evans AT, Schwartz DN, Husain S,

Martinez E. 2002. Antibiotic resistance: a survey of physician

perceptions. Arch Intern Med 162:2210–2216. https://doi.org/

10.1001/archinte.162.19.2210.

17. Vanden Eng J, Marcus R, Hadler JL, Imhoff B, Vugia DJ, Cieslak PR,

Zell E, Deneen V, McCombs KG, Zansky SM, Hawkins MA, Besser

RE. 2003. Consumer attitudes and use of antibiotics. Emerg Infect

Dis 9:1128–1135. https://doi.org/10.3201/eid0909.020591.

18. McNulty CAM, Boyle P, Nichols T, Clappison P, Davey P. 2007.

Don’t wear me out—the public’s knowledge of and attitudes

to antibiotic use. J Antimicrob Chemother 59:727–738.

https://doi.org/10.1093/jac/dkl558.

19. Gouvea JS, Simon MR. 2018. Challenging cognitive construals:

a dynamic alternative to stable misconceptions. CBE Life Sci

Educ 17:ar34. https://doi.org/10.1187/cbe.17-10-0214.

20. Brown SA, Ronfard S, Kelemen D. 2020. Teaching natural

selection in early elementary classrooms: can a storybook

intervention reduce teleological misunderstandings? Evol Educ

Outreach 13:12. https://doi.org/10.1186/s12052-020-00127-7.

21. Flavell JH. 1979. Metacognition and cognitive monitoring: a

new area of cognitive–developmental inquiry. Am Psychol

34:906–911. https://doi.org/10.1037/0003-066X.34.10.906.

22. Hattie JAC, Donoghue GM. 2016. Learning strategies: a syn-

thesis and conceptual model. NPJ Sci Learn 1:16013. https://

doi.org/10.1038/npjscilearn.2016.13.

23. Zohar A, Barzilai S. 2013. A review of research on metacogni-

tion in science education: current and future directions. Stud

Sci Educ 49:121–169. https://doi.org/10.1080/03057267.2013

.847261.

24. Avargil S, Lavi R, Dori YJ. 2018. Students’ metacognition and

metacognitive strategies in science education, p 33–64. In Dori
YJ, Mevarech ZR, Baker DR (ed), Cognition, metacognition,

and culture in STEM education. Springer, Cham, Switzerland.

25. Wang J-R, Chen S-F. 2014. Exploring mediating effect of meta-

cognitive awareness on comprehension of science texts

through structural equation modeling analysis. J Res Sci Teach

51:175–191. https://doi.org/10.1002/tea.21131.

26. Schraw G, Olafson L, Weibel M, Sewing D. 2012. Metacognitive

knowledge and field-based science learning in an outdoor envi-

ronmental education program, p 57–77. In Zohar A, Dori YJ (ed),
Metacognition in science education: trends in current research.

Springer, Dordrecht, Netherlands.

27. Shin N, Jonassen DH, McGee S. 2003. Predictors of well-struc-

tured and ill-structured problem solving in an astronomy simula-

tion. J Res Sci Teach 40:6–33. https://doi.org/10.1002/tea.10058.

28. Alter AL, Oppenheimer DM, Epley N, Eyre RN. 2007.

Overcoming intuition: metacognitive difficulty activates ana-

lytic reasoning. J Exp Psychol Gen 136:569–576. https://doi

.org/10.1037/0096-3445.136.4.569.

29. Thompson VA, Prowse Turner JA, Pennycook G. 2011.

Intuition, reason, and metacognition. Cogn Psychol 63:107–

140. https://doi.org/10.1016/j.cogpsych.2011.06.001.

30. Gresch H. 2020. Teleological explanations in evolution classes:

video-based analyses of teaching and learning processes across

a seventh-grade teaching unit. Evol Educ Outreach 13:10.

https://doi.org/10.1186/s12052-020-00125-9.

31. González Galli L, Peréz G, Gómez Galindo AA. 2020. The self-reg-

ulation of teleological thinking in natural selection learning. Evol

EducOutreach 13:6. https://doi.org/10.1186/s12052-020-00120-0.

32. Guzzetti BJ, Snyder TE, Glass GV, Gamas WS. 1993. Promoting

conceptual change in science: a comparative meta-analysis of

instructional interventions from reading education and science

education. Read Res Q 28:116. https://doi.org/10.2307/747886.

33. Tippett CD. 2010. Refutation text in science education: a

review of two decades of research. Int J Sci and Math Educ

8:951–970. https://doi.org/10.1007/s10763-010-9203-x.

34. Diakidoy I-AN, Mouskounti T, Ioannides C. 2011. Comprehension

and learning from refutation and expository texts. Read Res Q

46:22–38. https://doi.org/10.1598/RRQ.46.1.2.

35. Posner GJ, Strike KA, Hewson PW, Gertzog WA. 1982.

Accommodation of a scientific conception: toward a theory of

conceptual change. Sci Ed 66:211–227. https://doi.org/10

.1002/sce.3730660207.

ANTIBIOTIC RESISTANCE: MISCONCEPTIONS AND INTERVENTIONS JOURNAL OF MICROBIOLOGY AND BIOLOGY EDUCATION

April 2022 Volume 23 Issue 1 10.1128/jmbe.00220-21 9

https://doi.org/10.1187/cbe.19-04-0076
https://doi.org/10.1093/acrefore/9780190264093.013.965
https://doi.org/10.1093/acrefore/9780190264093.013.965
https://doi.org/10.3390/educsci8030135
https://doi.org/10.3390/educsci8030135
https://doi.org/10.1016/s0010-0277(99)00010-4
https://doi.org/10.1016/s0010-0277(99)00010-4
https://doi.org/10.1037/a0030399
https://doi.org/10.1187/cbe.16-11-0317
https://doi.org/10.1187/cbe.16-11-0317
https://doi.org/10.1007/s12052-009-0128-1
https://doi.org/10.1186/s12052-017-0070-6
https://doi.org/10.1641/B571010
https://doi.org/10.1641/B571010
https://doi.org/10.1001/archinte.162.19.2210
https://doi.org/10.1001/archinte.162.19.2210
https://doi.org/10.3201/eid0909.020591
https://doi.org/10.1093/jac/dkl558
https://doi.org/10.1187/cbe.17-10-0214
https://doi.org/10.1186/s12052-020-00127-7
https://doi.org/10.1037/0003-066X.34.10.906
https://doi.org/10.1038/npjscilearn.2016.13
https://doi.org/10.1038/npjscilearn.2016.13
https://doi.org/10.1080/03057267.2013.847261
https://doi.org/10.1080/03057267.2013.847261
https://doi.org/10.1002/tea.21131
https://doi.org/10.1002/tea.10058
https://doi.org/10.1037/0096-3445.136.4.569
https://doi.org/10.1037/0096-3445.136.4.569
https://doi.org/10.1016/j.cogpsych.2011.06.001
https://doi.org/10.1186/s12052-020-00125-9
https://doi.org/10.1186/s12052-020-00120-0
https://doi.org/10.2307/747886
https://doi.org/10.1007/s10763-010-9203-x
https://doi.org/10.1598/RRQ.46.1.2
https://doi.org/10.1002/sce.3730660207
https://doi.org/10.1002/sce.3730660207
https://journals.asm.org/journal/jmbe
https://doi.org/10.1128/jmbe.00220-21


36. Chi MTH. 2013. Two kinds and four sub-types of misconceived

knowledge, ways to change it, and the learning outcomes, p

49–70. In Vosniadou S (ed), International handbook of research
on conceptual change, 2nd ed. Routledge, Abingdon, United

Kingdom.

37. Smith JP, diSessa AA, Roschelle J. 1994. misconceptions recon-

ceived: a constructivist analysis of knowledge in transition. J Learn

Sci 3:115–163. https://doi.org/10.1207/s15327809jls0302_1.

38. Nussbaum EM, Cordova JR, Rehmat AP. 2017. Refutation texts

for effective climate change education. J Geosci Educ 65:23–

34. https://doi.org/10.5408/15-109.1.

39. Asterhan CSC, Resnick MS. 2020. Refutation texts and argu-

mentation for conceptual change: a winning or a redundant

combination? Learn Instr 65:101265. https://doi.org/10.1016/j

.learninstruc.2019.101265.

40. Bissonnette SA, Combs ED, Nagami PH, Byers V, Fernandez

J, Le D, Realin J, Woodham S, Smith JI, Tanner KD. 2017.

Using the Biology Card Sorting Task to measure changes in

conceptual expertise during postsecondary biology educa-

tion. CBE Life Sci Educ 16:ar14. https://doi.org/10.1187/cbe

.16-09-0273.

41. Smith JI, Combs ED, Nagami PH, Alto VM, Goh HG, Gourdet

MAA, Hough CM, Nickell AE, Peer AG, Coley JD, Tanner KD.

2013. Development of the Biology Card Sorting Task to mea-

sure conceptual expertise in biology. CBE Life Sci Educ

12:628–644.

42. Owens MT, Trujillo G, Seidel SB, Harrison CD, Farrar KM,

Benton HP, Blair JR, Boyer KE, Breckler JL, Burrus LW, Byrd

DT, Caporale N, Carpenter EJ, Chan YHM, Chen JC, Chen L,

Chen LH, Chu DS, Cochlan WP, Crook RJ, Crow KD, de la

Torre JR, Denetclaw WF, Dowdy LM, Franklin D, Fuse M,

Goldman MA, Govindan B, Green M, Harris HE, He ZH,

Ingalls SB, Ingmire P, Johnson ARB, Knight JD, LeBuhn G, Light

TL, Low C, Lund L, Márquez-Magaña LM, Miller-Sims VC,

Moffatt CA, Murdock H, Nusse GL, Thomas Parke V, Pasion

SG, Patterson R, Pennings PS, Ramirez JC, Ramirez RM, Riggs

B, Rohlfs RV, Romeo JM, Rothman BS, Roy SW, Russo-Tait T,

Sehgal RNM, Simonin KA, Spicer GS, Stillman JH, Swei A,

Tempe LC, Vredenberg VT, Weinstein SL, Zink AG, Kelley LA,

Domingo CR, Tanner KD. 2018. Collectively improving our

teaching: attempting biology department-wide professional de-

velopment in scientific teaching. CBE Life Sci Educ 17:ar2.

https://doi.org/10.1187/cbe.17-06-0106.

43. Will KK, Masad A, Vlach HA, Kendeou P. 2019. The effects of

refutation texts on generating explanations. Learn Individ

Differ 69:108–115. https://doi.org/10.1016/j.lindif.2018.12.002.

44. Hynd CR. 2001. Refutational texts and the change process. Int J Educ

Res 35:699–714. https://doi.org/10.1016/S0883-0355(02)00010-1.

45. Duit R, Treagust D, Widodo A. 2013. Teaching science for con-

ceptual change: theory and practice, p 629–646. In Vosniadou S
(ed), International handbook of research on conceptual

change, 2nd ed. Routledge, Abingdon, United Kingdom.

46. Guzzetti BJ, Williams WO, Skeels SA, Wu SM. 1997. Influence of

text structure on learning counterintuitive physics concepts. J

Res Sci Teach 34:701–719. https://doi.org/10.1002/(SICI)1098-

2736(199709)34:7<701::AID-TEA3>3.0.CO;2-Q.

47. Ausubel DP. 1968. Facilitating meaningful verbal learning in the

classroom. AT 15:126–132. https://doi.org/10.5951/AT.15.2.0126.

48. Broughton SH, Sinatra GM, Reynolds RE. 2010. The nature of the

refutation text effect: an investigation of attention allocation. J Educ

Res 103:407–423. https://doi.org/10.1080/00220670903383101.

49. Sinatra GM, Broughton SH. 2011. Bridging reading compre-

hension and conceptual change in science education: the

promise of refutation text. Read Res Q 46:374–393. https://

doi.org/10.1002/RRQ.005.

50. Tanner KD. 2012. Promoting student metacognition. CBE Life

Sci Educ 11:113–120. https://doi.org/10.1187/cbe.12-03-0033.

51. Freeman S, Eddy SL, McDonough M, Smith MK, Okoroafor N,

Jordt H, Wenderoth MP. 2014. Active learning increases stu-

dent performance in science, engineering, and mathematics.

Proc Natl Acad Sci U S A 111:8410–8415. https://doi.org/10

.1073/pnas.1319030111.

52. Theobald EJ, Hill MJ, Tran E, Agrawal S, Arroyo EN, Behling S,

Chambwe N, Cintrón DL, Cooper JD, Dunster G, Grummer JA,

Hennessey K, Hsiao J, Iranon N, Jones L, Jordt H, Keller M, Lacey

ME, Littlefield CE, Lowe A, Newman S, Okolo V, Olroyd S,

Peecook BR, Pickett SB, Slager DL, Caviedes-Solis IW, Stanchak

KE, Sundaravardan V, Valdebenito C, Williams CR, Zinsli K,

Freeman S. 2020. Active learning narrows achievement gaps for

underrepresented students in undergraduate science, technol-

ogy, engineering, and math. Proc Natl Acad Sci U S A 117:6476–

6483. https://doi.org/10.1073/pnas.1916903117.

53. Alvermann DE, Hague SA. 1989. Comprehension of counterin-

tuitive science text: effects of prior knowledge and text struc-

ture. J Educ Res 82:197–202. https://doi.org/10.1080/00220671

.1989.10885893.

54. Diakidoy I-AN, Kendeou P, Ioannides C. 2003. Reading about

energy: the effects of text structure in science learning and con-

ceptual change. Contemp Educ Psychol 28:335–356. https://doi

.org/10.1016/S0361-476X(02)00039-5.

55. Frède V. 2008. Teaching astronomy for pre-service elementary

teachers: a comparison of methods. Adv Space Res 42:1819–

1830. https://doi.org/10.1016/j.asr.2007.12.001.

56. Guzzetti BJ. 2000. Learning counter-intuitive science concepts:

what have we learned from over a decade of research? Read

Writ Q 16:89–98. https://doi.org/10.1080/105735600277971.

ANTIBIOTIC RESISTANCE: MISCONCEPTIONS AND INTERVENTIONS JOURNAL OF MICROBIOLOGY AND BIOLOGY EDUCATION

April 2022 Volume 23 Issue 1 10.1128/jmbe.00220-21 10

https://doi.org/10.1207/s15327809jls0302_1
https://doi.org/10.5408/15-109.1
https://doi.org/10.1016/j.learninstruc.2019.101265
https://doi.org/10.1016/j.learninstruc.2019.101265
https://doi.org/10.1187/cbe.16-09-0273
https://doi.org/10.1187/cbe.16-09-0273
https://doi.org/10.1187/cbe.17-06-0106
https://doi.org/10.1016/j.lindif.2018.12.002
https://doi.org/10.1016/S0883-0355(02)00010-1
https://doi.org/10.1002/(SICI)1098-2736(199709)34:7%3C701::AID-TEA3%3E3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1098-2736(199709)34:7%3C701::AID-TEA3%3E3.0.CO;2-Q
https://doi.org/10.5951/AT.15.2.0126
https://doi.org/10.1080/00220670903383101
https://doi.org/10.1002/RRQ.005
https://doi.org/10.1002/RRQ.005
https://doi.org/10.1187/cbe.12-03-0033
https://doi.org/10.1073/pnas.1319030111
https://doi.org/10.1073/pnas.1319030111
https://doi.org/10.1073/pnas.1916903117
https://doi.org/10.1080/00220671.1989.10885893
https://doi.org/10.1080/00220671.1989.10885893
https://doi.org/10.1016/S0361-476X(02)00039-5
https://doi.org/10.1016/S0361-476X(02)00039-5
https://doi.org/10.1016/j.asr.2007.12.001
https://doi.org/10.1080/105735600277971
https://journals.asm.org/journal/jmbe
https://doi.org/10.1128/jmbe.00220-21

	Effects of Reading Interventions on Student Understanding of and Misconceptions about Antibiotic Resistance
	Outline placeholder
	Relationships between teleological thinking and biological misconceptions
	Strategies to address intuitive misconceptions about biology
	Participants and recruitment
	Reading interventions
	Assessment tool
	Data collection
	Demographic survey
	Data coding and analysis
	Statistical analysis
	Human subject approval
	Time 1: Investigating scientific, teleological, and metacognitive reading interventions
	Shifts in student responses to the open-ended prompt: “How would you describe antibiotic resistance to a fellow student in this class?”
	Shifts in student responses to the teleological misconception prompt: “Individual bacteria develop mutations in order to become resistant to an antibiotic and survive”
	Time 2: Investigating misconception and intuitive reasoning reading interventions
	Shifts in student responses to the open-ended prompt: “How would you describe antibiotic resistance to a fellow student in this class?”
	Shifts in student responses to the teleological misconception prompt: “Individual bacteria develop mutations in order to become resistant to an antibiotic and survive”
	Rejection of the teleological misconception
	Not all intervention readings are effective in shifting student conceptions
	Reading interventions designed to more explicitly promote metacognition appear to influence student thinking
	Conclusions, limitations, and future directions

	REFERENCES


