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We have designed, developed, and validated a 17-question Meiosis Concept Inventory (Meiosis
CI) to diagnose student misconceptions on meiosis, which is a fundamental concept in genetics.
We targeted large introductory biology and genetics courses and used published methodology for
question development, which included the validation of questions by student interviews (n = 28),
in-class testing of the questions by students (n = 193), and expert (n = 8) consensus on the correct
answers. Our item analysis showed that the questions’ difficulty and discrimination indices were
in agreement with published recommended standards and discriminated effectively between high-
and low-scoring students. We foresee other institutions using the Meiosis CI as both a diagnostic
tool and an instrument to assess teaching effectiveness and student progress, and invite instructors
to visit http:/ /q4b.biology.ubc.ca for more information.

INTRODUCTION

As educators, we strive to help our students work toward
truly mastering a subject, facilitating their transition from
novice to expert-like thinking (Adams and Wieman, 2010).
To do this, we must first be able to assess student under-
standing, to identify and address student misconceptions.
One tool commonly used for assessing student understand-
ing is a concept inventory (Howitt et al., 2008; Libarkin, 2008;
Knight, 2010). Concept inventories are multiple-choice (MC)
assessment tools in which each response option represents
an alternate conception held by students (Garvin-Doxas et al.,
2007; D’Avanzo, 2008). Therefore, they can be used to iden-
tify not only how many students in a class have mastered
a concept, but also what common misconceptions students
may hold (Garvin-Doxas et al., 2007).

Concept inventories are not traditional MC tests—they are
designed for formative rather than summative assessment,
and the incorrect response options (distracters) for each ques-
tion are carefully designed and validated (Garvin-Doxas et al.,
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2007; D’ Avanzo, 2008; Adams and Wieman, 2010). The word-
ing of concept inventory questions must be written in lan-
guage that students will understand (Libarkin, 2008), prefer-
ably using wording that students have provided in responses
to open-ended questions (Adams and Wieman, 2010). Con-
cept inventories require extensive validation such that we
can discern what students are thinking when they select each
response option (Howitt et al., 2008; Adams and Wieman,
2010). The validation process is time consuming but essential
to confirm that students are selecting a given response op-
tion based on their understanding of the concept and not due
to a misinterpretation of the question (Adams and Wieman,
2010). Adams and Wieman (2010) recommend that, to ensure
consistency with statistical confidence, concept inventories
be validated with at least 2040 student interviews and six to
10 expert interviews. In addition, concept inventories differ
from many traditional MC tests in that concept inventories
are designed specifically to assess conceptual understand-
ing, rather than memorization of content (Garvin-Doxas et al.,
2007).

One application of concept inventories is to rapidly diag-
nose common misconceptions that students may hold before
instruction on a given topic; instructors can then specifically
target any identified difficulties while teaching (Libarkin,
2008). Because of their MC format, concept inventory ques-
tions are perfectly suited for use with personal response sys-
tems (clickers) during class time to provide immediate forma-
tive assessment (reviewed in Libarkin, 2008). Many studies
have confirmed that having students use clickers to answer
MC questions in undergraduate biology classes provides both
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students and instructors with immediate formative feedback
on student understanding of key course concepts (Brewer,
2004; Preszler et al., 2007; Crossgrove and Curran, 2008). This
feedback is highly beneficial in that it helps instructors to
modify the pace of their teaching as appropriate to address
areas of difficulty for students, and allows students the oppor-
tunity for metacognition and discussion of difficult concepts
with their peers (Brewer, 2004).

Another application of concept inventories is to assess the
effectiveness of an activity or teaching strategy (Steif and
Dantzler, 2005; Howitt et al., 2008; Libarkin, 2008). When com-
pared with traditional lectures, classes that promote active in-
vestigation of concepts have been shown to increase student
learning (reviewed in Prince, 2004). Courses structured with
frequent activities, including in-class exercises that promote
active learning, have been shown to be particularly effective
in reducing failure rates (Freeman et al., 2011). In light of
these results, we should endeavor to improve our teaching
by designing activities that we hope will promote increased
conceptual understanding of a topic. However, as responsible
scientists practicing scientific teaching, we must objectively
test any new activity that we develop to ensure that it is ac-
tually increasing student learning (Handelsman et al., 2004).
Concept inventories can be used in a pre- and posttest for-
mat to assess the effectiveness of a given activity or teaching
approach in improving student understanding or dispelling
a given misconception (Steif and Dantzler, 2005; Howitt et al.,
2008; Libarkin, 2008; Knight, 2010).

Concept inventories have already been developed for sev-
eral areas of biology, including natural selection (Anderson
et al., 2002), energy and matter (Wilson et al., 2006), introduc-
tory biology (Garvin-Doxas et al., 2007), genetics (Bowling
et al., 2008; Smith et al., 2008), molecular and cell biology (Shi
et al., 2010), molecular life sciences (Howitt et al., 2008), host—
pathogen interactions (Marbach-Ad et al., 2009), and diffu-
sion and osmosis (Odom and Barrow, 1995). Currently, to our
knowledge, only two of these published concept inventories
in biology have been validated using the exacting methodol-
ogy recommended by Adams and Wieman (2010): molecular
and cell biology (Shi et al., 2010) and genetics (Genetics Con-
cept Assessment [GCA]; Smith et al., 2008). There are currently
no published concept inventories for meiosis; the GCA (Smith
et al., 2008) does include some questions on meiosis, but the
focus of these questions is on the outcomes, rather than on
the process of meiosis. Our goal was to use the stringent
methodology recommended by Adams and Wieman (2010)
to develop a meiosis concept inventory (Meiosis CI) to inves-
tigate foundational misconceptions regarding the underlying
concepts and actual process of meiosis.

Many students struggle with learning meiosis and hold a
wide variety of misconceptions about this process (Brown,
1990; Kindfield, 1991; Dikmenli, 2010). For example, when
Dikmenli (2010) asked 124 biology student teachers (who had
studied meiosis in previous terms) to draw meiosis, only 13%
were able to produce a complete and accurate representation
of this process, and 54% produced drawings containing at
least one major misconception. Misconceptions about meiosis
can stem from an inability to differentiate between sister chro-
matids and homologous chromosomes, from confusion about
the timing of DNA replication during the cell cycle (Dikmenli,
2010), or from an inability to differentiate between replicated
chromosomes and the number of DNA molecules present
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in a chromosome (Kindfield, 1991). Students also have diffi-
culty calculating probabilities of genotypes that result from
particular meiosis or fertilization events, recognizing the ar-
rangement of alleles on chromosomes, and inferring events of
nondisjunction (Smith and Knight, 2012). With these miscon-
ceptions and difficulties in mind, we designed the Meiosis CI
to investigate students” understanding of the subconcepts of
ploidy; relationships among amount of DNA, chromosome
number, and ploidy; timing of major events during meiosis;
and pictorial representation of chromosomes (e.g., sister chro-
matids vs. homologous chromosomes, general arrangement
of chromosomes at metaphase of meiosis I vs. meiosis II).

In our experience, first-year undergraduate students often
believe that they already understand meiosis, because they
have been introduced to the stages of cell division in grade
9 science (Bourget et al., 2006); however, based on their exam
performance, it is apparent that they often lack a deeper un-
derstanding of this complicated process. This lack of under-
standing can negatively impact these students’” performance
in other areas of biology; students lacking a solid understand-
ing of meiosis often have difficulties understanding genet-
ics and inheritance (Longden, 1982; Brown, 1990; Smith and
Kindfield, 1999), as well as the role of meiosis in life cycles.

In the University of British Columbia (UBC) Biology Pro-
gram, students are taught meiosis as an introduction to a
unit on genetics in a first-year biology course (BIOL 121).
This course serves as a prerequisite for subsequent biology
courses, including genetics. A solid understanding of meiosis
is an important foundation for genetics throughout the Biol-
ogy Program. Therefore, we are highly motivated to develop
activities that will improve student understanding of meiosis,
as well as to evaluate whether these activities actually help
increase student understanding. Several strategies already
exist to assess student understanding of meiosis, including
interviewing individual students orally (Kindfield, 1991; Dik-
menli, 2010), analyzing student drawings (Dikmenli, 2010),
and analyzing pipe-cleaner models constructed by students
(Brown, 1990). However, none of these approaches are feasi-
ble for immediate formative assessment in large classes; the
Meiosis CI will fill this gap.

This work is part of a larger project at UBC, which is to
develop concept inventories for several fields of biology, in-
cluding prokaryotic cell biology, eukaryotic cell biology, ecol-
ogy, speciation, and experimental design (http://q4b.biology
.ubc.ca).

METHODOLOGY

Study Participants

This study was conducted between January 2010 and Novem-
ber 2011 at UBC, a large research university in Canada. Un-
less otherwise stated, participants were students registered
in BIOL 121, a first-year, multisection lecture-only biology
course that introduces ecology, evolution, and genetics; it
is a required course in the Biology Program and is also re-
quired in programs in other faculties (e.g., forestry), and has
an enrollment of ~2000 students per year. This study was
conducted using an ethics protocol for human subjects ap-
proved by the Behavioural Research Ethics Board at UBC
(BREB # H09-03080). Only those students who gave consent

CBE—Life Sciences Education


http://q4b.biology.ubc.ca
http://q4b.biology.ubc.ca

Anecdotal Clicker

. Old exams ; Assignments  Small student
evidence question .
projects
| responses
[
Identify and categorize
misconceptions
Generate open-ended and multiple choice
probing questions for each category
Student

Student focus \ focus groyp
groups

Design multiple choice questions
Modifications Student validation interviews

Expert feedback

17 validated questions
(Meiosis Cl)

In-class testing
(one BIOL 121 section, n=193) Identify
\l: l Bloom levels

Item Analysis

Figure 1. Flowchart of the methodology used in the development
of the Meiosis CL.

Inspection of
answers

were included in the study. Figure 1 displays a summary of
the methodology used in this study.

Development of the Meiosis CI

Identification of Misconceptions. To identify the aspects
of meiosis for which first and second-year student think-
ing tends to be different from expert thinking, we used
a collection of student artifacts, such as old examinations,
homework, records of student responses to relevant clicker
questions in previous terms, and our own experience with
students’ difficulties and typical mistakes related to meiosis.
We categorized such misconceptions and kept track of the
number of students demonstrating misconceptions in each
category. Misconceptions that occurred only rarely and did
not fit into any of the categories were not considered rep-
resentative and therefore were not included in the concept
inventory. The representative misconceptions were grouped
into six conceptually distinct categories: ploidy; relationships
among DNA, chromosomes, and chromatids; what “counts”
as a chromosome; timing of the main events; chromosome
segregation; and chromosome movement during gamete for-
mation.

Design of MC Questions. We prepared a series of MC and
open-ended questions to further probe students’ thinking and
also to see how the language normally used to describe chro-
mosome movement during meiosis would be interpreted by
novices. Whenever possible, the first version of the questions
used symbols (e.g., specific letters to represent genes and al-
leles, particular shapes to represent cells and chromosomes)
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and language similar to those used in other genetics concept
inventories, such as the GCA (Smith et al., 2008) and the Ge-
netics Literacy Assessment Instrument (Bowling et al., 2008),
as we reasoned that these symbols and language, having al-
ready gone through rigorous validation, would be particu-
larly well suited for our students. Initially, we administered
these questions to small groups of three to five student vol-
unteers (42 students in total) in focus groups. Students were
encouraged to verbalize their thinking about both the content
and the language used in the questions and were allowed to
share ideas with one another. We used information and feed-
back gathered during these focus groups to craft and refine 20
MC questions for the inventory. Students also provided valu-
able feedback on how to represent chromosomes and cells
s0 as to be as clear as possible, as well as what organisms to
“feature” in our questions so as to minimize confusion.

The inventory contains conventional MC questions, as well
as multiple true—false (MTF) questions, for which the partici-
pant has to select all the correct answers from a choice of four.
MTF questions have received favorable reviews in the litera-
ture (e.g., Frisbie, 1992; Haladyna et al., 2002; Libarkin ef al.,
2011). MTFs have been shown to have higher reliability and
to be less susceptible to the effects of student guessing than
conventional MC questions in a variety of contexts, includ-
ing biology examinations (Frisbie and Sweeney, 1982; Kreiter
and Frisbie, 1989; Albanese and Sabers, 1988; Downing et al.,
1995; Kubinger and Gottschall, 2007). Including MTF ques-
tions in a concept inventory provides more information about
students’ understanding of the concepts under investigation,
because the answers a student does not choose are as infor-
mative as the answers he or she does choose (Kubinger and
Gottschall, 2007; Libarkin et al., 2011; anecdotal observations
from our validation interviews). If one wanted to use exclu-
sively single-answer questions, it would be possible to con-
vert the MTF format into a single-answer, complex multiple-
choice (CMC) question. We do, however, caution against this
practice, as the Meiosis CI questions were not validated in
this format. Moreover, CMC-type questions have appeared
to be generally less reliable than other multiple-choice for-
mats and more prone to include unintended clues that may
help one select the correct answer (Albanese 1993; Haladyna
et al., 2002). (See the Supplemental Material for sample Meio-
sis CI questions.)

Validation of Multiple-Choice Questions. After compiling
the multiple-choice questions, we individually interviewed
28 students at UBC (11 first-year science students, five non-
science students, and nine second-year and three upper-level
biology majors) following the protocol described in detail by
Adams and Wieman (2010). Each interview lasted approxi-
mately 1 h and was audio-recorded. Students were asked to
think aloud as they completed the concept inventory, and the
interviewer only intervened to encourage students to keep
talking. Throughout the process, 13 questions underwent
minor modifications in response to students’ feedback, and
two questions were discarded, because, even after multiple
rounds of revision, they were subject to varied interpretations
by students.

We also validated the inventory in terms of content with
eight experts from UBC with research and teaching expe-
rience in genetics and molecular and cell biology. Experts
answered Meiosis CI questions and were encouraged to
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provide feedback on the clarity and accuracy of both ques-
tion stems and what we considered the “expert” answers. As
a result of this feedback, one question was discarded, as it
raised some disagreement among the experts, and the word-
ing of two questions was modified to eliminate inaccuracies.
The expert agreement in the final version, which was also
validated by student interviews, was 100%.

The final Meiosis CI contains 17 questions, two to four
questions per conceptual category. Seven of the questions
require the participant to select the single best answer, while
10 require the selection of all the options that are considered
correct.

In-Class Delivery of Meiosis CI. Validated inventory ques-
tions were presented one at a time as PowerPoint slides to stu-
dents during their second-to-last lecture of the term; students
recorded their answers on multiple-choice answer sheets. Ad-
ministering questions as PowerPoint preserves the integrity
of the instrument, decreases use of paper, and ensures that
all students see the questions in the same order and proceed
through the inventory at the same pace. Each question was
presented only once and included instructions about how it
should be answered (i.e., “select the best answer” or “select
all the answers that apply”), and this information was also
provided orally at the start of each question to avoid any pos-
sible confusion. Time provided per question (1-2 min) was
determined by our validation interviews, and students had
the option to request more time if needed. Students received
course credit (0.5% bonus mark) for completing the Meiosis
CI and, as an additional incentive, had the opportunity to
request personalized feedback that would direct them to the
subtopics to which they should pay extra attention in prepa-
ration for their final examination.

Item Analysis. Student responses to each inventory question
were scored dichotomously (1 for a completely correct re-
sponse and 0 otherwise). Opinions on how to best score MTF
questions differ, as at least six different methods exist to eval-
uate these types of items (Tsai and Suen, 1993). The method
that we used in our item analysis, the multiple-response (MR)
method, whereby no partial credit is given for “partially cor-
rect” answers, has been found to lead to the lowest scores
(Albanese and Sabers, 1988; Tsai and Suen, 1993). The fact that
no partial credit for “partially correct” answers was given
could be an issue if concept inventory scores were used to
assign grades to students. However, since the inventory is
intended to inform teaching and identify student miscon-
ceptions, we believe that a more stringent scoring method is
appropriate, as it would, if anything, lead the instructor to
provide more support or remedial activities than necessary,
while the opposite could be detrimental. Moreover, rather
than individual student performances, we are primarily in-
terested in the overall class score and, most of all, in the
distribution of answers for each question. This can inform us
about common misconceptions, their persistence, and grad-
ual shifts toward more expert-like (albeit not necessarily “ex-
pert”) combinations of answers. Finally, because each ques-
tion in the Meiosis CI is designed to test for misconceptions
around a specific subconcept, “partial knowledge” indicates
that a deep understanding of this subconcept (which is what
we are looking for) has not yet been achieved.

Item analysis was used to examine student responses to
individual inventory questions in order to assess the qual-
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ity of the questions and the quality of the inventory as a
whole. Because the inventory was originally developed with
the needs of first-year students and instructors in mind, we
used results from a section of BIOL 121, in which students
(n = 193) took the entire 17-question inventory at the end
of the course. We decided to conduct the item analysis on
posttest results, because, in our experience, students enter
first year with extremely limited understanding of meiosis,
resulting in very low overall scores for most students and
higher frequency of random guessing. Problems may then
arise when comparing item analysis results with the recom-
mended standards, which emerged from instruments used as
posttests.

For each question, we calculated the index of difficulty
(proportion of students who selected an incorrect response),
the discrimination index (D), the item discrimination effi-
ciency (D.E.), and the point-biserial correlation (7). In edu-
cational literature, the index of difficulty is commonly used
as an indicator of whether the level of a given question is ap-
propriate for the group of students tested and determines the
maximum discrimination potential of the question. For ex-
ample, a low index of difficulty for a given question implies
that most students answer this question as experts, leaving
little potential to distinguish between students who perform
well (high-performing) and poorly (low-performing) on the
entire instrument. D and r,, both measure (although in dif-
ferent ways) the correlation between a student’s performance
on a given question and his or her performance on the entire
test (minus the question of interest), indicating whether this
question differentiates well between high-performing and
low-performing students. Questions that are part of an instru-
ment assessing competency in a small number of intimately
related subtopics are expected to have higher D and ry, val-
ues than questions in a test that requires multiple disparate
skills and competencies. The D.E. of a question is a measure of
its ability to differentiate between high-performing and low-
performing students and takes into account the maximum
possible discrimination (max(d)) achievable for that question
with a given group of students.

To calculate and evaluate the D of each item we ranked
students based on their total score on the concept inventory
minus the score of the question of interest, and compared
the answers of students in the top 27% with those in the
bottom 27% of the ranking for the question of interest. D was
calculated as Ucorrect — Lcorrect, Where Ucorect Tepresents the
proportion of students in the top 27% of the class who selected
the correct answer, and Lorrect is the proportion of students in
the bottom 27% of the class who selected the correct answer
(Findley, 1956). In addition, for each question, we calculated
the 95% Clopper-Pearson’s intervals of the proportions of
students who answered correctly in the top and bottom 27%
groups.

The D.E. is calculated as the D observed in the group of
students tested divided by max(d). max(d) depends on item
difficulty; it is calculated as the D that would have been ob-
tained for each question if all the students who answered the
question correctly were from the top 27% of the class and/or
all those who answered the item incorrectly were in the bot-
tom 27%. Point-biserial correlation coefficients (r,,) were cal-
culated between the score on each question (0 for incorrect, 1
for correct) and the total score on the remaining 16 inventory
questions.
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Table 1. Summary of the characteristics of the Meiosis CI questions based on a large, first-year biology majors course in which the Meiosis

CI was completed at the end of term (1 = 193)?

Point-biserial-

Concepts tested Question Bloom level Difficulty index D D.E. (df=191)
A Ploidy; differences between chromosomes, chromatids, 1b I 0.37 0.38 0.50 0.17*
and homologous pairs; + indicates question 2+P I 0.30 052  0.87 0.41**
concerning what “counts” as a chromosome (see 3P 111 0.35 0.75 0.95 0.49**
also concept C); A indicates question concerning 4¢ il 0.54 0.77 0.83 0.57**
chromosomal representation of genotypes (see also 5¢ I 0.48 0.81 0.84 0.59**
concept F) 6™¢ v 0.63 0.73 0.86 0.48**
B Relationships between chromosomes, DNA, and 7¢ 111 0.45 0.90 0.96 0.61**
chromatids, and relation to DNA replication 8¢ I 0.66 0.79 0.91 0.57**
9¢ I 0.38 0.44 0.56 0.25**
10¢ I 0.23 0.35 0.81 0.23*
C What “counts” as a chromosome 11¢ 1 0.25 0.44 0.79 0.42**
12° 11 0.09 021 1 0.23*
D Timing of events during meiosis 13P I 0.53 0.38 0.42 0.21*
14¢ I 0.71 0.62 1 0.46**
E Segregation, chromosome arrangements, and 15> 11 0.30 0.27 0.54 0.18*
consequences of crossing over 16> I 0.22 0.33 0.81 0.23*
F Gamete formation; chromosomal representation of 17¢ v 0.39 0.60 0.69 0.36**
genotypes
*p < 0.05.
**p & 0.01.

2Difficulty index is the proportion of students who answered the question incorrectly in a posttest D, D.E., and Tpb Were calculated as described

in Methodology.
bSingle—answer questions that have a total of four possible choices.

“Questions for which students are required to check all the answers that apply out of the four that are provided.

Blooming the Meiosis CI Questions. To identify the cogni-
tive skill levels of questions, we used the Blooming Biology
Tool (Crowe et al., 2008) as a rubric to rate each question based
on the six levels of the cognitive domain of Bloom’s taxon-
omy (Bloom, 1956). The cognitive skill level of each inventory
question was determined by consensus of two independent,
experienced raters using methodology described elsewhere
(Crowe et al., 2008; O’Neill ef al., 2010).

RESULTS
Meiosis CI

We developed and validated a 17-question concept inven-
tory focused on aspects of meiosis that are a source of confu-
sion and misconceptions for first-year students. The difficulty
index and discriminating efficiency of each of these ques-
tions, along with the cognitive skill levels, are summarized
in Table 1.

The difficulty index of four of the questions was below
0.30, eight ranged from 0.30 to 0.50, and four were above
0.50 but below 0.70, while one question had a difficulty index
of 0.71 (Table 1). This suggests that the inventory covers an
appropriate spectrum of difficulty and that most questions
have a good discrimination potential (items with a difficulty
index of 0.50 have the highest discrimination potential). The
low-difficulty items can serve as useful “internal controls”
to identify students who may be guessing and/or using the
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answer sheets incorrectly and students who may be having
very serious difficulties with the topic of meiosis. The high-
difficulty questions, on the other hand, ensure that there is
no ceiling effect (i.e., the tool can capture learning gain even
among high-performing students).

The D and D.E. achieved with our student sample were
satisfactory. The mean D was 0.55 (minimum 0.21, maximum
0.90) and the D.E. was above 0.40 for all questions (minimum
0.42, maximum 1.0). In all cases, the 95% Clopper-Pearson’s
intervals of the proportion of students who selected the cor-
rectanswer in the top 27% and bottom 27% of the class did not
overlap, further confirming that the inventory questions dis-
criminate effectively between high- and low-performing stu-
dents. The mean point-biserial correlation across the 17 ques-
tions was 0.38 (minimum 0.17, maximum 0.61) and above 0.20
for all but two questions. In addition, the internal reliability
as estimated by Cronbach’s alpha was 0.78.

Nine of the Meiosis CI questions had a cognitive skill level
of application (Bloom'’s level III), while five were compre-
hension (II) questions, and one was a knowledge (I) question
(Table 1). The highest cognitive skill level tested by the Meio-
sis Cl is analysis (IV), with two questions. Both analysis and
application questions are often considered to require higher-
order cognitive skills such as problem solving (Fuller, 1997;
O'Neill et al., 2010). Therefore, the majority (65%) of the Meio-
sis CI questions require some element of critical thinking,
while only 35% of these questions rely solely on lower-order
cognitive skills, such as recalling or explaining memorized
information.
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Table 2. Grouping of Meiosis CI questions into three different categories based on the distribution of answers obtained in a large, first-year
biology majors course in which the Meiosis CI was completed at the end of term (n = 193)

Category

Frequent misconceptions (question, frequent incorrect answer, % of students)?

1. Questions with high proportion of correct
answers: 2°, 9¢, 10°, 11¢, 12°, 15°, 16, 17¢

2. Questions with one common incorrect answer:
1b, 3P, 4¢, 5¢, 6, 13P

No frequent incorrect answers; these questions had a low difficulty index (posttest).

The absolute number of a cell’s chromosomes determines ploidy (Q.1, 31%).
Haploid cells are characterized by what an expert would call “unreplicated

chromosomes” (Q.4, 23%), diploid cells by what an expert would call “replicated
chromosomes” (Q.5, 20%; Q.6, 34%).

Normal/real chromosomes are composed of sister chromatids (Q.6, 25%).

DNA replication occurs in prophase I (Q.13, 31%).

3. Questions with broader distribution of
incorrect answers: 7¢, 8¢, 14¢

Overall confusion in relation to DNA molecules, homologous chromosomes, and sister
chromatids (Q.7, various answers).

DNA replication in results in doubling of chromosome number (Q.8, 40%).
DNA replication occurs at the start of meiosis, in prophase I (Q.14, 33%).

2Compiled from individual validation interviews.

PMC-type questions with four response items from which only one may be selected.
MTE-type questions with four response items, from which any number could be selected.

We organized the inventory questions into six groups (A-F)
based on the specific concepts they test (Table 1). Most groups
contain questions of different cognitive skill levels that, when
used in combination, can differentiate among students who
have achieved different levels of understanding of that par-
ticular concept. For example, all questions in group A explore
student understanding of the difference between haploid and
diploid cells. While question 1 requires students to demon-
strate comprehension of the definition of haploid and diploid
cells in relation to chromosome number, questions 4 and 5 re-
quire students to apply their understanding of haploid and
diploid to diagrammatic representations of chromosomes in
cells. As expected, because questions 4 and 5 are very sim-
ilar to each other in content and format, the difficulty and
discrimination indices of these two MTF-type questions are
comparable (Table 1). However question 1, which has a lower
cognitive skill level (comprehension) than questions 4 and 5
(application) also had lower difficulty and discrimination in-
dices.

Student responses to questions 1, 3, 4, and 5 revealed mis-
conceptions commonly held by students at the end of the
course, namely, that a cell’s ploidy is defined by its number
of chromosomes (question 1, 31% of students) and that the
presence or absence of sister chromatids is what differentiates
diploid from haploid cells on a diagram (question 3, 34% of
students; question 4, 23% of students; question 5, 20% of stu-
dents; see Table 2). Student responses to questions in group
D revealed another common misconception held by the stu-
dents at the end of the course, namely, that DNA replication
occurs during prophase of meiosis I (Table 2).

Based on general patterns of student responses to each
question of the inventory, three broad categories of ques-
tions emerged. The first category includes questions with
a high proportion of expert answers (i.e., questions 2, 9-
12, and 15-17). The second category, which includes ques-
tions 1, 3-6, and 13, is characterized by a high propor-
tion of students who selected a single incorrect answer. Fi-
nally, the third category (questions 7, 8, and 14) is composed
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of questions that showed broader distributions of answers
(Table 2).

Adaptations of the Meiosis CI to Inform Teaching

While we recommend that the entire inventory be adminis-
tered whenever evaluating teaching effectiveness or assess-
ing students’ misconceptions, it is possible to use subsets of
questions to monitor student progress or to assess classes
for specific misconceptions in a time-effective way and still
gain valuable information (Knight, 2010). For example, at our
institution, two BIOL 121 instructors used eight Meiosis CI
questions to monitor student learning. The instructors ad-
ministered these questions to their classes before and after
the topic of meiosis was taught. These eight questions were
specifically selected, because they aligned particularly well
with the learning objectives for the unit on meiosis in this
course. In the cohort of the 193 students that we used for item
analysis, the scores on this subset of eight questions were
highly predictive of the scores on the entire inventory (r =
0.88).

Inadvertently, one of the BIOL 121 instructors did not teach
the unit on meiosis during the time period between the pre-
and the posttest. This afforded an opportunity for compari-
son of the respective performances of students in this section
(Figure 2a, Control, n = 80) to that of students in a section in
which meiosis was taught (Figure 2b, Teach, n = 149). There
was no statistical difference in the proportion of correct an-
swers on the pre-test between the two sections (Control and
Teach), suggesting that students in both sections entered the
course with similar levels of understanding of meiosis. Stu-
dents in the Control section did not demonstrate any signif-
icant improvement from the pre- to the posttest, and their
mean normalized change, <c> (Marx and Cummings, 2007)
was not statistically different from zero (Figure 2¢c, Control).
In contrast, students in the Teach section showed significant
improvement in seven of the eight questions (Figure 2b) and
a mean normalized change of ~57% (Figure 2c, Teach).
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Figure2. Comparisons between a section of a large first-year biology course in which meiosis was not taught during the time interval between
the pre- and the posttest (Control: n = 80) and a section in which meiosis was taught (Teach: n = 149). In both cases, the pre- and posttests
consisted of eight questions from the Meiosis CI, specifically selected because they aligned well with the instructors’ objectives for the unit
on meiosis. (a) Percentage of students who answered correctly in the pre- and in the posttest respectively, in the Control section. Differences
were not statistically significant (chi-square test; p > 0.05; Clopper-Pearson: 95% interval of a proportion). (b) Percentage of students who
answered correctly in the pre- and in the posttest respectively, in the Teach section. Statistically significant differences (chi-square test; p < 0.05;
Clopper-Pearson: 95% interval of a proportion) are indicated with an asterisk. (c) Mean normalized change in the Control and Teach sections,
calculated as described by Marx and Cummings (2007). The error bar represents the 95% confidence interval of the mean.

In addition, the same subset of questions from the Meiosis
CI was used at another local institution (Simon Fraser Uni-
versity in Burnaby, BC). When compared, the mean score on
these eight questions on the pretest was in the same range
at both institutions (29-36%), and the common misconcep-
tions found at Simon Fraser University were very similar to
those found at UBC (J. Sharp, personal communication). This
suggests that high school preparation in this topic is quite ho-
mogenous among students entering these two institutions.

Another BIOL 121 instructor used the same subset of eight
questions to identify frequent misconceptions, such as those
related to the concept of ploidy (Figure 3a, Pre). Knowing
that students who answer option (a + b) in question 4 think
that the absence of sister chromatids identifies haploid cells
(see question 4 in the Supplemental Material), the instruc-
tor prioritized and specifically targeted the issue of what it
means for a cell to be haploid or diploid in terms of its chro-
mosomes’ structure. At the end of the unit on genetics, which
included meiosis, students took the posttest, and their an-
swers to question 4 revealed that, in spite of the targeted
teaching, this misconception related to ploidy was persistent
(Figure 3a, Post). This result informed the instructor that this
is a persistent misconception and the concept needed to be
revisited. In fact, this misconception persists even in third
year, with 49% of the students in BIOL 334 (Third-year Basic
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Genetics) (n = 89) displaying the same misconception as their
first-year counterparts regarding what it means for a cell to
be haploid. This result prompted the instructor of BIOL 334 to
bring the issue to the attention of the students and make some
adjustments to the course. In the posttest, this pernicious mis-
conception was still present, although at a lower frequency
(Figure 3b, Post), and students still unclear on the concept of
ploidy were directed to additional remedial resources.

DISCUSSION

Characteristics of the Meiosis CI

The Meiosis CI was developed and validated using the meth-
ods of Garvin-Doxas et al. (2007), D’Avanzo (2008), and
Adams and Wieman (2010). The 28 student interviews we
conducted ensured the students understood the wording of
the questions and were clear on the concept being tested in
each question. We also had eight expert interviews to confirm
the expert response.

The Meiosis CI questions’ index of difficulty ranged from
0.09 to 0.71, with the majority between 0.30 and 0.50, which
is within the recommended range from 0.30 to 0.90 (Ding
et al., 2006) or 0.30-0.70 (Craighead and Nemeroff, 2001). The
average index of difficulty was 0.55, close to the optimum
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(a) Distribution of answers to question 4 of the Meiosis CI in a first-year biology class (1 = 148) before meiosis was introduced (Pre)

and 3 wk after the concept was taught in class (Post). The difference between the two distributions is highly significant (chi-square = 27.9;
p < 0.001). (b) Distribution of answers to item number 4 in a third-year genetics class (Biol 334) (n = 89) on the first day of class (Pre) and 1 wk
after meiosis was revisited (Post). The difference between the two distributions is highly significant (chi-square = 17.2; p = 0.001). The expert

answer is marked with an asterisk.

of 0.50 (Craighead and Nemeroff, 2001). Questions with low
index of difficulty were included, as they allowed us to con-
firm that students were reading the questions carefully and
answering to the best of their ability. In addition, 15 of the
questions had a D above the minimum recommended value
of 0.30 (Ding et al., 2006). The point-biserial correlation (rpp)
was above 0.20 for 15 of the 17 questions, and the mean 7,
was 0.38, suggesting that the inventory provides adequate
discrimination power (Ding et al., 2006).

Concept inventory questions, instead of testing simple re-
call of memorized information, should ideally assess concep-
tual understanding, which requires students to use higher-
order cognitive skills, such as critical thinking (Garvin-Doxas
et al., 2007). Therefore, most concept inventory questions
should have a cognitive skill level of application (III) or
higher. The majority of the Meiosis CI questions (65%) are
application (III) or analysis (IV) questions, suggesting that
the inventory does indeed assess the understanding of con-
cepts. The knowledge (I) and comprehension (II) questions
are included, because they can be paired with higher-order
cognitive skill level questions that address the same con-
cept. For example, question 1 (lower-order cognitive skill
level) and question 4 (higher-order cognitive skill level) ad-
dress the same concept; students perform better on question
1 (see Results), indicating that many students can choose a
correct definition but cannot apply that definition to a new
situation.

Misconceptions Identified

A number of prominent misconceptions became evident dur-
ing the student interviews associated with the development
of this inventory; these are consistent with the literature
(Brown, 1990; Kindfield, 1991; Dikmenli, 2010). A major mis-
conception centered around differentiating between haploid
and diploid cells and between sister chromatids and homol-
ogous pairs of chromosomes. Both in the initial and in the
validation interviews, most students were able to provide
a textbook-type definition of “haploid” and “diploid” but
could not utilize this definition to accurately identify haploid
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and diploid cells when shown diagrams of chromosomes in
cells. This misconception was also evident in our cohort of
193 students who took the Meiosis CI at the end of term, and
even among students in a third-year genetics course.

A general trend observed during student interviews was
that many students who had difficulty with the concept of
meiosis demonstrated a general deficit in their ability to con-
nect meiosis to important events in the cell cycle, for ex-
ample, the process of DNA replication. For many of these
students, the common confusion between sister chromatids
and homologous chromosomes, and what “counts as a chro-
mosome” seemed to be tightly connected to a deeper con-
fusion about the relationship between a cell’s ploidy and its
chromosome number, the relationships among the DNA dou-
ble helix and chromosome structure, and /or confusion about
what happens to chromosomes throughout the various stages
of the cell cycle. The prevalence of these student difficulties
is the rationale for the large number of inventory questions
dealing with ploidy, chromosome structure and number, and
DNA. This also suggests that students may be struggling with
these concepts at a more basic level and that we are observ-
ing students’ difficulty visualizing and internalizing three-
dimensional microscopic structures and events in a mean-
ingful manner. If this is the case, more practice with activities
and material targeting these difficulties may be helpful in
improving student learning in meiosis.

Further Insights Gained

We found that the focus group interviews during the initial
phase of the Meiosis CI development revealed how small
differences in the wording of a question can have a large im-
pact on students’ interpretation of that question. For instance,
the stem of question 14 was initially: “Which of the follow-
ing events occur during prophase I?,” and several students
selected answers that included “DNA replication.” When ex-
plaining their reasoning, some of these students gave a perfect
description of all the events taking place during interphase
of the cell cycle, which does in fact include DNA replica-
tion. When probed, they also incorrectly stated that prophase
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I occurs before meiosis (instead of it being the first stage of
meiosis). However, if we pointed out to them that another
name for “prophase I” is “prophase of meiosis I,” almost all
of them would accurately interpret the question (i.e., they re-
alized that prophase is part of meiosis) and correct their pre-
vious mistake regarding DNA replication. Once the wording
was revised, students had no difficulty correctly interpret-
ing the final version of question 14 (“Which of the following
events occur during prophase of meiosis 1?”) during the val-
idation interviews.

Meiosis CI as a Teaching Tool

At this time, the use of the Meiosis CI is still in its infancy. In
our case, instructors used it as a diagnostic tool; this allowed
them to target learning activities to suit the specific needs of a
class. It is sobering to note that students coming into a third-
year genetics course at UBC held on to their persistent mis-
conceptions, especially about ploidy and that, although there
was significant improvement between pre- and posttest, the
misconception persisted for many students (Figure 3). Tuto-
rial materials are currently being developed in this course to
address these misconceptions. In BIOL 121, more time is now
scheduled for introducing these concepts, such as ploidy, and
the use of clicker questions targeting these concepts allows
instructors to confirm that a majority of students understand
key issues before moving forward. An unintended benefit of
the Meiosis CI is that students taking the pretest may real-
ize they are not sure about the answers (even though they
have studied the topic in high school) and may become more
attentive in class.

It is important to use scientific teaching in our classes, that
is, to test objectively any new teaching activity that we de-
velop to ensure that it is indeed increasing student learning
(Handelsman et al., 2004). Although developing and vali-
dating concept inventories is a time-consuming and costly
undertaking, a validated concept inventory is extremely
useful as a diagnostic tool for instructors, as well as for assess-
ing any activity introduced into a course to enhance student
learning.

We have described the development and validation of a
Meiosis CI, and presented some adaptations of this inven-
tory that were used by instructors to inform their teaching
practices. At UBC, instructors are currently using concept
inventories to assess the development and introduction of
course material, and we foresee other institutions using the
Meiosis CI both as a diagnostic and an assessment tool. We in-
vite instructors to visit the UBC Questions for Biology (Q4B)
website (http://q4b.biology.ubc.ca) or to contact the corre-
sponding author for more information, including access to
the entire inventory.
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