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ABSTRACT

Genetics plays an increasing role in modern life as evidenced by the de-
velopment of revolutionary techniques such as CRISPR-based genome
editing and the rise of personalized genome services. However, genetics
is difficult to learn; known issues include its abstract nature, different
scales, and technical language. Pedigree analysis is a convergence of these
concepts, requiring use of multiple symbolic scales and understanding
the relationships and nature of alleles, genes, and chromosomes. To mea-
sure student understanding of these concepts, as well as support biology
educational reform toward student-centered instruction, we developed a
formative assessment to provide reliable and valid evidence of student
understanding, learning, and misconceptions for pedigree analysis. Nine
multiple choice items targeted to four learning objectives were developed
in an iterative process with faculty and student input. We designed dis-
tractor answers to capture common student misconceptions and deployed
a novel statistical technique to assess the congruence of distractor lan-
guage with targeted misconceptions. Psychometric analysis showed the
instrument provides valid and reliable data and has utility to measure
normalized learning gains. Finally, we employed cross-tabulation and
distractor progression to identify several stable misconceptions that can
be targeted for instructional intervention.
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O Introduction

Over the past 30 years, genetic technologies have changed mod-
ern life in ways no one could have predicted. Sequencing of over
40,000 genomes (Sayers et al., 2019), the rise of personal genetic
sequencing companies such as 23 and Me (Phillips, 2016), the
construction of genome-edited humans (Cyranoski, 2019), and
the development and use of personalized medicine (Gibson, 2019)
are but a few examples that have affected modern life. Genetics
concepts are both central to and foundational in biology, as evi-
denced by their position within elementary and secondary cur-
ricula (Pruitt, 2014), freshman college survey courses, and as a full
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course generally targeted to sophomore-level biology major and
minor students.

Despite the increasing impact of the field, genetics is not well
understood by either the lay person or students of biology. In fact,
it is a well-known frustration point for students in biology (Bahar
et al., 1999; Cimer, 2012). Genetics presents many problems for
student learning due to its abstract nature, the need to consistently
utilize different spatial and symbolic scales (Bahar et al., 1999;
Johnstone, 1991; Niebert & Gropengiesser, 2015), and heavy
reliance on technical language (Batzli et al., 2016; Ramorogo &
Wood-Robinson, 1995; Sutton, 1996). For example, when students
studied transmission of genetic traits, they were unable to make
the connection between a gene and its resulting phenotype (Lewis
& Kattmann, 2004) or an allele and its expression (Newman et al.,
2021). Naive conceptions and confusion are further exacerbated
by outdated or incomplete information, as well as ambiguity in the
subject itself (Gericke & Hagberg, 2010).

Pedigree analysis represents a convergence of many of these dif-
ficult concepts in genetics and, therefore, has the potential to help
instructors identify and aid in the resolution of multiple student-
learning difficulties. Pedigree analysis requires understanding of
genetic transmission and meiosis, the dominance and recessiveness
of alleles and traits, and the differential inheritance of sex chromo-
somes and autosomes. Pedigree analysis also requires the ability to
use multiple symbolic scales, consolidate and critically evaluate mul-
tiple types of evidence, and understand the interconnected nature
of rationally linked terms such as genotype and phenotype, as well
as gene, allele, and chromosome (Batzli et al., 2016; Hackling, 1994;
Hackling & Lawrence, 1988; Stewart & Kirk, 1990; Timm et al.,
2022). Additionally, pedigree charts represent both practical and
broadly used applications of biology and are long-lived, having been
used for centuries (Resta, 1994) with official records kept as proof
of lineage and to avoid inbreeding among purebred species, such as
thoroughbred horses. Genetic counselors utilize pedigree charts to
provide couples with the likelihood of having an affected offspring
based on family history, carrier status, and genetic test statistics
(Battista et al., 2012). Since their applied uses are many, pedigree
charts provide an excellent mechanism to engage students in learn-
ing several challenging and practical aspects of genetics and biology.
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Active learning approaches, strongly advocated in the Vision and
Change report (Brewer & Smith, 2009) and the President’s Council
report (Gates & Mirkin, 2012), have particularly beneficial effects
during the critical first two years of college (Braxton et al., 2008)
and for underrepresented groups (Berry, 1991), decrease failure
rates, and increase performance in STEM courses (Freeman et al.,
2014). However, evidence-based tools for assessing active learning
methods are currently lacking. The goal of this project was to con-
struct an assessment tool that would enable faculty who teach at or
before this critical second college year to compare student perfor-
mance against defined external standards (Erlbaum, 1999; Glaser,
1963). These standards are the learning objectives specific to the
genetic concepts in pedigree analysis. Thus, this assessment is cate-
gorized as a criterion-referenced assessment (CRA). Faculty can use
the Pedigree Analysis Criterion-Referenced Assessment (PACRA)
to determine student background knowledge by using it prior to
instruction. They can also assess the effectiveness of different teach-
ing methods by using the PACRA before and after instruction.

O Methods

Participants & context

This study was conducted across seven institutions in the United States:
Utah Valley University (UVU), Bridgewater State University (BSU),
University of Wisconsin at La Crosse (UWL), University of Northwest-
ern at St. Paul (UoN), Towa State University (ISU), Middle Tennessee
State University (MTSU), and University of North Carolina at Asheville
(UNQ). As of Fall 2022, these universities were of six Carnegie clas-
sification types: M3, baccalaureate, M1, M2, R1, R2, and baccalaureate
respectively Student populations ranged from 1800 to nearly 38,000
students, between 11% and 34% non-White, and between 43% and
68% female. We collected multiple choice data between August 2017
and December 2018 and congruence data in the spring of 2020. Stu-
dent participants were enrolled in general biology, general genetics,
or advanced genetics courses (Supplemental Material, Table S1, avail-
able with the online version of this article). This study was approved
through an Internal Review Board process (MTSU IRB18-1002; ISU
(#17-213); UVU: (IRB #01995); BSU (Exempt); UWL (Approved ISU
IRB 17-213); UoN (Exempt); UNC (Exempt).

Inventory design

We used established methods to design the instrument with an addi-
tional step of congruence testing for distractor reliability (Adams &
Wieman, 2011; D’Avanzo, 2008; Kalas et al., 2013; Knight, 2010;
Paustian et al., 2017; Rago et al., 2007). We used four development
phases: learning objective and question development, question critique
and distractor development, inventory performance analyses, and final
inventory performance and congruence testing (Figure 1). The research
team included faculty with expertise and extensive teaching experience
in genetics who had previously created and published concept invento-
ries, four predoctoral scholars in STEM education programs, a predoc-
toral applied statistics researcher, and a faculty psychometrician.

Learning objectives development

Assessment strategies are more effective when a backward design
is used during development, so our first step involved developing
learning objectives reflective of current educational goals in both
genetics and biology using the backward design model (Brewer &
Smith, 2009; Genetics Society of America Education Committee

Phase |
1. Develop Learning

Objectives
2. Faculty ®
Feedback (4)
11 3. Open-Ended
_ Question
4. Faculty ° Development
Feeback (4)
5. Written Responses
and Interviews (339, 21)
6. Theme Coding °
and Clarity
Phase Il 7. MC Question
and Distractor
Development
8. MC Responses — @
263
10. Pre-post O----- 9. Broad Critique of
Responses (143) Questions (-1)
Phase Il
11. Faculty
Feedback (6, -1) 12. Learning Gains
- - - - — - and Concept Use
13. Written Post Phase IV
Responses (88)
14. Distractor
[ ) Confirmation

O 9 and 12 include psychometric analyses
Italics (question removal)

Figure 1. Inventory development schematic. Phases

are shown in the center rectangles from top (earliest) to
bottom (latest) with numbered events in each phase listed
at right and left. Large symbols with numbers inside show
the number of inventory items at important development
junctures. Iltem removal is noted by a negative number in
italics (steps 9 and 11). Sample size (student responses or
faculty input) is noted by numbers inside parentheses and
open circles with dashed lines indicate when psychometric
analyses were conducted (steps 9 and 12). Phase I: learning
objectives and question development. Phase Il: question
critique and distractor development. Phase Ill: inventory
performance psychometric analyses. Phase IV: final inventory
testing, confirming distractors with congruence testing.

[GSA], 2015). The GSAs Core Categories of particular importance
were “Nature of the Genetic Material” and “Patterns of Inheritance.”
We distributed draft concepts and learning objectives to four
experts with extensive experience teaching undergraduate genetics
courses. We used their feedback to refine and clarify both the con-
cepts and student learning objectives. Faculty agreed that students
should be able to deduce individual genotypes within a pedigree
given phenotype information and mode of inheritance (learning
objective 1 [LO1]); predict/identify the most likely mode of inheri-
tance represented in the pedigree (LO2); identily and explain how
specific individuals can be used to exclude a mode of inheritance
(LO3); and identify and explain how mitochondrial inheritance can
be detected from pedigree diagrams (LO4) (Table 1). These student
learning objectives served as the basis for question development.
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Table 1. Pedigree analysis concepts, learning objectives, and alignment to the GSA genetics learning framework.

Concept Learning Objective

GSA Example Learning Objective

Genotypes can be inferred based
on inheritance patterns shownin a

pedigree chart. mode of inheritance.

Deduce individual genotypes within a
pedigree given phenotype information and

“Calculate the probability that an
individual in a pedigree has a particular
genotype.”

Pedigree charts can be used to
predict the most likely mode of
inheritance.

Predict/identify the most likely mode of
inheritance represented in the pedigree.

“Using pedigrees, distinguish between
dominant, recessive, autosomal,
X-linked, and cytoplasmic modes of
inheritance.”

Pedigree charts can be used to
investigate relationships between
phenotype and allele inheritance
patterns.

of inheritance.

Identify and explain how specific
individuals can be used to exclude a mode

“Using pedigrees, distinguish between
dominant, recessive, autosomal,
X-linked, and cytoplasmic modes of
inheritance.”

Pedigree charts can be used to
distinguish between Mendelian and

mitochondrial inheritance. diagrams.

Identify and explain how mitochondrial
inheritance can be detected from pedigree

“Using pedigrees, distinguish between
dominant, recessive, autosomal,
X-linked, and cytoplasmic modes of
inheritance.”

Item (question & distractors) development

We developed eleven open-ended questions, and faculty not
involved with question development reviewed them to verify ques-
tions were at an appropriate level, were readable, and involved
material covered in their courses. The open-ended inventory was
then disseminated across two universities (MTSU and ISU) to 339
students. Student interviews were conducted at MTSU on a self-
selected subsample (n = 21) of the overall sample during the spring
2018 semester. The interviews were semistructured using a think-
aloud method based on the students’ written responses to the open-
ended prompts. All interviews had an average length of 20 minutes,
were audio recorded, and then were transcribed. First, we coded
responses as correct or incorrect. Second, we inspected student
answers for difficulty with terminology or item readability. Third,
we discussed and categorized incorrect student reasoning, coded
them into themes to generate a master code list with example stu-
dent language, and subsequently used incorrect student reasoning
and language as the source of multiple-choice distractors (Adams
& Wieman, 2011). As a resource for instructors, we documented
examples of student reasoning, many of which involve problems
in terminology, scale, mathematics, and the symbolic nature of
genetics (Supplemental Material, Table S2).

Inventory performance

The next step of inventory development was to design and test
multiple-choice items. We rephrased the open-ended questions
as multiple-choice questions and used common misconceptions
as distractor answers. We used actual student language whenever
possible to construct each item (question plus correct answer plus
distractors). We used the inventory as a posttest at ISU and MTSU
and involved 263 students from both lower- and upper-division
genetics courses. Preliminary validity and reliability statistics
were calculated by the faculty psychometrician (data not shown)
and discussed among the research team. Based on this discussion,
we removed one item and revised the remaining items to shorten
and clarify most items. We then tested the inventory in a pre-post
design with students across seven colleges and universities (pre-
test n = 313; posttest n = 280). Of these students, 143 answered

both the pretest and posttest. Faculty input and analysis of student
answers indicated a problem with one item due to shortening of
some answers. This item was removed for a final total of 9 items.
Reliability and validity statistics for CRAs—such as item difficulty,
discrimination index, point biserial correlation coefficient, and
KR20 (a measure similar to Cronbach’s alpha that is used for bino-
mial data)—were calculated using the 280-student posttest data
set using SPSS (Findley, 1956). We gathered demographic data to
determine if there were differences based on gender, year in school,
GPA, first generation student, and ESL status. Using JMP Pro 16
(Sall etal., 2017), we ran an ANOVA comparing the posttest scores
based on each demographic category (Table S1). The only category
demonstrating significant differences was the year in school. We
then compared each year in school using Tukey’s adjustment for
multiple comparisons and a student’s (-test.

Distractor congruence

As a final step, we measured the ability of each distractor to accu-
rately capture the rationale for which it was designed using a novel
statistical technique described in detail in the Supplemental Mate-
rial (Supplemental Method) and Wasendorf and colleagues (2022).
We calculated for each item the probability that we would see the
observed number of congruent self-reported rationales under a null
hypothesis that students were randomly guessing both the answer
and their rationale for answering the way they did. The reported
probabilities are similar to a p-value; see Supplemental Material
(Supplemental Method) for more details.

Learning & reasoning change measures

We used paired data (n = 143) to calculate several learning and
reasoning change measures: normalized learning gains, distractor
frequency change, and mastery analysis. We calculated normalized
learning gains using Hake’s formula (Hake, 1998; McKagan et al.,
2017)—(posttest score — pretest score) / (100 — pretest score)—for
each student in JMP Pro 13; the average of gains is presented for
each item. We investigated group-level changes in student reasoning
by comparing distractor frequencies on the pretest to their frequen-
cies on the posttest. Finally, we used cross tabulation to identify

THE AMERICAN BIOLOGY TEACHER

AN ASSESSMENT TO INVESTIGATE STUDENT CONCEPTIONS OF PEDIGREE ANALYSIS

37



the following mastery/nonmastery categories: preknowledge (cor-
rect on pretest / correct on posttest); learning (incorrect/correct); a
mastery gap (incorrect/incorrect); and reversion (correct/incorrect).

O Results
Instrument design, reliability & validity of the PACRA

After implementing the iterative design strategy (Figure 1) (Adams
& Wieman, 2011; D’Avanzo, 2008; Kalas et al., 2013; Knight,
2010; Paustian et al., 2017; Stefanski et al., 2016), the final assess-
ment contained nine items across four learning objectives (Table 1).
We initially designed the instrument with eleven items. One was
removed from LO2 due to technical error in the item, and another
was removed from LO4 due to the high difficulty, and student
answers were randomly distributed across all distractors (data not
shown). To ensure that the data from this assessment would be
reliable (consistent across repeated use) and valid (accurate), we
calculated reliability and validity measures appropriate for CRAs
including item difficulty, discrimination index, point biserial cor-
relation coefficient, and the Kuder-Richardson index (KR20) of the
final nine items (Table 2).

Index of difficulty, which is the fraction of students answering
correctly, had an average of 0.54 = 0.1 and was broadly distrib-
uted with a range of 0.42-0.69; a broad distribution is considered
optimal when constructing multiple choice items (Kubiszyn &
Borich, 1987). Three items were in the range of 0.69-0.60; three
items were in the range of 0.59-0.50; and three items were in the
range of 0.49-0.40. Next, the discrimination index (D,,), a mea-
sure that indicates distinction between low-performing students
and high performing student, was calculated for each item and was

in the range of 0.44-0.77 (average: 0.66 + 0.12). All were above
the acceptable level of 0.3 (Ebel, 1954). Point biserial correlation
coefficient, which has an acceptable level of >0.2 (Onwuegbuzie
& Daniel, 1999) and is a measure of each item’s reliability, was in
the range of 0.24-0.50 and averaged 0.39 + 0.12. This measure
was calculated by comparing the student’s score on a single item
to the students total score. The overall reliability of the final nine-
item inventory, as measured by the KR20 index, was 0.71, which is
above the accepted minimum level of 0.7 (Ding et al., 2006; Doran,
1980). Therefore, this CRA meets or exceeds community standards
regarding validity and reliability measures (Cohen & Swerdlik,
2018; McCowan & McCowan, 1999).

Distractor congruence

Proportions of congruent answers were higher than proportions of
incongruent answers for all items and all answer types (Figure 2).
Probabilities of observing the number of congruent answers under
the null hypothesis of random guessing fell between <0.001 and
0.093 (Table 3). Our congruence analysis indicated that overall the
distractor answers captured the student misconceptions for which
they were designed.

Measuring student learning

To ensure this CRA would be useful for measuring student learn-
ing, we calculated both the group means and normalized learning
gains (NLG) in a paired pretest/posttest sample (n = 143; Table 2).
Student responses were higher on the posttest than the pretest with
a pretest mean of 3.62 and a posttest mean of 5.23 out of 9, p <
0.0001. Posttest scores were not statistically different among most of
the demographic groups tested. However, the first- and second-year
students were statistically distinct from the third- and fourth-year

Table 2. Difficulty, reliability, discriminatory power, and utility measures of the PACRA. * p < 0.01, ns = not

significant, and KR20 = 0.71 (posttest data).

n=280 n=143

(validation posttest data) (paired data)
Learning Objective Item | Index of Discrimination | Point Biserial Normalized

Difficulty Index Correlation Learning Gains
Deduce individual genotypes 1 0.65 0.75 0.50 48.34%"
within a pedigree given phenotype | 5 0.69 0.65 0.42 52.86%
information and mode of 3 062 0.76 0.50 32.26%"
inheritance. . . . 207

4 0.42 0.67 0.42 25.27%"
Predict/identify the most likely 5 0.53 0.44 0.16 34.64%"
mode of inheritance represented in
the pedigree.
Identify and explain how specific 6 0.51 0.77 0.46 37.14% "
individuals can be used to exclude a | 5 0.58 0.75 0.46 24.199%"s
mode of inheritance.
8 0.44 0.61 0.34 1.41% ™

Identify and explain how 9 0.43 0.50 0.24 5.63%"
mitochondrial inheritance can be
detected from pedigree diagrams.
Mean values 0.54+0.10 0.66 +0.12 0.39+0.12
Range 0.42-0.69 0.44-0.77 0.24-0.50
Acceptable level Broad range <0.3 >0.2

2
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Correct answer, congruent reason
Correct answer, incongruent reason
Incorrect answer, congruent reason

Proportion

. Incorrect answer, incongruent reason

.
05
£
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)
1 2 3 H 5

Question

H 7 ]

Figure 2. Congruence of student rationale with target
rationale. For each item, the proportion of incorrect (bottom)
or correct (top) answers that were incongruent (dark) or
congruent (light) with target misconception or correct
reasoning is displayed as a frequency histogram (n = 55).

Table 3. Congruence probabilities.

distractors for Mendelian inheritance in items 1, 6, and 7; distrac-
tors for terminology/misreading in items 2, 3, and 6; distractors
for nature of genes and alleles in item 6; distractors for domi-
nance/recessiveness in item 7; and distractors for mitochondrion-X
chromosome conflation and females only acquiring mitochondrial
disorders in item 9 (Table 4). Interestingly, two distractors gained in
frequency: a distractor for transmission genetics in item 4 and a dis-
tractors for conflation of X-linked dominance/recessiveness in item
8. These stable, item-specific misconceptions are good targets for
new instructional interventions that can be tested using this CRA.
Since group means, normalized learning gains, and distractor
frequency changes are consolidated measures of learning, we next
investigated student-specific mastery using cross tabulation to quan-
tify the following: preknowledge (correct answer on pre- and post-
test), mastery gap (incorrect answer on pre- and posttests), learning
(incorrect answer on pretest and correct answer on posttest), and

Item 1 Item 3

Item 2

Percent
Percent

pre post pre post -10 i post
—e—correct

—e—correct —e— correct

inheritancel

—e—misreading —e—nature of gene/sex chromosomes1

HH =@~ misreading - Mendelian inheritance3 ~=@—nature of gene/sex chromosomes2
Item PrOba b II Ity Mendelian inheritance2 Mendelian inheritance4 misreading
terminology =@ terminology ‘=@ terminology
1 0.001 -
ltem 4 Iltem 5 Item 6
2 0.010 . . .
3 <0.001 o = «©
40 * 5
4 0.015 H T o 10 2 40
% 3 g 30 —— §
& o - B & 30
5 0.008 . ot £, -
2 10 3 —_
6 0.067 b — 3 ‘XF 1 —_—
o ° pre post o
7 0 093 pre post -10 pre post
=== correct ~—@—correct
=@ transmission issues ~=@-=dominance = frequencyl =~ conflating population genetics
8 0‘01 3 —— population genetics @ nature of sex chromosomes @~ nature of gene/allele1
misreading anecdotal misconception terminology and Mendelizn inheritance
9 0.05 2 —e—nature of sex chromosomes =@~ dominance = frequency? —e—nature of gene/allele2
Item 7 Item 8 Item 9
students (Supplemental Material, Table S1). Normalized learning ’ o °
. . . . 60 —
gains, which is a measure of how much learning was observed . 1 a0 *
35
given how much learning was possible, were significant in six of " % -
. . i : . g g0
the nine items (items 1-6) with the highest NLG in items for LO1 30 2 H <
N 20 ———
(items 1-2, 48% and 53% respectively). Items related to moder- ® p ey
: . . . 10 — _ 10
ately difficult concepts, LO1 (items 3—4), LO2 (item 5), and LO3 = s —_—

(item 6), showed moderate learning gains across the student pool
(25-37%). The most difficult concepts (items 7-9) showed no
statistically significant learning gain.

To better understand how student thinking changed after
instruction, we next compared answer frequencies from pre- to
postinstruction (Figure 3). We were most interested in identifying
which misconceptions were persistent and resolved postinstruc-
tion as a group. Consistent with positive learning gains, correct
answer selection shows a steep positive slope for all items except
items 7 and 8. While most distractors have a negative slope, indi-
cating that the misconception was resolved to a correct concep-
tion (or possibly a different misconception), most items have at
least one distractor with a zero or nearly zero slope, indicating a
persistent misconception at least at the population level, such as

—o—correct

—e—Mendelian inheritance1

e~ anecdotal misconception
Mendelian inheritance2

—e—misunderstanding dominance

pre post

—e—correct

—e—Mendelian inheritance1

~&—Mendelian inheritance2
conflating autosomal dom/rec

—e—conflating X-linked dom/rec

pre post

—o—correct

—e—conflating mt inheritance with X-linked rec

&~ mt DNA s on X chromosome
mt mutations are recessive

—e—mt mutations affect females only

Figure 3. Changes in student answer choice following
instruction. The percentage of students selecting each
multiple-choice answer was calculated for the pretest and
posttest (n = 143). The slope of the line connecting pre-
and posttest frequencies is an indication of the strength
and direction of the change in answer choice from pre- to

posttest. [tems 1-4 are from LO1; item 5 is from LO2; item 6-8

are from LO3; item 9 is from LOA4. A distractor’s conceptual

error is noted as a phrase below each graph (also see Table 4).
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Table 4. Stable misconception categories with student examples.

Distractor Item | Description Student Example Answer
Category
Mendelian 1 Student was asked the genotype of an Heterozygous dominant.
inheritance affected male identified in the pedigree,

given that it represents an autosomal

recessive trait.

6 Student was asked to exclude a mode of II-1 wouldn’t express the trait. In the second
inheritance using a falsification strategy. generation one of the offspring doesn’t have

any black in its genotype so it cannot be
recessive.

7 Student was asked to exclude a mode of If it was a dominant trait, both Ill-3 and II-3
inheritance using a specific individual. would also be affected by the same trait that

Il-4 got.
Terminology/ 2 Student was asked the genotype of Dominant because it has the disease.
misreading an unaffected female identified in the
pedigree, given that it represents an
autosomal recessive trait.

3 Student was asked the genotype of an The genotype of -5 would likely be Aa,
affected male identified in the pedigree, since it is exhibiting the dominant black
given that it represents an X-linked color, and the recessive square shape.
recessive trait.

6 Student was asked to exclude a mode of lI-4 has two homozygous recessive parents.
inheritance using a falsification strategy.

Nature of genes and 6 Student was asked to exclude a mode of Because it is on the first square, meaning
alleles inheritance using a falsification strategy. that it is a male. If it were X linked, then it
would only impact females. Male individuals
could be carriers, but would not express the
phenotype themselves.
Dominance/ 7 Student was asked to exclude a mode of Because it cannot be recessive because both
recessiveness inheritance using a specific individual. of its parents did not have the trait.
Mitochondria/ 9 Student was asked to identify which Pedigree B because mitochondria traits can
X chromosome pedigree more likely represents a disorder | be traced through X genes and all of the
due to mutations in the mitochondria. circles are black in one lineage.
Mitochondria/ 9 Student was asked to identify which Pedigree B shows evidence that is based in
female pedigree more likely represents a disorder | mitochondrial mutations instead of nuclear
due to mutations in the mitochondria. mutations because all females from the same
line contain the trait.

reversion (correct answer on pretest and incorrect answer on post-
test) within the same paired data set (Figure 4). In this visualiza-
tion, wide shapes represent mastery, either due to preknowledge
or learning, while tall shapes represent nonproficiency, either due
to mastery gap or reversion. We see mastery for most items in LO1
and LO3 (items 1-3, 7, 8; Figure 4: A, C). Knowledge gaps (incor-
rect answers on posttests) are mostly due to a mastery gaps rather
than reversion, except for the most conceptually difficult items (Fig-
ure 4: C, D). Item 2 showed the largest learning (41%). Items 3
and 7 showed the largest amount of preknowledge by far (39% and
40%, respectively). Item 4 shows the largest mastery gap percentage
among all items (46%).

Taken together, these data provide evidence that the PACRA
can provide valid and reliable data that can be used to investigate
many instructional questions including student misconception
prevalence, normalized learning gains, and persistence/resolution
of student misconceptions, as well as can provide data in support of
evidence-based instructional strategies.

O Discussion

Although genetics plays an increasingly important role in modern
life, it has traditionally been difficult to learn (Karagoz & Cakir,
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A LO1:Deduce Genotype B L02:Predict Mode of Inheritance

—_—— —3 — —

,,,,,, o MasteryGap
@ ©

LO3:Exclude Mode of Inheritance L04: Mitochondrial Inheritance

Figure 4. Mastery analysis by cross tabulation. Paired data
(n = 143) were organized by the student into one of four
groups. The percent of each group is presented in the radial
diagram by learning objective and item. Mastery Gap indicates
an incorrect response on both the pre- and postassessment.
Reversion indicates a correct response in the preassessment
and incorrect response on the postassessment. Learning
indicates an incorrect response on the preassessment and
correct response on the postassessment. Preknowledge
indicates correct responses both pre- and postassessment.
Shapes that stretch wide (to the right and left) represent
mastery, either due to preknowledge (correct/correct) or
learning (incorrect/correct), while shapes that stretch tall and
long represent nonproficiency, either due to mastery gap
(incorrect/incorrect) or reversion (correct/incorrect).

2011; Knippels, 2002; McElhinny et al., 2014; Tibell & Rund-
gren, 2010). Despite the urgent need to understand genetics, calls
for biology education reform, and clear evidence for the value of
particular teaching practices (Freeman et al., 2014), change has
been slow (Brewer & Smith, 2009). Some barriers include lack of
training and time (Brownell & Tanner, 2012) and prioritization of
personal experience over education research findings (Andrews &
Lemons, 2015). While larger assessments that include concepts
across the genetics curriculum are important for evaluating student
learning over a course or curriculum (Bowling et al., 2008; Smith
et al., 2008), these tools lack the specificity and depth needed to
inform instructors about specific concepts. Assessments focused
on a distinct concept have great utility for an individual instruc-
tor to investigate student learning and, over time, to explore and
modify personal teaching practices regarding a distinct concept
to find a reasonable integration of student learning and personal
teaching style. With this in mind, we developed and tested a short
assessment that is easily deployed and can provide empirical evi-
dence regarding the utility of teaching practices and insight into
student misconceptions.

This assessment, a CRA that is focused on pedigree analysis, is
one of many recently published inventories designed to investigate

specific learning targets (Abraham et al., 2014; Anderson et al.,
2002; Kalas et al., 2013; Price et al., 2014; Stefanski et al., 2016).
The final pedigree analysis CRA was iteratively developed with fac-
ulty and student input. Psychometric analysis demonstrated that the
CRA distinguishes between low- and high-performing students and
that data obtained from its use can be considered reliable and valid
in a variety of college classrooms (Table 2). Additionally, we report
anew method that our group recently developed (Wasendorf et al.,
2022) to demonstrate distractor efficacy, which is an indication that
multiple-choice distractors accurately capture the misconceptions
for which they were designed. Our congruence analysis both sup-
ports and is supported by the traditional psychometric measures of
item discrimination, KR-20, and point biserial (Ebel, 1954). Based
on item response theory (Baker, 2001), and through paired pre- and
posttest data analyses, the CRA demonstrated utility both as a tool
for assessing student conceptual understanding of pedigree analysis
and as a tool for interrogating student learning postinstruction.

In this study, we further investigated student difficulties
regarding pedigree analysis using mastery analysis and distrac-
tor progression. For mastery analysis, two of the items (4, 9)
show mastery gap percentages above 40% and four of nine items
show mastery gaps above 30%. Item 4, which requires students
to use evidence from multiple generations rather than a single
symbol or family unit to determine genotype, shows the largest
gap in mastery among all items (46% of students). This prob-
lem, which is also found in secondary students’ reasoning (Timm
et al., 2022), confirms that the ability to follow and integrate
genetic transmission across generations into an argument is a
persistent difficulty. Item 9, which requires students to identify
a pedigree consistent with mitochondrial inheritance, supports
another persistent problem related to the nature of different
chromosome types, such as problems in distinguishing X-linked
inheritance previously observed (Hackling, 1994). Items 7-9,
which are conceptually more difficult items, show the highest
reversion, suggesting that student knowledge for these items is
still fluid. Mastery analysis combined with NLG show that learn-
ing was observed for most learning objectives with items 7-8 (to
provide evidence to refute a hypothesis, also known as falsifica-
tion [Hackling & Lawrence, 1988]) and with item 9 (mitochon-
drial inheritance) showing the smallest to no significant amount
of learning. These items are necessarily good targets for altering
instruction because they have both a high mastery gap and high
reversion. These analyses also suggest that current instruction is
reasonably sufficient for high-preknowledge/high-learning items
(1-3, 5-7); however, there is room for improvement. Addi-
tionally, distractor progression suggests important targets for
instruction. In particular, two distractors have a positive slope
(one distractor each for items 4 and 8). Item 4 has a distinctly
positive slope for the correct answer, so students are likely mov-
ing from one distractor (population genetics, misreading, nature
of sex chromosomes) to errors related to transmission genetics.
Item 8, on the other hand, has a nearly zero slope for the correct
answer in combination with an increase in the error related to
conflating X-linked dominance and recessiveness. When these
distractors are examined closely, we can see that they require the
student to not only use information about transmission of alleles
from multiple generations but also to use logic to eliminate allele
options. It is reasonable that students who had learned to inter-
pret pedigree symbols as indicating a phenotype, but not learned
how to use them to follow allele transmission, may have selected
these incorrect answers postinstruction.
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Deeper analysis of student rationale provided common
themes particularly related to the use of symbols across a variety
of scales, inappropriate application of mathematical concepts,
and logic errors. It also included such categories as mistaken
terminology, inability to read a pedigree chart, difficulties with
transmission genetics concepts, conflation of population genet-
ics with pedigrees, and issues related to the nature and relation-
ships of genes, alleles, chromosomes, and sex chromosomes.
First, terminology, the ability to gather the appropriate informa-
tion, and the symbolic nature of pedigree analysis were major
challenges for students and represent major, crosscutting dif-
ficulties with many concepts in genetics. The inability to either
follow and/or describe transmission of alleles was also a com-
mon issue. Students often used mathematical concepts inappro-
priately, such as frequency as evidence of dominant disorders,
and used reasoning associated with population-level genetics
rather than individual probability of inheritance as rationale.
Students’ answers also revealed difficulties understanding the
nature and inheritance differences in autosomes, X chromo-
somes, and mitochondrial chromosomes, as well as basic allele-
gene-chromosome relationships. We also frequently observed
mistakes related to the nature of mitochondrial inheritance, that
is, the conflation of mitochondrial inheritance with X-linked
inheritance and the conceptual error that mitochondrial disor-
ders only affect females. Finally, a more subtle and sophisticated
problem occurred when focused too narrowly, such as looking
at a single generation or family, when a deeper investigation
of the data and use of logic were called for to correctly answer
the question.

Looking forward, this CRA provides valid and reliable data
and can be used to inform instruction and develop active learning
modules specifically related to misconceptions surrounding pedi-
gree analysis. Confronting misconceptions is particularly impor-
tant because student misconceptions persist after new knowledge
is accrued through passive learning and without reflection (Engel-
mann & Huntoon, 2011; Tanner & Allen, 2005). If misconceptions
are left uncorrected, they lead to poor performance and misunder-
standing of higher-level concepts (Engelmann & Huntoon, 2011,
Fotou & Abrahams, 2016; Kalinowski et al., & Snodgrass, 2012),
and in the long-term they can negatively impact degree attainment
and career success.

Also, by examining the breakdown of pretest distractors and
correct answers by learning objective over multiple semesters or
by student year in school, instructors can better understand larger
conceptual difficulties or redundancy in instruction that is best
addressed at the curriculum level. In summary, this work provides
an assessment tool for pedigree analysis and an accompanying
psychometric analysis that demonstrates its reliability and validity.
The assessment provides a tool for powerful and reliable inferences
related to initial student understanding and misconceptions as well
as postinstruction learning gains, guiding instruction in near real
time, providing evidence for the relative effectiveness of various
teaching practices, and possibly guiding curriculum reform.
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