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Abstract

Historically, undergraduate genetics courses have disproportionately focused on the impact of genes on phenotypes, rather
than multifactorial concepts which consider how a combination of genes, the environment, and gene-by-environment
interactions impacts traits. Updating the curriculum to include multifactorial concepts is important to align course materials
to current understanding of genetics, and potentially reduce deterministic thinking, which is the belief that traits are solely
controlled by genes. Currently there are few resources to help undergraduate biology instructors incorporate multifactorial
concepts into their genetics courses, so we designed this lesson that centers on familiar, real-world examples. During this
lesson, students learn how to distinguish between genetic and environmental sources of variation, and examine and interpret
examples of how phenotypic variation can result from a combination of gene and environmental variation and interactions.
This lesson, which is designed for both in-person and online classrooms, engages students in small group and large group
discussion, figure interpretation, and provides questions that can be used for both formative and summative assessments.
Results from assessment questions suggest that students found working through models depicting the interactions between
genotypes and environments beneficial for their understanding of these complex topics.
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Learning Goals Learning Objectives

O From Genetics Learning Framework: Students will be able to:

»How can one deduce information about genes, alleles, and
gene functions from analysis of genetic crosses and patterns of
inheritance?

»What are the processes that can affect the frequency of genotypes

and phenotypes in a population over time?

¢ describe how variation can be measured, and what data can be
analyzed to distinguish between genetic and environmental sources
of variation.

0 explain, and illustrate with examples, how phenotypic variation

0 Additional Learning Goal:
»How do multiple genes and the environment interact to affect
phenotypes, and how is the basis of such complex phenotypes
analyzed?

can result from a combination of environmental variation, genetic
variation, gene X gene interactions, and/or gene x environment
interactions.

O interpret experimental data to explain the relative influences of
genes, the environment, and interactions between genes and the
environment on a given phenotype.
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INTRODUCTION

Undergraduate genetics courses tend to focus on the role
of genes in phenotypic expression, even though phenotypes
solely controlled by mutations in single genes are rare (1-3).
Instead, trait expression is best explained through multifactorial
models, where both genes (G) and the environment (E)
influence phenotypes (2, 4, 5). These models broadly include
G+E in which a phenotype is influenced by the combination
of gene and environmental factors, and GxE in which the
interaction between genes and the environment influences
phenotypes in different and more complex ways. Surveys of
students show that they are often most interested in complex
traits affected by multifactorial models, so teaching these
concepts is important for helping students relate to genetics
course concepts (6-10).

Multifactorial genetics concepts are also included in
published undergraduate learning goals. The Genetics Society
of America Learning Framework mentions the environment
multiple times—for example, under the “Transmission/Patterns
of Inheritance” core category it lists “Evaluate how genes and
the environment can interact to produce a phenotype” as a
genetics concept/learning goal (11). Additionally, Vision and
Change, as outlined by BioCore Guide also mentions the
environment multiple times—for example, under “Information
Flow” the core concept category states “Individuals transmit
genetic information to their offspring; some alleles confer
higher fitness than others in a particular environment” (12, 13).

Ensuring student understanding of multifactorial genetics
is also important in reducing students’ deterministic thinking,
which is the belief that traits are solely controlled by genes
(1, 10, 14-16). Deterministic thinking is problematic as it is
both scientifically inaccurate, and can moderate and worsen
prejudice (16-18). However, when multifactorial concepts are
incorporated into K-12 and undergraduate curricula, students
are less likely to express genetic deterministic views (15-17).

Despite the important implications of incorporating
multifactorial concepts into genetics courses and the inclusion
of these into published standards, undergraduate genetics
courses rarely include multifactorial genetics concepts (8,
9, 19-21). Furthermore, there are few resources available
for instructors to begin introducing these concepts into
their courses (9, 21). To help address the need for more
undergraduate multifactorial genetics materials, instructors
from multiple institutions met at the Society of the Advancement
of Biology Education Research (SABER) West 2021 conference
workshop and collaboratively developed a worksheet activity
lesson described here. This lesson seeks to fill content gaps
in the undergraduate genetics curricula by using real-world
examples to explore variation and the impact of multiple
factors on traits.

In the first part of this lesson, students revisit the classic
Mendelian example of pea seed color (yellow versus green)
and texture (wrinkled versus smooth). This example is followed
by a historical photo of Mendel’s peas that contradicts the
idea that pea color and texture are binary (22). These two
examples provide students the opportunity to engage in
discussions about the role of a single gene on a phenotype
and how variation is described. Students are then presented
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with data from plant experiments and asked to collaboratively
work through questions about trait variation. Finally, students
learn about different genetic models (genes only, mostly the
environment, G+E, and GxE) and interpret figures. This part
of the lesson is aimed at developing student understanding of
trait variation and introducing them to multifactorial concepts.
In the second half of this lesson, students further develop
their understanding of multifactorial genetics. They explore
experimental data from two human examples and use data to
answer questions about the role of genes and the environment
on these traits.

This lesson was taught in both in-person and online
instructional environments. Throughout, it employs active
learning techniques such as in-class or virtual polling, small
and large group discussions and breakout rooms, think-
pair-share activities, and worksheets. The lesson is highly
adaptable; we provide suggestions for ways in which it can be
modified throughout.

Intended Audience

This lesson was implemented in five semester long courses
at five different undergraduate institutions in both the United
States and Canada, including both regular fall/spring semesters
and summer semesters. The institutions included both public
and private, minority-serving, and varied levels of research
activity. The courses were held in both in-person and online
formats. The courses included genetics, introductory biology,
and evolution. They also ranged in size from approximately
15 students to greater than 150 students. In total, 755 students
engaged in this lesson, including both biology majors and
non-majors.

Required Learning Time

This lesson is designed to be taught over two 50-minute
class periods either online or in-person (see Table 1 for the
lesson timeline), but can be modified to fit longer or shorter
class meetings.

Prerequisite Student Knowledge

It is expected that students will come to class with a basic
understanding of how mutations in one or two genes can
affect traits. Before participating in this lesson, students should
be familiar with terms associated with the central dogma (e.g.,
the flow of genetic information), mutation (e.g., change in
DNA), and genetic mechanisms (e.g., gene expression). All
other necessary terms and concepts are defined and described
within the lesson. Importantly, this lesson requires relatively
little prior knowledge of multifactorial genetics.

Prerequisite Teacher Knowledge

It is recommended that instructors are familiar with genetics
concepts, including how mutations in genes influence
phenotypes, as well as multifactorial concepts. This lesson
utilizes real-world examples and actual experimental data;
therefore, we suggest that instructors familiarize themselves
with these experiments as well as the data presented using
the citations provided in the worksheet (Supporting Files ST,
S2). Instructors should be comfortable using technology in the
classroom, such as clickers or online polling platforms. The
instructor should also be comfortable with assigning in-person
small groups or online breakout room groups, and moderating
group discussions (23).
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SCIENTIFIC TEACHING THEMES

Active Learning

This lesson uses a variety of active learning techniques that
can be conducted both in-person or online (24). Throughout
this lesson, students engage in small group discussions, either
in-person or in online breakout rooms, followed by large
group discussions. Students also answer polling questions
through clickers or online polling platforms. These formative
assessments offer opportunities for students to monitor their
learning and seek help from their peers or the instructor (25,
26). Finally, this lesson focuses on real-world examples and
students collaboratively consider actual experiments and
interpret data.

Assessment

Students are assessed in a variety of ways through this
lesson. For formative assessment, students respond to poll
questions both individually and in small groups (26). Students
also engage in collaborative group discussions and think-pair-
share activities. Finally, longer-term understanding can be
assessed on a post-lesson quiz as well as on the next exam (S3.
Honoring the complexity of genetics — Example summative
assessment questions). Students also have the opportunity
to complete a post-class online survey to reflect on their
learning and their thoughts about the lesson (S4. Honoring the
complexity of genetics — Student post-class survey).

Inclusive Teaching

This lesson incorporates a variety of inclusive teaching
practices and aligns with many of the Universal Design
Guidelines (27), which emphasize the importance of providing
multiple means of engagement, representation, action, and
expression. To optimize the lesson’s relevance, value, and
authenticity, the instructor discusses real-world examples and
outlines the learning outcomes and their broader purpose. To
meet these learning outcomes, the lesson structure provides
multiple means for engagement—when the instructor presents
material, the material is written out, and associated images
and data are included. The different forms of engagement
are structured to include a variety of multimedia, including
images, verbal instruction and communication, and written
response—which, in turn, provides multiple means of action
and expression. Instructors also create a community within the
course by cultivating participation in small group or online
breakout rooms and whole class discussions.

This lesson enables students to participate in their learning
and monitor their own progress. Throughout this lesson,
students are expected to be active participants in their
learning. This practice fosters collaboration and community
within the class by engaging students in supportive small group
discussions followed by whole class discussions. Additionally,
students are able to share their knowledge through think-
pair-share activities and collaborative group work. Student
learning is measured through a variety of formative and
summative assessment opportunities. These assessments
include both written and multiple-choice questions, and
all in-class poll questions are only graded for completion
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rather than for correctness. These discussions and low-stakes
assessment opportunities promote participation, while also
giving students the opportunity to monitor their own progress,
identify areas for which they might need help, and seek out
this help from either the instructor or their peers. Additionally,
in consideration of socioeconomic diversity, this lesson is not
associated with any textbook.

LESSON PLAN

The aim of this lesson is to build students” understanding of
multifactorial genetics through an interactive worksheet activity
completed across two class sessions (Supporting Files S1, S2).
The lesson is described in Table 1. Students are asked to re-
think single gene models and learn about genetic models that
include genes and the environment through data visualizations.
Finally, they are provided examples with associated data,
taken from the literature. The examples used in the modules
(Supporting Files S1, S2) are real-world examples that students
will likely find familiar. Throughout each module, students are
asked to collaborate with their peers to interpret data and think
critically about the role of both genes and the environment
on traits. The instructor circulates through the room or online
breakout rooms during these peer discussions to help groups
work together through the worksheet questions. This lesson
can be taught in both in-person and online instructional
environments, is highly adaptable, and can be modified to fit
with the flow of a variety of courses and student populations.

Preparation for class sessions 1 and 2

Prior to teaching the lesson, the instructor should review
the learning objectives and the relevant literature for each
example cited (Supporting Files S1, S2, S5 slide 2). The
instructor should also develop slides for the class (PowerPoint
or Google Slides) that contain images and figures from the
worksheet for whole class discussion, as well as clicker or poll
questions. Example slides that can be adapted are found in
S5. Honoring the complexity of genetics — Examples slides.
Next, the instructor should enter all in-class poll questions
into the polling platform of their choice. Depending on the
time available, it is likely that not all in-class poll questions
will be addressed using clickers or polls. Therefore, instructors
could choose to have students answer some of the questions
for homework.

There are several ways to provide students with the answers
to the questions not addressed using clickers or polls. The
first is to use additional class time to go through the answers
to the remaining questions as a class. The second option is
for the instructor to first ask students if they would like to
work through any specific worksheet questions, and only go
through the requested questions. Finally, the instructor can
post answers to the questions online for the students to access.

The worksheet activity should be printed, ideally in color,
for students to complete. Alternatively, the instructor could
post the worksheet online in a course management system as
a Word document or Google Doc with a provided link. The
answers to all worksheet questions are provided as red and
bold (Supporting Files S1, S2).
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Class session 1: Module 1: Variation

To begin the activity, the instructor should present
the learning objectives to the class and provide relevant
background information (S5. Honoring the complexity of
genetics — Example slides, slides 2-3). This information
includes a review of the Central Dogma and definitions on
important vocabulary. The students are then introduced to
Example 1 (Supporting Files S1, S5 slides 4-5) which is a
classic view of the results of Mendel’s pea cross where the pea
phenotype is either yellow or green.

Students are then put into groups of 3-5 students. If the
course is online, the student groups will work in online
breakout rooms. If the course is in-person, each student is
given a paper copy of the worksheet or access to the document
online through a course management system or a Google Doc
link (S1. Honoring the complexity of genetics — Class session 1
worksheet). Students work in groups on Example 1 questions
1-2 (S1. Honoring the complexity of genetics — Class session
1 worksheet). After working in groups for about three minutes,
the class should come back together and students are asked
to volunteer their answers to each of the two questions either
during a whole class discussion or in the chat for online
courses (S5. Honoring the complexity of genetics — Example
slides, slides 7-8).

Next, students return to their pre-assigned groups and
are asked to work through Example 2 questions 3-5 on the
worksheet (S1. Honoring the complexity of genetics — Class
session 1 worksheet) which shows an image of peas taken by
W.E.R. Weldon (22). Students should discuss these questions
in their small groups. After working in groups for 5 minutes,
the class should come back together and students are then
asked to volunteer their answers to questions 3—4 either during
a whole class discussion or in the chat for online courses
(Supporting Files S1, S5 slides 10-11). They should then
individually respond to question 5 using clickers or a polling
platform and then volunteer their argument for their choice
either during a whole class discussion or in the chat for online
courses (Supporting Files S1, S5 slide 12). Following this, the
instructors should use slides 13-15 to discuss with the class
inheritance patterns of single gene traits (with examples) using
a pedigree, and explain how the prevalence of such traits
in the natural world is rare (S5. Honoring the complexity of
genetics — Example slides, slides 13-15).

Next, the instructor should use the box-and-whisker plot on
slide 16 to instruct students how to read this type of figure
(Supporting Files S1, S5 slide 16). To highlight the important
points in this figure that students will need to interpret box-
and-whisker plots, the instructor should use the red writing
and arrows on the figure.

Students then examine actual experimental data from
research on two pea cultivars. In the same groups as before,
students should then be given five minutes to work together
in answering the Example 3 questions 6-10 (S1. Honoring
the complexity of genetics — Class session 1 worksheet). This
example provides students with data looking at the amount
of chlorophyll in the seed coats of two pea cultivars (Frisson
and Rondo) that differ in their seed color (yellow and green,
respectively). The broad importance of this example is to help
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students understand some ways researchers might determine
color and how phenotypes can be subjective. As before, the
class should come back together and the instructor should
work though interpreting the figure with the class (Supporting
Files S1, S5 slide 18). Important points that should be
highlighted when interpreting this figure with the class are
included in the notes section of slide 18 (S5. Honoring the
complexity of genetics — Example slides). Students are then
asked to individually respond to question 6 about how the
scientists classified pea seed coat color using clickers or a
polling platform, and then volunteer to defend their answer
either during a whole class discussion or in the chat for online
courses (Supporting Files S1, S5 slide 19). They should then
individually respond to question 8 about how results would
differ between a laboratory experiment and a field experiment
using clickers or a polling platform (Supporting Files S1, S5
slides 20-21).

Next, students should work in groups through Example
4 about soybean varieties (S1. Honoring the complexity of
genetics — Class session 1 worksheet). They should be given
five minutes to work through questions 11-14 for this example.
This example has students thinking through data from an
experiment in which four different soybean varieties were
subjected to two CO, treatments—one with the atmospheric
level in 2004 (the year the experiment was conducted) and the
second with elevated levels that may well occur in 2050. They
work through the data from this experiment; plant height was
recorded for each cultivar across both CO, treatments. This
example asks students to again consider how a phenotype is
determined (e.g., what is “tall” and what is “short”) although
that it is not always clear cut. Furthermore, this is the first
of the examples which explicitly demonstrate the impact of
environment on phenotype. The class should then come back
together and the instructor should work though interpreting
the figure with the class (Supporting Files S1, S5 slide 23).
Important points that should be highlighted when interpreting
this figure with the class are included in the notes section of
slide 23 (S5. Honoring the complexity of genetics — Example
slides). Students are then asked to individually respond to
question 13 using clickers or a polling platform (Supporting
Files S1, S5 slides 24-25).

Class session 1: Module 2: Data visualization

The second part of the worksheet activity (S1. Honoring the
complexity of genetics — Class session 1 worksheet) begins
with instructor guided directions on interpreting a line graph
(S5. Honoring the complexity of genetics — Example slides,
slides 26-28). Slides 26-28 gradually incorporate important
parts of the line graph, beginning with each of the axes and
finally adding in the data points and what they represent (S5.
Honoring the complexity of genetics — Example slides, slides
26-28). Next, the instructor should explain to students the
important things to consider when interpreting these figures
(S5. Honoring the complexity of genetics — Example slides,
slide 29) such as the slope of the lines, and whether there is
an effect of genotype and/or the environment. The instructor
should then explain how this is one way to graphically
represent data that determine which factor(s) are influencing
a phenotype. These different factors are then defined for the
students (S5. Honoring the complexity of genetics — Example
slides, slide 30).
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Students should then be given 5-10 minutes to work with
the same groups to address questions 15-18 (S1. Honoring
the complexity of genetics — Class session 1 worksheet).
This example provides students the opportunity to visualize
what data depicting each of these factors might look like by
identifying differences in the slope of the lines, and the impact
of the genes and the environment separately and together.
The broader importance of this section is to help students
visualize these data in an effort to further their understanding
of these different factors. Students then come back together
and individually respond to questions 15-18 using clickers or
a polling platform (Supporting Files S1, S5 slides 32-39).

Class session 2: Review

To begin this class session, instructors should review the
models presented to students in questions 15-18 of Module
2: Data visualization (Supporting Files S1, S5 slides 41-44).

Class session 2: Module 3: Genes and the environment
Prior to the class beginning group work, the instructor
discusses adult human height and ask the students to work
through the discussion questions 1-3, on their own for a
minute (S2. Honoring the complexity of genetics — Class
session 2 worksheet). The questions address factors that might
influence human height, and how these might vary within
an individual’s lifetime and between generations. Possible
answers to each of these questions should be discussed as
a class (Supporting Files S2, S5 slides 45-47). The instructor
should have the students work together in their groups for
10 minutes to answer questions 4-12 (S2. Honoring the
complexity of genetics — Class session 2 worksheet).

Using data on human height provides students with a trait
that is both familiar and relatable. The data associated with
this example show how multiple genes and environments
(e.g., birth year) impact human height similarly for females
and males. After 10 minutes, the class should come back
together and the instructor should work though interpreting
the first adult height figure with the class (Supporting Files S2,
S5 slide 49). Important points that should be highlighted when
interpreting this figure with the class, including its limitations
(e.g., only including individuals with two X chromosomes and
individuals with one X and one Y chromosome), are included
in the notes section of slide 49 (S5. Honoring the complexity
of genetics — Example slides). Students are then asked to
individually respond to question 7 using clickers or a polling
platform (Supporting Files S2, S5 slides 50-51).

The instructor should then work though interpreting the
second adult height figure with the class (Supporting Files
S2, S5 slide 52). Important points, such as what the axes are
and trends in the data presented, are included in the notes
section of slide 52 (S5. Honoring the complexity of genetics —
Example slides). Students volunteer their answers to question
10 either during a whole class discussion or in the chat for
online courses (Supporting Files S2, S5 slides 53-54). Students
are then asked to individually respond to question 12 using
clickers or a polling platform (Supporting Files S2, S5 slides
55-56).
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Class session 2: Module 4: Gene-by-environment
interactions

The final part of the worksheet activity begins with the
instructor introducing the research study to the students in
Module 4: Gene-by-environment interactions (Supporting
Files S2, S5 slide 58). The students then work in their assigned
groups for 10-15 minutes on questions 13-17 (S2. Honoring
the complexity of genetics — Class session 2 worksheet). This
example provides students with another human example,
but one that is more complex with multiple variables. It
depicts a scenario in which two genotypes (high and low
MAOA activity) respond differently to two environments
(with or without childhood maltreatment). Because this
example involves variables that can be upsetting to students,
important considerations were kept in mind when making
word choices—for example, choosing phrases like “the
development of conduct” and not just “conduct disorder.” In
addition, to avoid “deficiency thinking,” instead of describing
one genotype as having MAOA protein activity and the other
as being deficient, the genotypes are described as higher
MAOA activity and lower MAOA activity

Students are then asked to come back together and the
instructor should work though interpreting the figure with
the class (Supporting Files S2, S5 slide 59). Important points,
such as what the axes are, the different environments, and
the different genotypes, that should be highlighted when
interpreting this figure with the class are included in the notes
section of slide 59 (S5. Honoring the complexity of genetics
— Example slides). Students are then asked to volunteer their
answers to question 13 either during a whole class discussion
or in the chat for online courses (Supporting Files S2, S5 slides
60-61). Students should then be asked to individually respond
to question 15A, about what variable in the figure is the
environment, using clickers or a polling platform (Supporting
Files S2, S5 slides 62-63). Next, students are asked to
volunteer their responses to question 15B, about the impact of
maltreatment, either during a whole class discussion or in the
chat for online courses (Supporting Files S2, S5 slides 64-65).
Finally, students are asked to individually respond to question
17, about visualizing the data using line graphs, using clickers
or a polling platform (Supporting Files S2, S5 slides 66-67).

To end the activity, it is important that the instructor explains
that although complex gene-by-environment interactions are
responsible for most human phenotypes, detecting gene-by-
environment interactions in humans is difficult (i.e., most
human traits are controlled by many genes and in human
experiments it is hard to isolate variables); therefore finding
clear examples with scientific data is difficult (S5. Honoring
the complexity of genetics — Example slides, slide 68). The
class should review the Central Dogma again and discuss a
final question “How does the environment impact the process
of the Central Dogma (if at all)” (Supporting Files S2, S5 slide
69). Student responses to this question should be discussed
as a whole class. Common responses include “organisms
respond to the environment,” “the effect of the environment on
a phenotype is not a passive process,” and “the environment
impacts gene expression” (S2. Honoring the complexity
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of genetics — Class session 2, question 18). Following the
opportunity for students to volunteer answers to this question,
the explanation for this question that is included on slide 70
should be discussed (S5. Honoring the complexity of genetics
— Examples slides, slide 70).

Follow-up

Following the completion of the worksheet across two class
sessions, students are asked to complete an online survey to
collect data on student understanding, and provide students
an opportunity to reflect on their learning and thoughts
about the lesson (S4. Honoring the complexity of genetics —
Student post-class survey). Examples of questions found in
this survey include questions from the Public Understanding
and Attitudes towards Genetics and Genomics (PUGGS)
questionnaire (28), as well as “After participating in this lesson,
| better understand the role of genes and the environment in
determining a phenotype” and “I found the examples used in
this lesson to be helpful in developing my understanding of
this topic.” Finally, example summative assessment questions
for exams can be found in S3. Example summative assessment
questions (S3. Honoring the complexity of genetics — Example
summative assessment questions).

TEACHING DISCUSSION

This lesson has been implemented in a wide variety of
institutions, course types, course formats, course sizes, and
student populations. Data collection for the implementation
of this lesson was conducted under an approved Cornell IRB
protocol (#2103010232). At the completion of this activity,
students were given a post-class survey to determine if they
found the activity beneficial, what aspects of the activity they
found useful and what improvements they suggest, and where
their multifactorial genetics knowledge stands after engaging
with the activity (S4. Honoring the complexity of genetics —
Post-class online survey questions). Students’ responses to
survey questions suggested that they found engaging in the
activity to be helpful in developing their understanding of
multifactorial genetics. Specifically, over 60% of students
(n=755) indicated that they better understand the role of
genes and the environment in determining a phenotype
and that the examples used in this lesson are helpful in
developing an understanding of this topic. They found three
aspects of the activity especially beneficial in developing their
understanding. These included working in groups with their
peers, the practice of interpreting data, and the use of familiar,
real-world examples. One student-suggested improvement
was to slow it down a bit, which we took into consideration
and have made the necessary changes to timing.

Following the completion of this lesson, student responses
to post-class survey questions from the PUGGS (28) indicated
that they have an understanding of the role of genes and
the environment in trait expression (Table 2). One example
of this is when given the statement “Most traits and diseases
are caused by both genes and environmental factors,” 94%
of students correctly identified this statement as true. There
was only one question where student understanding wavered.
When given the statement “A gene codes directly for a trait or
disease,” 43% of students incorrectly indicated this was true
while 57% indicated this was false (Table 2). This result suggests
that students’ deeper understanding of gene expression is not
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strong. In response to this finding, we modified the activity
to include more information about the Central Dogma and
gene expression (S5. Honoring the complexity of genetics —
Example slides, slides 3, 69, 70). Combined, these outcomes
suggest that this lesson utilizing real-world examples and
compare/contrast activities may be an effective way to help
students learn about multifactorial genetics.

Ultimately, this comprehensive worksheet activity presents
an adaptable way to actively engage a wide variety of students
in understanding multifactorial genetics concepts. Students’
thoughts on the efficacy of this lesson in developing their
understanding of multifactorial genetics support the successful
implementation of this activity. It is our hope that this worksheet
activity will provide instructors with one way to begin the process
of introducing students to these complex topics and effectively
develop student understanding of multifactorial genetics.

SUPPORTING MATERIALS

e S1. Honoring the complexity of genetics — Class session
1 worksheet

e S2. Honoring the complexity of genetics — Class session
2 worksheet

e S3. Honoring the complexity of genetics — Example
summative assessment questions

e S4. Honoring the complexity of genetics — Post-class
online survey questions

e S5. Honoring the complexity of genetics — Example
slides
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Table 1. Lesson plan/timeline for four modules across two 50-minute class meetings.

Preparation for class session 1

Instructor preparation 1. Review lecture notes and learning | 60-120 minutes | S1. Honoring the complexity of genetics — Class
objectives. session 1 worksheet
2. Review relevant literature. S5. Honoring the complexity of genetics —

Prepare in-class slides using Example slides

examples slides, and images and
figures from the worksheet.
4. Insert poll or clicker questions.

5. Print worksheets or upload and
share online files.

Class session 1 (50 minutes)

1. Introduction, 1. Introduce students to the lesson. 5 minutes S5. Honoring the complexity of genetics —
learning outcomes, [ 5 proyide students with the learning Example slides
and review goals and objectives for this lesson.
3. Review the Central Dogma and
relevant vocabulary.
2. Module 1:Variation | 1. Example 1: Review classic single 30 minutes S1. Honoring the complexity of genetics — Class
gene mutation examples and session T worksheet
variation. Stqdents work thr.ough S5. Honoring the complexity of genetics —
the hypothetical outcomes if they Example slides

were to replicate the experiment.

2. Work through selected questions
from this example as a class using
whole class discussion.

3. Example 2: Show students the
photo of Mendel’s peas that does
not match the previous example.
Students discuss in small groups
what they are seeing in the photo.

4. Work through selected questions
from this example as a class using
whole class discussion and clicker
questions/a polling platform.

5. The instructor explains why single
gene traits are often most talked
about in classes and their actual
prevalence in the real-world.

6.  Example 3: Instruct students on
how to read a box-and-whisker
plot. Students work in small groups
to read about the experiment,
interpret the data, and answer
associated questions.

7. The instructor works through
interpreting the figure with
the class. Then the class works
through selected questions from
this example using whole class
discussion and clicker/polling
platform questions.

8. Example 4: Have students work
in small groups to read about this
experiment, interpret the data, and
answer associated questions.
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The instructor works through
interpreting the figure with the
class. Students work through
selected clicker/polling questions
from this example.

3. Module 2: Data
visualization

Introduce students to line graphs
and how to interpret them.

Students work together in small
groups to interpret each of the
figures.

Work through clicker/polling
questions from this example as a
class.

15 minutes

S1. Honoring the complexity of genetics — Class
session 1 worksheet

S5. Honoring the complexity of genetics —
Example slides

Preparation for class session

Instructor preparation

Review lecture notes and learning
objectives.

Review relevant literature.

Prepare in-class slides.

60-120 minutes

S2. Honoring the complexity of genetics — Class
session 2 worksheet

S5. Honoring the complexity of genetics —
Example slides

Class session 2 (50 minutes)

1. Review of material
from class 1

—_

Review misunderstandings about
the impact of single genes on
phenotypes.

Review data visualization
examples.

5 minutes

S1. Honoring the complexity of genetics — Class
session 1 worksheet

S5. Honoring the complexity of genetics —
Example slides

2. Module 3: G+E

In small groups, students work
through the discussion questions.

The instructor leads a class
discussion on factors that impact
human height by having students
volunteer their responses to the
discussion questions.

Students work in small groups to
interpret the data on human height
and answer associated questions.

The instructor works through
interpreting the figures with the
class. Then the class works through
selected clicker/polling questions.

25 minutes

S2. Honoring the complexity of genetics — Class
session 2 worksheet

S5. Honoring the complexity of genetics —
Example slides

3. Module 4: GxE

Instructor explains the complexity
of these interactions and why
finding human examples with
associated data is difficult. They
should then acknowledge the
potentially triggering nature of this
experiment.

The instructor explains human
data. Then students work in small
groups to interpret the data and
answer associated questions.

The instructor works through
interpreting the figure with the
class. Then the class works through
selected questions from this
example using clicker questions/a
polling platform.

15 minutes

S2. Honoring the complexity of genetics — Class
session 2 worksheet

S5. Honoring the complexity of genetics —
Example slides
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4. Wrap-up Instructor explains the prevalence | 5 minutes S2. Honoring the complexity of genetics — Class
of gene-by-environment session 2 worksheet
Interactions and th‘f challenges S5. Honoring the complexity of genetics —
surrounding detecting them. Example slides
Review Central Dogma as a class
and how the environment impacts
the process.
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Table 2. Students response data to post-class survey questions from the Public Understanding and Attitudes
towards Genetics and Genomics (PUGGS) questionnaire (28). Data are from 755 students across five courses at

five universities. The correct answers are indicated with a *.

A gene codes directly for a trait or disease. 43% 57%*
Most human traits and diseases are caused by a single gene. 14% 86%*
A single gene can influence several different traits or diseases. 90%* 10%
A person’s height is influenced by one gene only. 9% 91%*
Most traits and diseases are influenced by many different genes. 92%* 8%
Most traits and diseases are caused by environmental factors only (such as diet and lifestyle). | 29% 71%*
A gene can only influence a single trait or disease. 14% 86%*
Most traits and diseases are caused by both genes and environmental factors. 94%* 6%
A person’s height is influenced by many different genes. 91%* 9%
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