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Abstract

The central dogma of biology is a foundational concept that provides a scaffold to understand how genetic information
flows in biological systems. Despite its importance, undergraduate students often poorly understand central dogma
processes (DNA replication, transcription, and translation), how information is encoded and used in each of these
processes, and the relationships between them. To help students overcome these conceptual difficulties, we designed

a clicker-based activity focused on two brothers who have multiple nucleotide differences in their dystrophin gene
sequence, resulting in one who has Duchenne muscular dystrophy (DMD) and one who does not. This activity asks
students to predict the effects of various types of mutations on DNA replication, transcription, and translation. To
determine the effectiveness of this activity, we taught it in ten large-enrollment courses at five different institutions and
assessed its effect by evaluating student responses to pre/post short answer questions, clicker questions, and multiple-
choice exam questions. Students showed learning gains from the pre to the post on the short answer questions and
performed highly on end-of-unit exam questions targeting similar concepts. This activity can be presented at various points
during the semester (e.g., when discussing the central dogma, mutations, or disease) and has been used successfully in a
variety of courses ranging from non-majors introductory biology to advanced upper level biology.
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INTRODUCTION

The central dogma of molecular biology describes the
transfer of sequence information among DNA, RNA, and
proteins (1,2). In undergraduate biology courses, central dogma
units often include three primary processes: DNA replication,
transcription, and translation (3,4). These three processes
illustrate the storage and flow of genetic information, one of
the five core concepts identified by the American Association
for the Advancement of Science (AAAS) Vision and Change
report (5) and a disciplinary core idea in the Next Generation
Science Standards (6) for K-12 students.

Despitethe importance of the central dogma, the relationships
between gene, mRNA, protein, and phenotype remain difficult
concepts for undergraduate students (7-11). For example, an
exploration of student mental models using concept maps
and information gathered during student interviews revealed
that many students: 1) make inappropriate connections
between DNA and RNA or omit them altogether, and 2) fail
to connect mRNA with translation (10). Furthermore, open-
ended interviews revealed that students were comfortable
using technical terms such as “transcribe” even when their
underlying mental models of the terms were incorrect (10).

Asking students to predict the outcomes of mutations, in
particular stop codon mutations, on central dogma processes
has also been used to assess student understanding of the
central dogma. Student answers to a multiple-choice question
developed for the Genetics Concept Assessment (GCA, 12)
revealed that even after taking a genetics course, nearly half of
the students incorrectly identified that a stop codon mutation
will stop transcription (9). Furthermore, nearly one-third of the
students failed to identify that a frameshift mutation can result
in a premature stop codon that in turn leads to the production
of a shorter protein.

More recently, student thinking about the differential effects
of a stop codon mutation on the processes in the central
dogma have been explored using constructed-response short-
answer questions (13). Undergraduate students from multiple
institutions were asked to answer a three-part short-answer
question (modified from the GCA) on the effect of a premature
stop codon on replication, transcription, and translation
(Figure 1).

Student responses were scored as correct, incorrect, or
irrelevant/incomplete (e.g., they failed to address the question,
and/or it was unclear which process they were talking about
because of vague language) using tools from the Automated
Analysis of Constructed Response project (AACR; http://www.
msu.edu/~aacr). Student answers revealed variability in their
understanding about DNA replication, transcription, and
translation; moreover they often conflated two or more of
the processes in their explanation (13). For example, students
would incorrectly describe the effect of a premature stop
codon on DNA replication and transcription (often writing that
a premature stop codon will stop replication and transcription
early), but go on to correctly describe the effects on translation.

One way to address mixed models of student thinking about
the central dogma is to develop in-class activities that target
these difficulties. Although lessons targeting student thinking
about transcription and translation have been developed
(e.g., 14, 15), these do not directly address students’ tangled
understanding of when and to what extent changes in
DNA will affect replication, transcription, and translation.
Therefore, we developed an interactive classroom activity to
clarify student thinking about how mutations, with particular
emphasis on premature stop codon mutations, affect the
individual processes in the central dogma (Supporting File
S1: Untangling the central dogma - Lecture slides). This
50-minute clicker-based activity is centered on a case study of
two brothers, one of whom has X-linked Duchenne muscular
dystrophy (DMD). The activity follows the exploratory and
experimental steps a researcher would use to determine which
of five nucleotide differences in the brothers’ dystrophin gene
may be the cause of one brother having the disease phenotype.
Specifically, students are asked to predict how different types
of mutations (silent, missense, nonsense, promoter, and intron)
affect replication, transcription, and translation and how that
outcome relates to the disease phenotype.

Intended Audience

This activity has been used in ten large-enrollment
undergraduate biology courses at five different institutions
including: first-year introductory biology, introductory biology
for biology majors, introductory biology for cell and molecular
biology majors, genetics, and biology for non-majors.

DNA 5°

The following DNA sequence occurs near the middle of the coding region of a gene.
AATGAATGG*GAGCCTGAAGGA 3’

There is a G to A base change at the position marked with an asterisk.
Consequently, a codon normally encoding an amino acid becomes a stop codon.

1. How will this alteration influence DNA replication?
2. How will this alteration influence transcription?

3. How will this alteration influence translation?

Figure 1. Pre/post short answer questions about the role of the stop codon in the central dogma. The pretest questions were answered after the
instructors covered the central dogma through translation, but before the in-class activity was used. The posttest questions were answered 7-10

days after the activity.
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Required Learning Time
This activity was designed to fit into a 50-minute class
period.

Pre-requisite Student Knowledge

This lesson is intended for use at any point in the semester
after students received instruction on the central dogma.
Students should be: able to define silent, missense and
nonsense mutations; familiar with the processes in the
central dogma, including DNA replication, transcription,
and translation; comfortable using codon tables; and capable
of transcribing DNA sequences into mRNA, and translating
mRNA sequences into protein.

Pre-requisite Teacher Knowledge

The instructor should have some familiarity with DMD and
the dystrophin gene, and basic understanding of the central
dogma and mutations. Information about DMD is included
in the notes section of the activity slides. A list of relevant
resources explaining DMD and the mechanisms of the disease
have been compiled in Table 1 (on page 4).

SCIENTIFIC TEACHING THEMES
Active learning

The activity includes short answer discussion questions and
multiple-choice questions with real-time student participation
(i.e. clickers questions), think-pair-share (16), and whole class
discussions. In whole class discussions, dialogue is shared
across the classroom as the instructor facilitates moving the
conversation from student to student. This dynamic can be
achieved with or without clickers. Often a student will answer
a question posed by the instructor and another student may
support or disagree with the first student. For example, an
instructor can request an explanation for a possible answer
to the multiple-choice clicker question after peer discussion.
When a student provides an answer, the instructor then asks
other students to support or disagree with the answer and
provide evidence. Having multiple students respond directly
to one another enables students to hear diverse perspectives,
requires students to verbalize their thoughts for a larger
audience, and provides opportunity for interaction with a
different subset of peers.

Assessment

Assessment of student understanding came from three
sources: pre and post-activity responses to the AACR stop
codon question (Figure 1), clicker questions during the
classroom activity (Supporting File S2: Untangling the central
dogma- Clicker questions and responses), and multiple-choice
exam questions (Figure 2, on page 5).

After instruction on the central dogma but before the
activity, students answered three open response pretest
questions about the effect of a premature stop codon mutation
on DNA replication, transcription, and translation (Figure 1).
Student responses were categorized into correct, incorrect,
or irrelevant/incomplete using tools from the AACR project
(http://www.msu.edu/~aacr; 13). Students then answered the
same three open response questions as a posttest 7-10 days
after the activity.

In-class formative assessment of student understanding was
measured using clicker questions. Student responses to clicker
questions are included in the lesson plan and in Supporting
File 2 (Supporting File S2: Clicker questions and responses).

CourseSource | WWW.Ccoursesource.org

Summative exam questions were used to evaluate student
retention of the material (Figure 2).

Inclusive teaching

In this activity, students are asked to place themselves in
the role of a research scientist and investigate open research
questions. The activity includes animations, diagrams, and
verbal descriptions. In addition, students answer clicker
questions individually, discuss the questions with their
neighbors and answer them again, and then participate in a
whole class discussion (17,18). The engagement of students
using active learning techniques such as think-pair-share
during clicker questions has been shown to increase student
learning and decrease drop out rate (19), especially for
underrepresented students (20).

LESSON PLAN

This activity is designed for a 50-minute class period after
the basic steps of the central dogma through translation have
been covered. The progression of the clicker-based activity is
outlined with estimated timing in the teaching timeline (Table
2, on page 10).

Pre-Class Preparation

Instructors are encouraged to familiarize themselves with
DMD and the role and function of the dystrophin protein.
Background information about the disease including websites
and optional videos are listed in Table 1 and in the notes
section of the classroom presentation file. We encourage
instructors to reflect on how they can best use the discussion
prompts and clicker questions at a level appropriate for their
individual classrooms.

Use of Clicker Questions

This activity is designed for the peer instruction model of
clicker use, which includes think-pair-share (16,17). Briefly,
students are presented with a clicker question, answer it on
their own, turn to their neighbor to discuss the question, and
vote again. The instructor then leads a discussion with the
entire class explaining both the correct and incorrect answers.
Typically, students are not shown their responses until after
the peer discussion, subsequent vote, and class discussion are
complete. This combination of student voting followed by an
instructor explanation improves student learning (21).

Transitions through the activity are important for setting
up clicker questions and whole class discussion questions
(suggested transitions are included in the notes section of
each slide, Supporting File S1: Untangling the central dogma -
Lecture slides). Instructors are encouraged to read through the
slides and notes prior to teaching to understand where these
transitions are needed, and what patterns of student thinking
have been commonly observed during the activity. The clicker
questions for the activity, along with the student responses after
peer discussion observed from eight classrooms at five different
institutions are provided in Supporting File S2: Untangling the
central dogma - Clicker questions and responses.
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Table 1. Muscular dystrophy resources for instructors. These resources can be used by instructors during
preparation or shared with students.

Muscular Dystrophy Association
(MDA)

https://www.mda.org/disease/duchenne-
muscular-dystrophy

MDA description of DMD including links to many
other resources and the latest news in treatment.

NIH Medline Plus

https://www.nlm.nih.gov/medlineplus/ency/
article/000705.htm

Information page about DMD geared towards patients
and families.

National Human Genome Research
Institute (NHRGI)

https://www.genome.gov/19518854

Background information on the disease along with
detailed information and technical terminology.

Online Mendelian Inheritance in
Man (OMIM)

http://omim.org/entry/310200

Information about the disease with emphasis on

the phenotype. In depth information on mapping,
molecular genetics and animal models are discussed.
Scientific references are available throughout.

Genetics Home Reference

http://ghr.nlm.nih.gov/gene/DMD

A consumer directed web page aimed at explaining the
effect of genetic variation on human health. This link
focuses on the dystrophin (DMD) gene in particular.

You Tube: “Living with Muscular
Dystrophy”

https://www.youtube.com/
watch?v=ZrPnmgs4rHM

A five minute video made by Bryan Arnold who has
DMD. The video helps viewers see what his daily life
is like and focuses on his future aspirations.

People Magazine:

“Two Scientists Vow to Find a

Cure for Their Son’s Rare and Fatal
Disease: ‘I'm Proud of the Work My
Parents Are Doing,” Says Teen”

http://www.people.com/article/carrie-miceli-
stan-nelson-ucla-center-duchenne-muscular-
dystrophy-parents-fight-treat-sons-rare-fatal-
illness

An article describing the lives of researchers studying
the disease, and their son’s efforts to raise awareness to
advance treatment.
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Replication: Replication Transcription

Below are two different mutations of a DNA sequence in a eukaryotic organism.

First mutation. Original DNA sequence (coding strand), starting at the beginning of the coding region of the gene:
Normal: ATGATCTTCCTAAAGTAA

Mutation: TTGATCTTCCTAAAGTAA

Second mutation. Original DNA sequence (coding strand), starting at the beginning of the coding region of the gene:
Normal: ATGATCTTCCTAAAGTAA

Mutation: ATGATCTTCCTATAGTAA

In the sequences above (that show mutations in underline), which mutation would stop DNA replication?

A) Both

B) Neither

C) Only the first mutation

D) Only the second mutation

Transcription:

A student was asked the following question: “The following DNA sequence occurs near the middle of the coding region of a gene.

DNA:5AATGAATGG*GAGCCTGAAGGAZ

There is a G to A base change at the position marked with an asterisk. Consequently, a codon normally encoding an amino

acid becomes a stop codon. How will this alteration influence transcription?”

The student responded with the following:

“When the transcription process reaches a stop codon, transcription will end, causing a shorter mMRNA”

How would you re-word this statement to more accurately describe the effect of this mutation?

A) This statement is accurate as written.

B) "When the transcription machinery reaches that stop codon, transcription will end, causing a shorter mRNA and protein."

C) "When the RNA polymerase reaches the nucleotides that code for a stop codon, it will not be affected by the base pair change
and transcription will proceed normally.”

D) "When the transcription process reaches that stop codon, transcription will terminate early, resulting in a shorter protein."

Figure 2. Student performance on end of unit exam questions addressing the role of stop codons on replication and transcription. (A)
Weighted averages representing student responses from 8 of the classes. (B) Exam questions asked to students, correct answers are indicated in
blue font.
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Progressing Through the Activity

The clicker-based activity begins with background
information on DMD, the dystrophin gene (mutations in this
gene cause DMD), and information about two brothers: Liam
who has DMD and Elijah who does not have the disease
(Supporting File S1: Untangling the central dogma - Lecture
slides, slides 2-5). Students are then presented with DNA
sequence information for Liam and Elijah, and are told that
the brothers have five nucleotide differences in the dystrophin
gene (Supporting File S1: Lecture slides, slide 6). Throughout
the activity the term “nucleotide difference” is recommended
rather than mutation. This word choice was deliberate, because
students often think of mutations only as those changes that
affect phenotype (9).

Students start the activity by investigating nucleotide
difference #4, which is located in an intron (Supporting File
S1: Lecture slides, slide 7). Students are asked to discuss
whether a nucleotide difference in an intron is more or less
likely to result in a DMD phenotype. The instructor facilitates
a class-wide discussion about gene structure and the students
conclude that a nucleotide difference in an intron is not likely
to result in a muscular dystrophy phenotype because introns
are removed during RNA splicing. Instructors may choose
to state that an intron is the “least likely” cause of mutation
based on gene structure alone and move to the next slide.
Alternatively, instructors may take this opportunity to discuss
with students when and how splice site mutations affect
mRNA transcripts. Several references describing the effects of
splice site mutations on transcription are provided in the notes
sections of slide 7 (Supporting File S1: Lecture slides).

Next students are asked to consider nucleotide difference #2,
a silent mutation that does not alter the amino acid sequence
of the protein (Supporting File S1: Lecture slides, slide 8). The
instructor leads a class-wide discussion and students conclude
that this difference is not likely to resultin DMD. As nucleotide
differences #4 and #2 are not likely candidates for causing
disease, they are marked with the symbol “x”.

Students then consider a missense mutation, nucleotide
difference #5 (Supporting File S1: Lecture slides, slide 9,
Q1). In Elijah, the codon codes for aspartate and in Liam
(affected) the codon codes for glutamate. Students are asked
a clicker question about whether nucleotide difference #5 is
a possible cause of DMD in Liam. In our classes, the majority
of the students voted yes (Supporting File S2: Untangling
the central dogma- Clicker questions and responses, Q1,
weighted average (WA) = 85%). Students are then given
additional information that glutamate and aspartate are both
structurally and biochemically similar (Supporting File S1:
Lecture slides, slide 10). At this point, the class can explore
protein structure and function. The instructor then states that
nucleotide difference #5 might be a cause of DMD and that
some scientists might decide to pursue the difference further,
but many researchers would explore the remaining options
first to see if there is a more likely candidate. A “?” appears
above nucleotide difference #5 to indicate that this nucleotide
difference has not been ruled out as causal.

Students are asked to shift their thinking from the coding
region to regulatory regions as they investigate nucleotide
difference #1 (Supporting File S1: Lecture slides, slide 11,
Q2), which is located in the promoter. Students are asked: “If
difference #1 caused DMD, we would predict the mRNA levels
in Liam to be the mRNA levels in Elijah” and are
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given the choices a) the same as, b) higher than, c) lower than,
or d) different in some way from (Elijah). Emphasis is placed
on the word “If” because in subsequent slides data will be
presented contrary to this prediction. The correct answer is d)
but in our classes on average 65% of students chose c) lower
than (Supporting File S2: Clicker questions and responses,
Q?2). These clicker results suggest that students often think
that a mutation in the promoter will cause the promoter to
become nonfunctional. The whole-class discussion following
the clicker vote provides an opportunity for the instructor to
emphasize that mutations in a promoter region can result in
either an increase, decrease, or no change in the regulation
of transcription, and that without additional information the
outcome is not certain. More information about promoter
mutations can be found in de Vooght et al, 2009 (22) and in
the notes section of slide 11.

Students are then presented with mRNA expression data that
show the normalized dystrophin mRNA levels in muscle tissue
from Elijah and Liam are equal (Supporting File S1: Lecture
slides, slide 12, Q3). Given these data, the students are then
asked a clicker question to reflect on whether difference #1 is
a likely cause of DMD in Liam. In our classes the majority of
students selected “no” (Supporting File S2: Clicker questions
and responses, Q3, WA = 90%). Nucleotide difference #1
is then eliminated as a candidate for causing disease and is
marked with the symbol “x”.

The activity now shifts to explore the influence of a premature
stop codon on the processes in the central dogma starting with
DNA replication. To orient the students, the instructor presents
a slide that shows the steps of the central dogma (Supporting
File S1: Lecture slides, slide 13), with DNA replication circled.
Students are told that nucleotide difference #2 results in
a premature stop codon in Liam (affected) compared to a
glutamine codon in Elijah (Supporting File S1: Lecture slides,
slide 14, Q4). Students are asked a clicker question about
what DNA polymerase will do when it reaches this stop
codon: a) stop when it reaches the first nucleotide encoding
the premature stop codon, b) stop when it reaches the last
nucleotide encoding the premature stop codon, or ¢) not be
affected by this base change and will continue to read through
the nucleotide difference. In our classes on average 73% of
students incorrectly answered either a) or b) (Supporting
File S2: Clicker questions and responses, Q4), suggesting a
tendency for students to associate the term “stop codon” with
stopping DNA replication. This response pattern provides an
opportunity for the instructor to discuss the process of DNA
replication and the fact that codons have no meaning to DNA
polymerase. Alternatively, the instructor can choose to discuss
this point after the students have worked through the two
subsequent slides that explore the mechanisms at work during
DNA replication.

The next slide (Supporting File S1: Lecture slides, slide 15)
presents an image of DNA with red boxes indicating regions
of the DNA that could encode stop codons. Students are
asked to think about the consequence on DNA replication if
DNA polymerases recognized any, or all of these stop codons.
Students are then re-asked the clicker question about what
a DNA polymerase will do when it reaches the stop codon
(Supporting File S1: Lecture slides, slide 16, Q5). At this
point in our classes, 75% of students correctly answered c)
not be affected by this base change and will continue to read
through the nucleotide difference (Supporting File S2: Clicker
questions and responses, Q5). The instructor then presents the
next slide (Supporting File S1: Lecture slides, slide 17) that

2016 | Volume 03



A clicker-based study that untangles student thinking about the processes in the central dogma

states: “Polymerases read only one base at a time, not triplet
codons. The DNA polymerase would not be affected by this
base change in Liam’s DNA and replication would proceed
normally.”

Following DNA replication, the activity explores the effect
of a premature stop codon on transcription. The instructor
presents a slide to reinforce that the premature stop codon will
have no effect on DNA replication and reminds students of
the position of transcription in the central dogma (Supporting
File S1: Lecture slides, slide 18). Students are asked to predict
the effect of the nucleotide difference #3, the premature stop
codon in Liam (affected), on mRNA size using Northern blot
data. Specifically, students are asked whether Liam’s mRNA
will be a) shorter, b) longer, or c) the same size as Elijah’s
mRNA (Supporting File S1: Lecture slides, slide 19, Q6). In our
classes, 49% of the students incorrectly answered a) shorter
(Supporting File S2: Clicker questions and responses, Q6).
Even though many students may be incorrect, the instructor is
encouraged to proceed onto the next slide without discussing
why c) is the correct answer (“That’s interesting, let’s see what
else we can find out”).

The next slide asks what the RNA polymerase will do when it
reaches the nucleotides encoding the stop codon: a) stop when
it reaches the first nucleotide encoding the premature stop
codon, b) stop when it reaches the last nucleotide encoding
the premature stop codon, or c) not be affected by this base
change and will continue to read through the nucleotide
difference (correct answer) (Supporting File S1: Lecture slides,
slide 20, Q7). Although students had just been asked a similar
question about DNA polymerase, in our classes a subset of
students (Supporting File S2: Clicker questions and responses,
Q7, WA = 33%) still incorrectly answered either a) or b).
The incorrect understanding of the effect of a premature stop
codon thus persists for many students when thinking about
transcription, regardless of the fact that a very similar question
about DNA polymerases was previously asked (Supporting
File S1: Lecture slides, slides 14, 16). The question about
RNA polymerase aims to reinforce the similar functionality
of DNA and RNA polymerases. Students are then presented
with the results of the Northern blot experiment and can be
encouraged to speculate why there is no difference in the size
of the mRNA molecules for Elijah and Liam (Supporting File
S1: Lecture slides, slide 21).

Students then see an animation that illustrates how RNA
polymerase interacts with DNA molecules (Supporting File
S1: Lecture slides, slide 22). This animation is embedded in
the presentation slides, but is also available as a separate file
(Supporting File S3: Untangling the central dogma Transcription
animation). The students observe the polymerase approach
and continue to read through Liam’s (affected) premature stop
codon. The instructor then presents a slide (Supporting File S1:
Lecture slides, slide 23) that states: “Polymerases read only
one base at a time, not triplet codons. The RNA polymerase
would not be affected by this base change in Liam’s DNA and
transcription would proceed normally.”

A summary slide of the central dogma (Supporting File
S1: Lecture slides, slide 24) is displayed reinforcing that a
premature stop codon will have no effect on DNA replication
and transcription, and students are asked to focus on
translation. Students are asked a clicker question (Supporting
File S1: Lecture slides, slide 25, Q8) to predict whether the
effect of the premature stop codon in Liam (affected) will:
a) result in a smaller dystrophin protein in Liam (correct), b)
result in a larger dystrophin protein in Liam, or c) result in the
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same size protein in Liam and Elijah. The majority of students
in our classes correctly answered a) (Supporting File S2:
Clicker questions and responses, Q8, WA = 83%). Students
are then shown the result of a Western blot experiment that
shows that Liam (affected) produces a shorter protein when
compared to Elijah (Supporting File S1: Lecture slides, slide
26). Students can be asked to explain why they are seeing
these results. The results of the experiment are followed by a
second animation (Supporting File S4: Untangling the central
dogma - Translation animation) illustrating how the ribosome
falls off the mRNA when it reaches Liam’s (affected) premature
stop codon (Supporting File S1: Lecture slides, slide 27).
The instructor can then present information about how the
translation machinery recognizes stop codons (Supporting File
S1: Lecture slides, slide 28) and a summary slide of the role of
stop codons in the central dogma (Supporting File S1: Lecture
slides, slide 29).

In the final clicker question in the activity (Supporting
File S1: Lecture slides, slide 30, Q9) students revisit all of
the nucleotide differences and are asked which of the five
nucleotide differences are mutations: a) all five are mutations
(correct answer), b) the three in the exons (difference #2, #3,
#5), c) the two in exons that change the amino acid sequence
(differences #3, #5), or d) the one in the exon that causes
Duchenne muscular dystrophy (difference #5). In our classes,
even at the end of this activity, on average 41% of students
selected one of these three common conceptual difficulties (b,
¢, or d) (Supporting File S2: Clicker questions and responses,
Q9). This final clicker question provides an opportunity
to reinforce that any permanent DNA sequence change is
considered a mutation (correct answer a).

The activity is completed with a summary slide capturing
the major points of the activity (Supporting File S1: Lecture
slides, slide 31) and the conclusion that, in this case, the
premature stop codon (nonsense mutation) was the most
likely mutation to lead to the expressed phenotype of DMD in
Liam because of the effect on translation and the subsequent
truncated protein produced.

TEACHING DISCUSSION
Student Performance on Pre-Post Assessment

We assessed the effect of this activity by having students
answer three open response questions about the role of a
nonsense mutation on DNA replication, transcription, and
translation  (13;  http://create4stem.msu.edu/aacr/question/
stop-codon; Figure 1). The students answered these questions
twice (pre- and post-activity). The pre-activity time point was
before the activity but after the instructors taught about the
central dogma through translation. The post-activity time point
was 7-10 days after the in-class activity. Student responses
were classified as being correct, incorrect, or irrelevant/
incomplete using tools from the AACR project (13).

Students from five institutions in classes ranging from
introductory biology to advance molecular biology participated
in the activity. To measure student thinking before and after
the activity, we calculated average normalized learning gain
<g> (23) scores for the correct answer. Normalized gain
calculations represent how much students learned normalized
by their potential for learning [in this study <g> = (% of
students who scored correct on the posttest) - (% of students
who scored correct on the pretest)/(100 - % of students who
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scored correct on the pretest)]. Across all ten classes, there
were positive gains observed in the number of students who
were able to correctly describe the effect of a premature stop
codon on replication (<g> = 0.49), transcription (<g> = 0.52),
and translation (<g> = 0.44; Figure 3). These gains support a
strong improvement in student understanding.

In addition, answers on shared end of unit exam questions
show student performance on the effect of premature stop
codons on replication and transcription at the end of the
semester (69% and 68% correct respectively; Figure 2).

Persistent Conceptual Difficulties

In addition to using clicker questions with think-pair-share
and whole-class discussion, this activity uses animations and
targets word association to help students overcome conceptual
difficulties associated with the central dogma.

Animations

In developing the activity, we noted that students were
having trouble visualizing how DNA and RNA polymerases
interacted with DNA and hypothesized that this issue was
contributing to student difficulties with determining the role
of stop codons on replication and transcription. Therefore, we
added an animation to illustrate how the RNA polymerase
would continue to transcribe through the stop codon in Liam
(affected) and the non-mutant sequence in Elijah (unaffected)
(Supporting File S1: Lecture slides, slide 22). Later in the lesson
we added a second animation that showed that the ribosome
would release the mRNA when reaching the premature stop
codon in Liam (affected) and continue to synthesize the
polypeptide chain in Elijah (unaffected) (Supporting File S1:
Lecture slides, slide 27). These animations are intended to
provide a clear visual representation showing polymerases
interacting with one nucleotide at a time, and ribosomes
interacting with triplet nucleotides (codons).

Targeting word association

This activity directly addresses how students think about
the different processes in the central dogma by comparing
and contrasting the role of mutations (nucleotide differences)
during DNA replication, transcription, and translation. A
student’s inability to successfully understand the effect of these
mutations may be compounded by incorrect word association
such as: “stop codons stop everything” (13,24). For example,
early in the activity students are asked what will happen to the
DNA polymerase when it encounters a premature stop codon
(Supporting File S1: Lecture slides, slide 14, Q4). The majority
of our students incorrectly answered that the DNA polymerase
will stop (Supporting File S2: Clicker questions and responses,
Q4, WA=73%) and then participated in a class-wide discussion
about the consequence of a DNA polymerase stopping every
time it reached a stop codon in the genome. When students
were then re-asked this clicker question (Supporting File S1:
Lecture slides, slide 16, Q5), on average 24% of our students
answered this question incorrectly (Supporting File S2: Clicker
questions and responses, Q5). Several slides later (Supporting
File S1: Lecture slides, slide 20, Q7), students are asked what
will happen to the RNA polymerase when it encounters a
premature stop codon. Despite the similarity of the questions,
on average 33% of our students still answered that the RNA
polymerase will stop (Supporting File S2: Clicker questions
and responses, Q7). The answer patterns to and difficulty of
these clicker questions indicate the need to discuss how DNA
and RNA polymerases use DNA as a template at multiple
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points in the lesson.

In addition, students often define the word mutation as a
change that has a phenotypic outcome (10,25,26). Therefore,
another goal of this activity is to help students think about
the definition of mutation. Even though the lesson exposes
students to silent, missense, nonsense, and regulatory
mutations, at the end of the activity students are confused
about which of the five nucleotide differences is a mutation.
On clicker question Q9, many students (Supporting File S2:
Clicker questions and responses, WA=41%) selected that
mutations must be in exons, change the amino acid sequence,
or influence phenotype (Supporting File S1: Lecture slides,
slide 30). This clicker question provides an opportunity for
instructors to talk to students about the fact that any DNA
change that is replicated is a mutation, which is a concept
often misunderstood even at the end of a genetics course (10).

Additional Suggestions to Enhance Student Learning
While Using this Activity

In addition to designing the activity, faculty have developed
several instructional extensions including in-class worksheets,
pre-class assignments, and post-class assignments. Examples
of these extensions can be found in Supporting File S5:
Untangling the central dogma- Extensions on learning.

In-Class Worksheets: Students can also use a codon table
to determine what amino acids the codons encode, expand
on consequences of other types of mutations (frameshift,
deletions), and/or model (draw out) the biological processes.
Worksheets can also be used when an instructor does not
teach with clicker questions.

Pre-class assignments: Students can complete assignments
where they learn more about DMD. These assignments may
include watching videos of people coping with the disease (for
helpful webpages and video see the URLs in the Prerequisite
Teacher Knowledge section of the paper).

Post-class assignments: Students can also evaluate their
learning by answering a set of similar homework questions;
sample assessment questions are included in the supplemental
file.

Conclusions

This clicker-based case-study activity is an engaging,
adaptable lesson that effectively clarifies and re-enforces
the role of mutations on phenotype as it explores the
consequences of various mutations on DNA replication,
transcription, and translation. The activity helps students make
connections among topics that often appear disconnected and
unrelated. Using clicker questions with think-pair-share, group
discussions, animations, and predictions, students are able to
explore how mutations affect genes, and the corresponding
mRNA and proteins.
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Figure 3. Aggregate student performance on pre/post short answer questions about the role of the stop codon in the central dogma asked
in 10 different classes. Student responses were coded as correct, incorrect or irrelevant/incomplete. Normalized learning gains (<g> = (% of
students who scored correct post — % of students who scored correct pre)/(100 — % of students who scored correct pre) are also reported (<g>,

23).

SUPPORTING MATERIALS

S1. Untangling the central dogma-The clicker-based stop codon
activity slides with notes.

S2. Untangling the central dogma-Clicker questions used in the
activity, distribution of student answers, and explanations for the
range of student answers.

S3. Untangling the central dogma-Animation file of transcription.
S4. Untangling the central dogma-Animation file of translation.
S5. Untangling the central dogma-Example extensions (worksheets
and homework questions) that can be used along with the activity.
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Table 2. Untangling the central dogma-Teaching Timeline. Progression through the clicker-based activity with
approximate time stamps. Q indicates a clicker question in the activity, D indicates a discussion prompt in the

activity.

Preparation for Class

Background | Teachers can Variable | Links to on-line information including videos can be found in the notes of Supporting File 1

Reading assign background and in the Prerequisite Teacher Knowledge section of the paper.

(Optional) reading about
DMD.

Class Session-Progressing through the Activity (Lecture slides with notes are in Supporting file S1)

Slides 2-6 Background ~5 min Background information on DMD. The case study of the two brothers is introduced and
information and students are told that they will be investigating the impact of several nucleotide differences.
introduction to the
case study

Slides 7-10 Gene structure, ~ 10 min | -The instructor facilitates a class-wide discussion of gene structure and the consequence of
silent and (15 total) | mutations in introns. (D1)
missepse -The instructor facilitates a class-wide discussion of gene structure and the consequence of
mutations mutations in introns. (D1)

-The instructor leads a discussion about the effects of a silent mutation. (D2)
-A clicker question exploring the consequences of a missense mutation on phenotype. (Q1)
-Class wide exploration of amino acids and missense mutations.

Slide 11-12 | Mutations in ~5 min -A clicker question asking students to predict the outcome of a mutation in the promoter on

promoter regions | (20 total) | transcription. This question addresses a conceptual difficulty that promoter mutations always
result in the down-regulation of a gene. (Q2)
- A clicker question asking students to interpret the results of mMRNA expression data. (Q3)

Slides 13-17 | The effect of a ~ 10 min | -A clicker question asking what DNA polymerase will do when it reaches the premature stop
premature stop (30 total) codon. Students often think that a premature stop codon stops DNA replication. (Q4)
COd?” on DNA -An instructor led discussion about the consequences that would result if stop codons
replication throughout the genome stopped DNA replication. (D3)

-The clicker question on the effect of a premature stop codon mutation is revisited to
reinforce student understanding and a summary slide presented. (Q5)

Slides 18-23 | The effect of a ~10 min | -Students predict the effect of the premature stop codon on mRNA size. Students often think
premature stop (40 total) that a premature stop codon stops transcription. (Q6)
codon on DNA -Students are asked to predict what RNA polymerase will do when it encounters the
transcription premature stop codon. (Q7)

-Students are then presented with an animation of RNA polymerase on the DNA of the two
brothers to visualize that the RNA polymerase is not affected by a premature stop codon.

Slides 24-29 | The effect of ~10 min | -A clicker question asks the consequence of a premature stop codon on protein size. (Q8)
a premature (50 total) | -The results of a Western blot show differences in protein size and students are asked to
stop codon on discuss these results (D4)
translation R . . S

-An animation illustrating translation allows students to visualize the effect of the premature
stop codon on translation.
-The effects of the stop codon on all processes in the central dogma are summarized.

Slides 30-31 | What is a ~5min | -A clicker question asking the students to determine which of the nucleotide differences
mutation (55 total) explored are considered a mutation. (Q9)

-A summary slide of the activity is used to end the lesson.
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