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Genomics—Past, Present, and Future: A Letter to My Daughter

Eric D. Green, M.D., Ph.D. is the Director of the National
Human Genome Research Institute (NHGRI) at the U.S. National
Institutes of Health (NIH). This editorial is written as a letter to
his daughter, Abbey, who will graduate from high school in
June 2018.

To Abbey, My Remarkable Daughter:

In a few weeks, you will graduate from high school and begin the next phase
of your life journey. Reflecting on this milestone, I am struck by how your life
has paralleled spectacular advances in an area of biology that I have worked in
for my entire career—genomics, the study of all the DNA of a living organism.

When you were born in 1999, I and thousands of other genomics
researchers around the world were working intensely on the Human Genome
Project, a 13-year odyssey to “decode” the human genome (that is, to deter-
mine the order of the roughly 3 billion “letters” in human DNA). While you
were finger-painting and napping in pre-school in 2003, we completed that
effort. As you moved through grade school and middle school, we worked dil-
igently to make sense of our genome’s code by analyzing all those ordered Gs,
As, Ts, and Cs—we identified the approximately 20,000 genes in the human
genome; we began to identify the additional sequences that precisely turn
those genes on and off in the right cells and at the right time; and we came
to appreciate the way that chemical modifications of DNA influence how
genomes operate (something known as epigenomics). We also made great
progress in cataloging the 3–5 million “spelling differences” present in each
of our genomes, and launched major studies to determine which of these dif-
ferences play a role in human health and disease.

These efforts were greatly aided by one of the most stunning technological
advancements seen in either of our lifetimes—no, not the “smart phone” or
Instagram or self-driving cars—rather, methods to sequence or read the code
within DNA. Sequencing that first human genome by the Human Genome
Project cost nearly $1 billion. However, in the time that it has taken for you
to move from a pre-K student to a high school senior, scientists have devel-
oped totally new and inexpensive ways to sequence DNA. Now, a human
genome can be sequenced for about $1000, which is only slightly more expen-
sive than the latest iPhone!

Once limited to research laboratories, DNA sequencing is now afford-
able for numerous applications—perhaps the most impactful of these will
be in medicine. During your past few years of high school, we have wit-
nessed some truly inspirational early successes using a patient’s genome
sequence to tailor their medical care—an area known as genomic medicine.
This has led to novel approaches for helping patients with rare genetic dis-
eases and more common diseases like cancer, for performing prenatal
genetic testing, and for selecting medications more precisely based on a
patient’s unique genomic makeup. Just as graduating high school will mark
a pivotal transition in your life, genomics is in the midst of transitioning from
the research laboratory to the clinic.

But should you really care about all this genomics stuff? Is this all nothing
more than your researcher dad being nerdy about his work again? Or will
genomics have a meaningful role in your future and the futures of everyone
else? Along with the genes that your mother and I have already given you,
let me now give you some loving advice as an early graduation present—
genomics will be relevant to you.

Obviously, genomics will be directly relevant if you become a scientist,
doctor, nurse, pharmacist, or other healthcare professional, or if your career
takes you into an area related to genomics (such as law, ethics, engineering,
computer science, or education). More importantly, genomics will be rele-
vant to you as patient—and as a relative or a friend of a patient. Your gener-
ation will witness genomic medicine becoming widespread and routine.
That means your healthcare providers will speak the language of genomics,
so you too will need to be literate in the basics of genomics to make informed
healthcare decisions. Beyond medicine, DNA sequencing will be used for
detecting infectious outbreaks, improving and monitoring our food, increas-
ing the accuracy of forensic investigations (think CSI!), assessing the health
of our environment, and advancing our understanding of evolution, among
other applications. It will also provide a new lens through which you will be
able to view aspects of human origins, your own family history, and even ele-
ments of our culture. However, this is a powerful lens—one that must be
used carefully and with appropriate consideration of the important ethical
and societal issues involved. In short, your generation will truly see geno-
mics become part of everyday life, but with that will come some important
challenges for health equity and social justice.

While I realize you learned a few basics about genomics in high school
biology, the field is moving rapidly, and many things will change in the
coming years; for that, you must commit to becoming a life-long genomics
learner. The good news is that the necessary information will be but a
mouse click (or two) away, with numerous online resources (for example,
genome.gov and unlockinglifescode.org) already available and poised to
track upcoming genomic advances and to provide tools for keeping you
“genomically literate.”

More than a decade before you were born, I chose to be a genomics
researcher because I believed that a more complete understanding of our
DNA blueprint would improve human health. Today, I am confident that
the genomic advances made by my generation will provide a foundation on
which your generation will further advance genomics in previously unimagin-
able ways. Most importantly, I am certain that genomics will benefit your
life—and, as a veteran genomics researcher, that makes me immensely proud.

Eric D. Green, M.D., Ph.D.
National Human Genome Research Institute

National Institutes of Health
e-mail: egreen@nhgri.nih.gov

DOI: https://doi.org/10.1525/abt.2018.80.4.253

THE AMERICAN BIOLOGY TEACHER GUEST EDITORIAL 253

GUEST EDITORIAL
Eric D. Green

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=253&exitLink=http%3A%2F%2Fgenome.gov
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=253&exitLink=http%3A%2F%2Funlockinglifescode.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=253&exitLink=mailto%3Aegreen%40nhgri.nih.gov
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=253&exitLink=https%3A%2F%2Fdoi.org%2F10.1525%2Fabt.2018.80.4.253


Seminars on Science
Online courses for educators

6-week online graduate courses in  

the life, Earth, and physical sciences

learn.amnh.org

Flexible, easy-to-navigate, accessible anywhere,  

anytime

Access to cutting-edge research, world-class  

scientists, and powerful classroom resources

Graduate credit available through our partners

Upcoming Sessions

Summer Session 1

May 21 – July 1
Deadline to Register: July 1

Register by Apr 23 to save $50

Summer Session 2

July 9 – August 19
Deadline to Register: June 25

Register by June 11 to save $50upcoming courses include:

Photo by  Bob Wick, BLM (CC BY 2.0)

New Course!

Ecology: Ecosystem  

Dynamics and  

Conservation

• The Diversity of Fishes

• Climate Change 

• Evolution

 • Genetics, Genomics, Genethics

• Sharks and Rays

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=254&exitLink=http%3A%2F%2Flearn.amnh.org


http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=255&exitLink=http%3A%2F%2FCARNEYSANDOE.COM
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=255&exitLink=http%3A%2F%2FCARNEYSANDOE.COM
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=255&exitLink=mailto%3Atodd.gochman%40carneysandoe.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=255&exitLink=mailto%3Atodd.gochman%40carneysandoe.com


ABSTRACT

DNA is a central topic in biology courses because it is crucial to an understanding
of modern genetics. Many instructors introduce the topic by means of a sanitized
retelling of the history of the discovery of the structure of DNA by James Watson
and Francis Crick. Historical research since 1968 has revealed that Rosalind
Franklin’s contributions were more significant than they are usually depicted. In
light of this, we developed a two-class lesson plan that draws attention to
Rosalind Franklin’s role in the discovery and to the social and cultural aspects of
science. The first class provides background information regarding what led
scientists to recognize that DNA was the molecule of heredity. Students watch a
documentary video that includes interviews with some of the surviving
protagonists. Students (working in groups) are then asked to debate Franklin’s
role to refine their awareness of how social and cultural factors affected both the
process of science and how it has been recounted. The second class has students
work in groups to build a structural model of DNA through hands-on activities.
The essay concludes by drawing attention to how the two-day lesson plan,
developed for a college-level biology course, can be adapted for use in other settings.

Key Words: history of science; biology education; DNA structure; social and cultural
aspects of science; gender; Rosalind Franklin.

Introduction
Learning the structure of DNA is considered
essential to an understanding of genetics
(NRC, 1996; NGSS Lead States, 2013). This
being said, students often have difficulty
appreciating how the structure of DNAmakes
many life processes possible, such as the
inheritance of genetic information and the
synthesis of proteins (Newman et al., 2012).
Standards documents are also quite clear that
students need to learn more than science content—they need to learn
about issues associated with the nature of science (NOS), such as
the tentative nature of scientific knowledge (Lederman, 2007).

One particularly promising method to help students learn sci-
ence content and issues associated with the NOS is through the his-
tory of science (Matthews, 1994; Rudge & Howe, 2004). Teaching
science through the use of history demystifies the process of science
and provides students with a better understanding of how science
relates to other aspects of the world, including social, cultural,
and ethical issues (Matthews, 1994). Research suggests the use of
history of biology, particularly by means of stories, is an effective
way to teach students to appreciate issues associated with the
NOS, e.g., the fact that scientific knowledge is socially and cultur-
ally embedded (Williams & Rudge, 2015, 2016).

Textbooks often introduce the topic of genetics to students
with reference to James Watson and Francis Crick’s amazing dis-
covery of the structure of DNA in 1953. Most present this history
in a sanitized way, one that plays up the genius of these two white
men working in isolation, with minimal reference to the contribu-
tions of others whose work made their discovery possible. Histori-
cal scholars, in the wake of the publication in 1968 of Watson’s
autobiographical account, The Double Helix, have started to draw
particular attention to the neglected role of Rosalind Franklin in
these accounts (Gibbons, 2012; Glynn, 2012; Klug, 1968; Maddox,
2002; Sayre, 1975). In light of these considerations, we created a

two-day lesson plan that incorporates more of
the actual history of how the structure of DNA
was first discovered, with emphasis on Rosalind
Franklin’s contributions. Our specific goals were
to engage student interest, and draw their atten-
tion to the role of gender as well as other social
and cultural influences in this episode. We
taught NOS explicitly and reflectively (c.f. Abd-
El Khalick & Lederman, 2000) by making NOS
issues a planned instructional activity and by giv-
ing students opportunities to reflect on these

issues, in this instance by means of arguments and class discussions.
Our focus on these issues served as a segway to students developing
models of the structure of DNA.

Learning the
structure of DNA is
considered essential
to an understanding

of genetics.
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History Behind the Discovery of the
Structure of DNA
Textbooks regularly draw attention to the fact that James Watson and
Francis Crick discovered the structure of the DNA molecule in 1953
and were awarded the Nobel Prize together with Maurice Wilkins in
1962. They also draw attention to how the discovery of the structure
of DNA paved the way for modern genetics. While Watson and Crick
are highly appraised for their work, the role of Rosalind Franklin, who
produced the X-ray diffraction image of DNA (Photo 51) that made
Watson and Crick’s discovery possible, is often neglected (Elkin,
2003; Fausto-Sterling, 2002; Gibbons, 2012; Jungck, 1984; Klug,
1968; Maddox, 2002; Rapoport, 2002; Sayre, 1975).

In the early 1950s, it was already established that DNA (a long
molecule of repeating nucleotide bases) was the genetic material. This
being said, it was a complete mystery how such a simple molecule
(from a chemical standpoint) could contain the information for com-
plex proteins and accurately replicate itself. Watson and Crick (work-
ing at Cambridge University) and Wilkins and Franklin (working at
Kings College), were among many scientists at the time intrigued by
the mystery of figuring out the structure of DNA that gave it these
properties. Stylistically, their approach to this problem could not have
been more different. Watson and Crick had been hired to do different
projects and collaborated together on the structure of DNA in their
spare time. Wilkins and Franklin were both hired (in part) to study
the structure of DNA, but did not work together, owing in part to a
fundamental disagreement regarding whether Franklin had been
hired to work as Wilkins assistant or, as she believed, an independent
researcher in her own right. Watson and Crick devoted themselves to
creating models; Wilkins and Franklin on collecting data, namely
X-ray diffraction images of DNA. Franklin focused specifically on
refining her technique, because she recognized the information pro-
vided by the photographs regarding how the parts of the molecule
were arranged would be essential for a resolution of the problem.

In 1951, Watson attended a lecture given by Franklin on her
work. She reported discovering that DNA can exist in two forms,
A and B. Watson returned to Cambridge with a rather vague recol-
lection of what Franklin had presented, further complicated by the
fact that he was still a novice to X-ray crystallography and how to
interpret it. One week later, based on his recollections of Franklin’s
presentation, Watson and Crick proposed their first model for the
structure of DNA, which proved to be a complete failure. Ironically
enough, Franklin was among the critics who attended this first pre-
sentation and pointed out the flaws of their model. This experience
solidified her conviction that it was too soon to speculate.

In May 1952, Franklin produced the clearest picture of the
B form of DNA (Photo 51). She suspected that both the A and
B forms of DNA were helical, but did not want to announce this
finding until she had sufficient evidence. As such, she briefly
turned her attention back to the A form before announcing her
decision to leave Kings College. Her decision stemmed primarily
from the ongoing antagonism with Wilkins. But to make sense of
why these proved sufficient to lead her to conclude she had to leave
Kings, we need to consider other social and cultural factors. At the
time Franklin worked in England, the field of science was heavily
dominated by men, and indeed women scientists were looked
down upon (Crease, 2003; Gibbons, 2012). The personnel com-
mittee ultimately accepted her resignation, but on the condition

she would finish her analysis of her DNA findings and publish
her results. As a result, Wilkins took over her lab and obtained
Photo 51, which he shared with Watson without her permission
in January 1953. Watson and Crick were at this point in a much
better position to correctly interpret the photograph and piece
together what the structure of DNA must be. And in February
1953, they announced their discovery of the structure of DNA
(Watson, 1968/2012). Their model of its structure so perfectly fit
the experimental data that it was almost immediately accepted by
the scientific community, including Franklin. But at the time she
was unaware of the pivotal role her photograph had played in
allowing them to build their model (Ashcroft, 2015; Elkin, 2003;
Glynn, 2012; Maddox, 2002).

Watson and Crick’s model of the structure of DNA has been
called the most important biological discovery of the twentieth cen-
tury. Only nine years later, in 1962, Watson, Crick, and Wilkins
were jointly awarded the Nobel Prize. This happened after Franklin
had died in complete ignorance of her contribution and at a time
when the Nobel Prize committee rules prohibited the awarding of
the prize posthumously. In 1968, Watson published his memoir,
The Double Helix: A Personal Account of the Discovery of the Structure
of DNA, which drew attention for the first time to the crucial role
Franklin’s research had played in their discovery. Additional histori-
cal scholarship since has provided additional evidence. Indeed, some
have argued that equal credit should be given to Rosalind Franklin
(Gibbons, 2012; Maddox, 2002; Olby, 1974; Rapoport, 2002). The
lesson plan below incorporates this historical scholarship. We begin
by sharing our learning objectives and how they are assessed before
turning to the specific details of the lesson plan, along with recom-
mended modifications for instructors having different needs.

Learning Objectives
The lesson plan contains both NOS and content learning objectives.
During the first class one of our main objectives, an NOS concept
included in the NGSS, is for students to be able to identify that “Science
is a human endeavor” (NGSS Lead States, 2013, App. H). More explicit
extensions under this category are that men and women from different
social, cultural, and ethnic backgrounds work as scientists and engi-
neers; science and engineering are influenced by society, and society
is influenced by science and engineering (NGSS Lead States, 2013,
App. H, p. 6). Engaging students by sharing a story based on a more
accurate representation of the history of research on the structure of
DNA, puts them in a position to appreciate the difficulties women sci-
entists experienced in the socio-cultural environment that existed in
England during the early 1950s. A follow-up class discussion prompts
students to consider the role of gender bias in science with reference
to Rosalind Franklin’s experiences, and to reflect upon the extent to
which gender bias might inhibit the process of science. Arguments
about her contribution and the role of gender help students under-
stand the influence of society and culture on science.

The lesson plan also has several other learning objectives with ref-
erence to the Next Generation Science Standards. The specific cross-
cutting concepts, science and engineering practices, and life-sciences
core idea met by this lesson plan are listed in Table 1 (NGSS Lead
States, 2013, App. E, F, & G). For instance, one of the crosscutting
concepts is the relationship between the structure of a molecule and
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its function. During the second day of the class, students are asked to
explain the semi-conservative mode of DNA replication with reference
to their understanding of DNA structure and, in particular, the fact
that it exists as a double helix. Each strand of the original molecule
serves as a template for a new complementary strand, thus ensuring
faithful replication of the DNA molecule.

Assessment
We use class discussions to assess students’ understanding of the
issue associated with NOS, and presentations of DNA structural
models to assess their learning of DNA content. During the first
day, students are asked to answer and discuss the open-ended
questions on Handouts 1 and 2 (Appendix), through which the
instructor can identify students’ understanding of the social and
cultural aspect of NOS. For the second day of the lesson, the
instructor can evaluate students’ presentation on their DNA model
using the presentation rubric (Handout 3, Appendix), which pro-
vides the instructor with information on the students’ understand-
ing of DNA content covered in this lesson.

DNA Structure Lesson Plan
We created our two-day lesson for use in a college introductory
biology course for non-majors, but (as indicated below) we have

several suggestions for how to modify it for use in high school
and other settings.

Materials

• One computer to play the PowerPoint and the NOVA video,
“DNA—Secret of Photo 51”

• Handout 1 with discussion questions for Day 1 (Appendix)

• Handout 2 with argumentation table for Day 1 (Appendix)

• Supplies and rubric for making DNA models and giving presen-
tations (Handout 3, Appendix)

Preparation
We created our lesson plan based on the history of the discovery of
the structure of DNA specifically to illustrate the role of gender and
other social and cultural factors in science. The class is introduced to
this history by means of a 52-minute video, “DNA—Secret of Photo
51,” produced for PBS (Public Broadcasting Service) and made avail-
able online by WGBH. It is currently available on both the NOVA
website and YouTube. The video reviews the history of how the
structure of DNA was discovered, discusses the semi-conservative
nature of DNA replication, and includes extensive interviews with

Table 1. Crosscutting Concepts, Science & Engineering Practices, and Life Sciences Core Idea in the Next
Generation Science Standards covered by this class.

Crosscutting Concepts Part of Lesson

Patterns: Observed patterns of forms and events guide
organization and classification, and they prompt questions
about relationships and the factors that influence them.

After watching the video and summarizing the main features
of DNA structure, students identify patterns, including how it
is composed of repeating nucleotide base pairs.

Cause and effect: Mechanism and explanation. Events have
causes, sometimes simple, sometimes multifaceted. A major
activity of science is investigating and explaining causal
relationships and the mechanisms by which they are mediated.
Such mechanisms can then be tested across given contexts
and used to predict and explain events in new contexts.

During the students’ presentation, they attempt to explain the
underlying causes of the DNA structural patterns and interpret
the functions associated to DNA replication process.

Structure and function: The way in which an object or living
thing is shaped and its substructure determine many of its
properties and functions.

During the students’ presentation, they interpret functions
associated with the process of DNA replication in terms of
underlying structural patterns.

Science & Engineering Practices Part of Lesson

Developing and using models Students are asked to design and construct DNA models and
to describe the structure of DNA.

Engaging in argument from evidence Students are required to create arguments that include both
evidence for their position and justification of their response.

Obtaining, evaluating, and communicating information Students working in groups share and evaluate arguments
with their peers.

Life Sciences Core Idea Part of Lesson

Inheritance of traits: DNA carries instructions for forming
species’ characteristics. Each cell in an organism has the same
genetic content, but genes expressed by cells can differ.

By explaining the process of DNA replication based on the
DNA structure, students demonstrate their understanding that
all the cells in an organism have the same genetic content.
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surviving major participants. We have found that the video is a par-
ticularly effective way to engage students and deepen their under-
standing of the history behind the discovery.

Procedure: Day 1
During the first class the instructor presents background informa-
tion about DNA by means of a PowerPoint. The presentation intro-
duces DNA as a long chain (polymer) composed of repeating units
(monomers) called nucleotides. They also learn that nucleotides
are composed of three components—(1) a nucleotide base (adenine,
thymine, guanine, cytosine), (2) a sugar (2′-deoxyribose), and (3) a
phosphate group—and how new nucleotides are added on to the
growing polymer. We also introduce Chargaff’s rule (a general pat-
tern found among DNA molecules in nature), which states: for any
given molecule of DNA, the amount of adenine is always equal to
the amount of thymine, and the amount of cytosine is always equal
to the amount of guanine. After this we ask students to think
through and share answers to the first question on Handout 1
(Appendix). We have found this assists us in assessing students’
knowledge before we continue to the remainder of the lesson. We
then briefly introduce James Watson, Francis Crick, Maurice Wil-
kins, and Rosalind Franklin. We emphasize that they are among
many scientists during the 1950s who were interested in unraveling
the mystery surrounding the structure of DNA. At this point, our
presentation using the PowerPoint has made students aware of all
of the relevant information scientists had at the time the protagonists
began their research. It is presented by means of the story specifically
to intrigue students into wondering how scientists were ultimately
able to discover the structure of DNA.

After this background information has been shared, students are
asked to read over five additional open-ended questions on Handout
1 for later class discussion. Students watch a brief video, “DNA—
Secret of Photo 51,” which narrates the history of the discovery of
DNA structure. Students are then are asked to work in groups and
complete the remaining questions on Handout 1 regarding how
the process of science, as illustrated in the film, is affected by culture
and society. Students are then required to share their thoughts and
have a class discussion on each question. For example, students dis-
cuss how Watson and Crick recognized that DNA must be a double
helix. In our own class, most students agree that Rosalind Franklin
played a critical role in the process of discovering the structure of
DNA. They also acknowledge how the social and cultural environ-
ment in England led to the gender bias and negatively influenced
female scientists working in that time period.

Students, working individually, are next asked to explore the
episode from an ethical perspective by filling out Handout 2 (Appen-
dix). Students are asked to consider both would and should Franklin
have received the Nobel Prize with Watson, Crick, and Wilkins if she
had lived? Students are asked to create arguments for their position
that both includes evidence for their position and explains their
response. In this way, the process of having students reflect on these
questions improves students’ critical thinking skills and helps them
understand in concrete ways how society and culture influence sci-
ence. Students working in groups then share and evaluate arguments
with their peers. In our class, we’ve found students generally agree
that, had she lived, Franklin should have received the Nobel Prize.

For instance, one of our students responded, “Rosalind Franklin
should be awarded the Nobel Prize with Watson and Crick because
she provided the crucial information to the last step of creating the
structure of DNA.” However, with regard to the other question,
which asks students to speculate on what would have happened if
Franklin was alive at the time that the Nobel Prize was awarded
for the discovery, students often disagree. For example, one of our stu-
dents responded, “Rosalind Franklin would have received the Nobel
Prize because she would have stood up for herself and defended her
research,” whereas another student responded, “She would not have
received it because women were still persecuted by a dominant male
social environment.” The first day of the lesson concludes with
students discussing an open-ended question: If you were either Wat-
son or Crick, what would you have done? The discussion will not only
serve as an opportunity for students’ further reflection on NOS as
illustrated by the Franklin story, but will also help students to appre-
ciate these issues are part of contemporary science as well.

Procedure: Day 2
The second day begins by having students summarize what they
have learned in terms of the content, the main features of DNA,
from the last class. We’ve found that our use of a story based upon
Rosalind Franklin’s experiences leads to greater student recall and
understanding of both the structure of DNA and the details of
the discovery. Students recognize that DNA is a polymer composed
of nucleotides and takes the form of a double-stranded helix. They
know that adenine always pairs with thymine, and guanine always
pairs with cytosine in DNA. The two DNA strands run in opposite
directions. Students recognize that Watson and Crick’s discovery of
the actual structure of DNA was made possible by crucial evidence
furnished by Rosalind Franklin, and further, how her important
role in the discovery was and has been diminished in the retelling
of the story. The instructor then discusses the process of DNA repli-
cation, building off of the video’s previous discussion of the semi-
conservative mode by which replication takes place. Our goal at this
point is to connect student understanding of the semi-conservative
nature of replication with the structural properties of the DNA mol-
ecule that allow this process to take place.

Students are next asked to work in groups and design a structural
model of DNA that incorporates the main features they just reviewed.
The instructor supplies students with both a rubric (Handout 3,
Appendix) and materials that allow them to create a physical model
of DNA. In our introductory biology course, we provide a diversity
of materials to encourage student creativity: such as two sizes of paper
clips, colored pipe cleaners, styrofoam sheeting, colored papers,
marshmallows, spaghetti, gummy bear, etc. The rubric contains guid-
ing requirements designed to focus students’ attention on the main
features of DNA molecule. Before they start to make the DNA struc-
tural model, students are required to draw their blueprints of it on
the white boards provided for each group. In particular, they need to
make decisions on what materials they will use to represent each part
of the molecule. As students work through their blueprints and mod-
els, the instructor walks around providing suggestions and answering
questions. This hands-on activity of making DNA models can contrib-
ute to students’ understanding of the abstract concepts of the structure
of DNA and how this structure is related to the functions of DNA,

THE AMERICAN BIOLOGY TEACHER STRUCTURE OF DNA 259



despite the fact that the molecule is microscopic. The class concludes
with presentations of students’ models. These presentations serve as
an opportunity to assess students’ understanding of science content.

Activity Modifications
The following are recommended modifications of the lesson plan
for use by instructors who might need to customize depending
upon their particular needs:

• Alternative ways to use the video. Another way to use the video
would be in combination with Handout 1, i.e., pausing the film
at various points to give students opportunities to think and dis-
cuss the questions on Handout 1 while viewing the video.
Depending upon the objectives of the instructor, showing parts
of the video, rather than the whole video might be an option.

• Alternative ways to teach the lesson without the video. Instructors can
alternatively create a PowerPoint to present this story and illustrate
different personalities of the scientists and many crucial features of
the scientific process (Emani, 2010). Students could also read either
Watson and Crick’s original paper (2003 [1953]) or a brief sum-
mary of the paper written in a way that is grade-level appropriate.

• Alternative ways to use the in-class DNA modeling activity. The
activity of developing a DNA structural model could be assigned
as team homework to be completed outside of class using the
rubric and materials students find at home.

• Alternative ways to use the lesson to teach the NOS. The lesson plan
could be elaborated to focus on an additional NOS objective,
“Imagination and creativity in scientific investigations.” Creativity
occurs throughout the scientific process, from coming up with
new ideas and research questions to collecting, analyzing, and
interpreting data (Lederman et al., 2002). During the first class,
instructors could add an additional discussion question to Hand-
out 1: “Do you think Watson and Crick used their imagination
and creativity in their investigations? If yes, please explain why
with examples. If not, please explain why not.” The video about
Watson and Crick figuring out the specific pattern about the bases
A, T, C, and G bonded, constructing the DNA model, and discov-
ering the structure of DNA provides an example of how scientists
use imagination and creativity in their investigations. If time per-
mits, instructors could additionally use a formal assessment cre-
ated by the Lederman group named VNOS (Views on the Nature
of Science), which includes a specific question about social and
cultural influences on science (Lederman et al., 2002). The VNOS
questionnaire could be used before and after the history-based
class to assess change in student understanding of NOS concepts.

Conclusion
Our experiences using this lesson plan in class, particularly students’
responses to the questions provided in Handouts 1 and 2 suggest stu-
dents find issues associated with NOS, especially the social and cul-
tural influences on science, to be particularly engaging. The fact that
students were able to correctly build DNAmodels andmake successful
presentations suggests that the historical lesson plan, far from distract-
ing students, actually enhances student understanding of the structure
of DNA. Asking students to present their views by means of arguments

is one way to help them improve critical-thinking skills, as when
they respond to questions and challenges from other students. We find
this historical lesson plan helps students better understand not only
scientific content, but also the process of science. Therefore, we recom-
mend instructors use this lesson plan for improving students’ learning
of the structure of DNA as well as their understanding of social and
cultural aspects of science often left out in the science classroom.

Resources
The NOVA video “DNA—Secret of Photo 51” is available for free
online at https://www.youtube.com/watch?v=0tmNf6ec2kU

The argumentation worksheet was revised by authors based on
V. Sampson, Argument-driven inquiry in biology: Lab investigations for
grades 9–12 (Arlington, VA: NSTA Press, 2014).
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Appendix

Handout One

Video Worksheet

Handout Two
Leading Question: If Rosalind Franklin had lived, would she/should she have received the Nobel Prize with Watson, Crick, and
Wilkins? Work in groups, discuss with your peers, and fill in the argumentation worksheet individually, and defend your
answers.

Argumentation Worksheet

We will watch the NOVA video named “DNA-Secret of Photo 51.” Please read over all of the questions and
answer Question 1 in preparation for our later discussion.

1. James Watson, Francis Crick, Maurice Wilkins, and Rosalind Franklin are the scientists associated with the
discovery of DNA structure. Have you ever heard of them? And, if so, from where? What do you know about
them?

2. What was the social and cultural environment in England at that time that negatively influenced female
scientists?

3. Rosalind Franklin, as depicted in the film, seems to have a difficult time interacting with the other scientists. To
what extent would you attribute this to her individual personality, and to what extent does it reflect how
women were (are) treated by male scientists? Explain your answer.

4. Describe the contribution of the following scientists in the discovery of the structure of DNA: James Watson,
Francis Crick, Maurice Wilkins, and Rosalind Franklin.

5. How did Watson and Crick recognize that DNA must be a double helix? Were any values or ethics violated by
these researchers? Explain your answer.

6. In what ways does the social (or institutional) structure of science, as revealed in this film, promote or inhibit
scientific activity? Explain your answer.

Constructing and Argument

The Leading Question Would Franklin have received the
Nobel Prize with Watson, Crick, and
Wilkins if she had lived?

Should Franklin have received the
Nobel Prize with Watson, Crick, and
Wilkins if she had lived?

Our Claim

Our Evidence

Our Justification of the Evidence
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Handout Three
Three-Dimensional DNA Model and Presentation Rubric
Instructions:

• Design and use the available materials to build a three-dimensional DNA model based on what we learned about DNA
structure in the last class.

• Pick supplies (two sizes of paper clips, colored pipe cleaners, Styrofoam sheeting, colored papers, marshmallow,
spaghetti, gummy bear, etc.) to represent the main components of DNA including: sugar, phosphate, and bases (adenine,
guanine, cytosine, or thymine).

• Use this sequence for one half of the DNA molecule: 3′ CATAGTGCCA 5′
• Give a presentation, in groups of two or three, explaining the structure of DNA.

Checkout Questions:
Before you start to build the DNAmodel, use the white board to draw a blueprint that illustrates the structure of DNA. Discuss with
your partners about how you are going to build the model and what materials you will use to represent each main molecule.

Grading Rubric:

1. The model contains three main building blocks (sugar, phosphate, base), and each molecule is represented by different
materials. The four bases (A, T, G, and C) should be represented by four different colors.

___________/1

2. The model should match the sequence given above.

___________/1

3. The model should follow Chargaff’s rule: adenine bonded to thymine and cytosine bonded to guanine.

___________/1

4. The model consists of two strands and is double-helix shaped.

___________/1

5. The two strands are anti-parallel directions, and the 3′ and 5′ ends are properly represented.

___________/1

6. The model is accurately labeled or a key is attached.

___________/1

7. The model is three-dimensional and can be physically twisted.

___________/1

8. The model is neat and creatively constructed.

___________/1

9. The presentation is clear and well organized.

___________/1

10. Everyone in the group contributes to the presentation.
___________/1

Total Points__________/10
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ABSTRACT

A key question in teaching a General Genetics course is whether to present the
major concepts of Mendelian genetics first, or to start with the essential ideas
of molecular genetics. A comparison of two sequential courses at Creighton
University with similar groups of students indicated that there were no
statistically significant differences in exam scores or final grades with the
two approaches. It thus may be better to focus on the questions of how best
to present the material in each area to contemporary students and how
better to prepare them to take exams that involve different types of
questions requiring analytical, numerical, and writing skills. These issues are
discussed in the context of the modern biology curriculum.

Key Words: Mendelian genetics; molecular genetics; undergraduate curriculum.

Introduction
A course in General Genetics is an important component of most
undergraduate biology curricula (Cheesman et al., 2007). General
Genetics is often taken after two semesters of General Biology and
two semesters of General Chemistry. The course is usually designed
to cover several topics that are considered essential for any biology
major, including the storage and expression of biological informa-
tion, the role of gene products in determining specific structures
and their functions, the origin and consequences of genetic varia-
tion, the role of natural selection in the process of evolution, and
the analysis of genomes and the reconstruction of phylogenies
(Brownell et al., 2014; GSA, 2015; Smith & Wood, 2016). These
topics fit into several of the five core concepts and six core compe-
tencies of the Vision and Change in Undergraduate Biology Education
proposal made by the American Association for the Advancement
of Science (AAAS, 2011). Although there is little debate about the
importance of these topics, there is less agreement about how best
to teach them and how to assess student learning. Some have advo-
cated the use of more active modes of teaching that go beyond lectures
and forms of evaluation that are more complex than multiple-choice

tests (Lee & Jabot, 2011; Smith & Wood, 2016). However, there
are difficulties in implementing these changes and some ambiguity
about their success (Andrews et al., 2011; Waldrop, 2015).

A key question in teaching General Genetics is whether to teach
the basic concepts of Mendelian genetics first, then follow with a dis-
cussion of molecular genetics, or vice versa. Although there has been
some research on this question as it applies to middle- and high-
school students (Duncan et al., 2016), there have been no systematic
studies about this issue as it applies to college- or university-level
students. Several textbooks are currently available for use in a General
Genetics course at this level (Hartl & Ruvolo, 2012; Griffiths et al.,
2015; Hartwell et al., 2015; Klug et al., 2015; Sanders & Bowman,
2015; Pierce, 2016; Snustad & Simmons, 2016; Brooker, 2017).
These books vary somewhat in difficulty and content but cover the
same essential topics. They are now published in both digital and
print versions, and have online resources for students in addition to
the written text. These textbooks all use some version of the “Mendel
first” approach and include chapters on (1) the basic patterns of inher-
itance in eukaryotic organisms as seen in monohybrid and dihybrid
crosses; (2) mitosis, meiosis, and chromosome distribution; (3) exten-
sions of Mendelian patterns including variations in dominance rela-
tionships, lethal alleles, and sex linkage; (4) chromosome mapping
in eukaryotes and chromosome structure; (5) genetic analysis of
prokaryotic organisms and viruses; and (6) extranuclear or organellar
inheritance. These chapters are followed by ones dealing with (7) DNA
structure; (8) DNA replication and recombination; (9) transcription
and RNA processing; (10) translation and protein synthesis; (11) gene
regulation in prokaryotes and eukaryotes; and (12) mutation and DNA
repair. Later chapters in the textbooks are more variable but commonly
focus on topics such as developmental genetics, cancer, genomics,
DNA technology, population genetics, and evolution. Some textbook
authors do suggest ways in which the chapters could be re-ordered
to cover molecular genetics before Mendelian genetics (Sanders &
Bowman, 2015; Brooker, 2017). Two versions of a genetics textbook
have sometimes been published in the past (for example, Russell,
2005, 2009), but this is not common now.
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During the Fall semesters of the academic years 2014–2015 and
2015–2016, I taught the General Genetics lecture course (BIO 317)
at Creighton University in Omaha, Nebraska, as a sabbatical replace-
ment for the two regular geneticists who were on sequential leaves.
Although they had taken somewhat different approaches to the
course, they both used Introduction to Genetic Analysis by Griffiths
et al. (2015) as the primary textbook, and this book had been
ordered before I arrived. I used the tenth edition in 2014–2015
and the eleventh edition in 2015–2016. The course at Creighton
has two semesters of General Biology and two semesters of General
Chemistry as prerequisites. Although the class is positioned as a
second-level course, many students defer taking it until their senior
year because it is believed to be one of the hardest classes in the biol-
ogy program there. As a result, some students take courses in Cell
Structure and Function or Biochemistry before General Genetics,
but others do not. There is a separate Genetics Laboratory course
(BIO 318) that is taken by some students either concurrently or after
the Genetics lecture course. In 2014, I followed the general organiza-
tion of the textbook by Griffiths et al. and used the “Mendel first”
approach. In 2015, I revised the organization and used a “molecules
first” approach with the same book. This thus constituted a kind of
natural experiment in which to explore the advantages and disadvan-
tages of the two different approaches with similar groups of students.

Course Organization
The General Genetics class was offered each year as two separate but
parallel sections with about 30 students each and met for 50 minutes
three times a week. Each class was based on a PowerPoint presentation,
but often included examples of relevant data or sample problems.

Creighton uses an in-class video recording system so all the Power-
Point presentations and the class audio were digitally saved for later
review. A written handout was provided for each class with a summary
of the lecture material, a list of specific terms to define and know, and
problems from the textbook to be answered. There were no graduate
assistants or separate recitation sections, but undergraduate assistants
offered tutoring sessions, and I held extensive office hours/problem
sessions each week. The initial enrollments were similar over the two
years. In the Fall semester of 2014, there were a total of 52 students,
which included no sophomores, 27 juniors, and 25 seniors. In the Fall
semester of 2015, the initial enrollment was again 52 students, but
included 12 sophomores, 18 juniors, and 22 seniors. This reflected a
difference in the advising process in which some Biology majors were
encouraged to take the class sooner. The sequences of topics for the
two versions of the course are shown in Table 1.

Some topics were covered in a single class period, but others
took a period and half or two periods. The schedule was adjusted
during the semester, and some topics that were initially included,
such as Developmental Genetics, were dropped as I learned more
about the department’s curriculum.

The courses were similar in that each had four or five in-class
exams consisting of two parts. Part I was a set of 30 multiple-choice
questions worth 2 points each for a total of 60 points. These questions
were a combination of relatively simple genetic problems and those
that tested student comprehension of the basic genetic facts or
concepts. Part II consisted of four genetic problems or short-answer
questions worth 10 points each for a total of 40 points. The genetic
problems were more complex than those in the multiple-choice sec-
tion and often involved multistep calculations. The short-answer
questions were usually introduced with a figure similar to one used
in the textbook or in the PowerPoint presentations given in class

Table 1. Course sequences in General Genetics (BIO 317) at Creighton University.

Fall 2014—“Mendel first” Fall 2015—“molecules first”

The genetic system The genetic system and genetic analysis

Inheritance of single genes in eukaryotes DNA structure and organization into chromosomes

Variations in single gene inheritance DNA replication and transmission in prokaryotes

Inheritance of independently assorting genes DNA replication and transmission in eukaryotes

Inheritance of organelle genes Transcription in prokaryotes

Gene interactions Transcription and RNA processing in eukaryotes

Inheritance of linked genes and recombination Protein synthesis

Mapping genes on eukaryotic chromosomes Cloning and sequencing of DNA

Mapping genes in bacteria Transcriptomes and proteomes

DNA structure and chromosome organization Inheritance of single genes in eukaryotes

DNA replication Sex linkage and human pedigree analysis

Transcription Dihybrid crosses and independent assortment

RNA processing Variations in Mendelian patterns

Protein synthesis Polygenic traits and epistatic interactions

Regulation of gene expression in bacteria Organelle genetics

Regulation of gene expression in eukaryotes Inheritance of linked genes and recombination

(continued)
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and involved several subparts. In addition to the exams, there were
eight to ten homework assignments each year that could be completed
individually or in small groups. Again, depending on the material, the
homework assignments consisted of genetic problems of different
types or short-answer questions. I also had the students in the Fall
2014 class write a term paper on a topic of their own choosing about
genetics, but I dropped this assignment for the Fall 2015 class.

There were several reasons for changing the approach from
“Mendel first” to “molecules first” in the second year. First, I
found that students who had Cell Structure and Function before
taking General Genetics appeared to do better on each of the five
exams in 2014 (Figure 1). Exams 1 and 2 focused on Mendelian
genetics, Exams 3 and 4 focused on molecular genetics, and Exam
5 covered a mixture of topics. Although the standard deviations
were relatively large, an ANOVA analysis of the data (Vasavada,
2016) indicated significant differences among all 10 of the exam

scores (F-statistic = 6.23, p-value = 8.34 × 10-8). A Tukey HSD
(honestly significant difference) post-test analysis as well as
Scheffé and Bonferroni and Holm comparisons indicated the most
consistent significant differences were between the scores on Exam
4 and the scores on Exam 5. However, on any individual test, there
were no significant differences between those students who had
taken Cell Structure and Function and those who had not.

Second, I thought that some Mendelian concepts like domi-
nance, epistasis, and variable penetrance would make more sense
if students understood how genes worked and contributed to a
phenotype. If a student does not know that genes direct the synthe-
sis of proteins, and that gene products interact to produce observ-
able phenotypes, these concepts are often obscure. In a similar way,
genetic exchange and gene mapping in bacteria are better under-
stood if a student knows how DNA replication and molecular
recombination work. Third, I felt that because the material in
molecular genetics is somewhat more descriptive, students might
do better on the exams at the beginning of the course. They would
thus develop enough confidence to cope better with the more dif-
ficult analytical material that is involved in the interpretation of
crosses in Mendelian genetics.

Student Performance
Figure 2 summarizes the percentage scores on the exams for the two
years I taught General Genetics at Creighton University. The data
shown in Figure 1 were pooled to give the results for 2014, and as
before, the standard deviations were relatively large. The exams were
similar in difficulty, but because of the differences in the sequence of
topics, they varied in the specific questions on each test. The average
percentage score for all of the exams in the Fall 2014 class was 65.77
with a standard deviation of 12.79. The average percentage score for
all of the exams in the Fall 2015 class was 65.02 with a standard
deviation of 13.12. Qualitatively, the scores appeared to increase in
2014 (except for Exam 5) as we moved from Mendelian genetics
to molecular genetics, and to decrease in Fall 2015 as we moved
from molecular genetics to Mendelian genetics.

An ANOVA analysis of the data (Vasavada, 2016) indicated sta-
tistically significant differences among the exams. Across all nine
exams, the F-statistic was 5.48 for a p-value of 3.87 × 10−7. As a test
of the hypothesis that presenting molecular genetics first might lead
to better performance on the Mendelian analysis questions, I com-
pared the scores on Exams 3 and 4 from 2015, which focused on

Table 1. Continued

Fall 2014—“Mendel first” Fall 2015—“molecules first”

Transposable elements Mapping genes on eukaryotic chromosomes

Mutation Mapping genes in bacteria

DNA Repair Molecular mechanisms of recombination

Recombination and recombinational repair Regulation of gene expression in bacteria

Large-scale chromosomal changes Regulation of gene expression in eukaryotes

Population genetics Transposable elements

Inheritance of complex traits Large-scale chromosomal changes

Figure 1. Mean percentage scores on the five exams in
General Genetics (±1 SD) for the Fall semester of 2014. The open
bars show the scores for students who had not taken Cell
Structure and Function prior to enrolling in Genetics. The
filled bars show the scores for students who had taken Cell
Structure and Function prior to enrolling in Genetics. An
ANOVA analysis of the data was done with an online program
(Vasavada, 2016), and post-test analysis indicated that the
only significant differences were between the scores on Exam 4
and Exam 5 for each group.
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Mendelian genetics, with those of Exams 1 and 2 of 2014. The
averages for 2015 were 61.41 ± 12.5 and 62.81 ± 10.96, respec-
tively. The averages for 2014 were 66.14 ± 14.15 and 60.83 ±
13.47, so there was no apparent improvement. The post-test Tukey
HSD analysis indicated no significant differences as a result of
changing the sequence of topics. In a same way, the averages for
Exams 3 and 4 in 2014, which covered molecular genetics (69.37 ±
14.15 and 73.21 ± 11.88), were similar to those for Exams 1 and 2
in 2015 (70.08 ± 15.83 and 65.8 ± 13.2). Again, the post-test Tukey
HSD analysis indicated the differences were insignificant.

Figure 3 shows the final grade distributions for the two years.
Creighton does not use minus grades, so only grades of A, B+, B, C+,
C, and D are shown. About 10 percent of the students withdrew from

the course each year before the end of the semester. Although the
averages on the exams were consistently less than 70 percent, the
students were able to raise their total points for the semester
through the open-book, group homework assignments, a supple-
mentary problem set, and a term paper in 2014, and a 5 percent
grade inflator in 2015. I also adjusted the final percentage cut-offs
slightly from the standard Creighton grading scale (A = 90–100%,
B+ = 87–89.9%, B = 80–86.9%, etc.). I confirmed with the other
instructors and the Department Chair that these grades were typi-
cal of past performance in the class.

Perspectives and Conclusions
This natural experiment indicates that in the General Genetics
course at Creighton University, it makes little difference whether
Mendelian genetics is presented before molecular genetics or vice
versa. I found that in both 2014 and 2015, some students did better
in the section on molecular genetics than they did in the section
on Mendelian genetics. Other students did better in the section on
Mendelian genetics than they did in the section on molecular genet-
ics. With the addition of points from the homework assignments
and other supplementary points, the scores balanced out so the final
percentage scores and grade distributions were similar. In general,
however, students had more difficulty with the Mendelian genetics
section than they did with the molecular genetics section.

The student course evaluations did not differ with the approach
and were decidedly mixed each year (average of about 3.5 out of
5 on the most general questions). For some students, I was one of
the best instructors they had ever had, but for others I was one of
the worst. For some, the workload and exams were reasonable, but
for others the material was too difficult and the exams were too long
and too hard. For some, there was a good correlation between the
class presentations and the exams, but for others these were discon-
nected. Interestingly, none of the students commented on the
sequence of topics in the semester that they took the class. The fact
that the means on the exams were around 60–65 percent was a
source of much anxiety. Many biology majors at Creighton have
high aspirations and are focused on health-related careers. The pos-
sibility of not getting an A or B+ was a major concern. Other faculty
in the department told me that is not unusual for this class and that
my experience there was normal.

My general conclusion from this experiment is that “Mendel
first” or “molecules first” is not the right question to ask about a
General Genetics course. Better questions to ask are, what do the
students find difficult about each of these aspects of genetics, and
how can their performance on exams in each area be improved.
In the case of Mendelian genetics, the major difficulties were related
to data interpretation and analysis. For many students, this was an
entirely new experience that required the ability to think through
various possibilities and a level of numerical fluency they had not
yet attained. Although I assigned many problems from the textbook
and gave them extensive homework assignments, many students
struggled with these types of questions. I gave them handouts with
suggestions for how to do this, including references to specific
books (Kowles, 2001; Elrod & Stansfield, 2010; Nickla, 2010),
links to various web sites, and examples from other textbooks.
I also spent many hours each week helping students with the
homework problems. However, many of them never figured out

Figure 2. Mean percentage scores (±1 SD) for the five exams
in the Fall semester of 2014 and for the four exams in Fall
semester of 2015. An ANOVA analysis of the data was done
with an online program (Vasavada, 2016), and post-test analysis
indicated no significant differences based on the order of the
topics.

Figure 3. Distribution of final grades in General Genetics for
the Fall semester of 2014 (open bars) and the Fall semester of
2015 (filled bars).
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how to solve genetic problems effectively. They often looked for
quick short-cuts or formulas, and would not take the time needed
to work through the possibilities. As the course moved along, they
sometimes forgot about topics we had discussed before. The low
scores on Exam 5 in 2014 were a clear example of this.

In the case of the molecular genetics section, the major difficul-
ties were related to the complexity of some of the material that was
not in the textbook, to the need to recall concepts at different times
during the class, and to the students’ abilities to deal with the short-
answer questions on the exams. Although the textbook by Griffiths
et al. is very good at presenting genetic analysis and contains exten-
sive end-of-the-chapter problem sets, its discussion of molecular and
microbial genetics is largely historical. I had to supplement the mate-
rial on DNA replication, transcription, translation, and DNA repair
with additional slides in the PowerPoint presentations. Likewise,
I had to present many modern techniques like high-throughput
DNA sequencing, genome analysis, and transcriptome and proteome
analysis, which were not covered in the book at all. Although I had
thought that the students might do better on the exams dealing with
this material, that was not consistently the case. They often did not
remember the basics of DNA structure and metabolism when the
issues of DNA repair and recombination or transposition came up
later in the course. Many students came into the class from large
courses like General Biology where the exams were composed entirely
of multiple-choice questions. They had difficulty in understanding
what was expected to get full-credit on a short-answer question and
in writing good answers during the exam itself. Although I included
similar questions as part of the homework assignments, they often
complained even when they were given partial credit on an exam
question. To them, getting 7 out of 10 possible points looked like
70 percent and a C. Getting 5 or 6 points was even worse.

From this experiment, I believe each instructor needs to deter-
mine the best sequence for their students, based on the organization
of their department’s curriculum, his or her personal background
and experience, and the choice of textbook. Most genetics textbooks
are now very large (700–800 pages) and contain more material than
can be reasonably covered in one semester. For a survey course that
attempts to cover both Mendelian genetics and molecular genetics,
I still think the “molecular first” approach may be the best, particu-
larly if the students do not have to take a course like Cell Structure
and Function first. My own background is in microbial genetics
and molecular biology, so these are topics in which I have a particu-
larly strong interest. Other instructors whose interests are in geno-
mics, evolution, or human genetics may have other preferences.
Because genetic analysis is so hard for many students today, it might
be preferable to move most of the molecular material into a separate
course in Molecular Genetics (Molecular Biology) or to include it in a
course in Cell Structure and Function. By doing this, the General
Genetics course could move at a slower pace and give students suf-
ficient time to learn how to deal with the analytical problems. The
ability of the students to deal with both genetic problems and
short-answer questions seems to be related primarily to the amount
of practice they get.

As noted in the Introduction, the AAAS proposal entitled Vision
and Change, which suggests major revisions in undergraduate bio-
logy, refers to several topics that are included in a General Genetics
course. Of the five core concept areas, General Genetics is most
important for Evolution and for Information Flow, Exchange, and

Storage. Of the six core competencies, General Genetics is critical
to the Ability to Apply the Process of Science, the Ability to Use
Quantitative Reasoning, the Ability to Use Modeling and Simula-
tion, and the Ability to Understand the Relationship between Sci-
ence and Society. Although the Vision and Change document is
very useful in outlining these core concepts and competencies, it
is less clear about the order in which specific courses might be
taken and about how students might gradually develop their scien-
tific and intellectual skill. Mead et al. (2017) found that teaching
Genetics before Evolution to high school students in the United
Kingdom helped student understanding but did not change their
acceptance of the evolutionary process.

Some genetics instructors have suggested discarding the “canon”
found in most textbooks and restructuring the General Genetics
course completely (Redfield, 2012). However, to the extent that
the course needs to prepare students to take standardized tests like
the Graduate Record Exam (GRE) or Medical College Admissions
Test (MCAT), I do not think the basic content of Mendelian genetics
and molecular genetics can be eliminated completely. Nevertheless,
there is a need to discuss how best to present this material to con-
temporary students. Several authors have looked recently at these
issues (Pavlova & Kreher, 2013; McElhinny et al., 2014; Smith &
Wood, 2016), and it is important for this conversation to continue.
To assess how different curricula or teaching approaches affect stu-
dent learning, some instructors may want to use a standardized con-
cept assessment test for either Mendelian genetics (Smith et al.,
2008) or molecular genetics (Couch et al., 2015). These tests might
be used as either pre-tests or post-tests. Further explorations of the
“Mendel first” or “molecules first” question in different institutions
with varying student populations would be very helpful.

Acknowledgments
I thank Dr. Pamela A. Marshall of the West campus of Arizona State
University for helpful discussions and for reading the manuscript.
I also thank the faculty and staff in the Department of Biology at
Creighton University for their hospitality while I was there.

References
American Association for the Advancement of Science (AAAS). (2011).

Vision and change in undergraduate biology education: A call to action.
Washington, DC.

Andrews, T. M., Leonard, M. J., Colgrove, C. A. & Kalinowski, S. T. (2011).
Active learning not associated with student learning in a random sample
of college biology courses. CBE-Life Sciences Education, 10, 394–405.

Brooker, R. J. (2017). Genetics: Analysis and principles (6th ed.). New York:
McGraw-Hill Education.

Brownell, S. E., Freeman, S., Wenderoth, M. P., & Crowe, A. J. (2014). BioCore
Guide: A tool for interpreting the core concepts of vision and change
for biology majors. CBE-Life Sciences Education, 13, 200–211.

Cheesman, K., French, D., Cheesman, I., Swails, N., & Thomas, J. (2007). Is
there any common curriculum for undergraduate biology majors in the
21st century? BioScience, 57, 516–522.

Couch, B. A., Wood, W. B., & Knight, J. K. (2015). The molecular biology
capstone assessment: A concept assessment for upper-division
molecular biology students. CBE-Life Sciences, 14, 1–11.

THE AMERICAN BIOLOGY TEACHER VOLUME. 80, NO. 4, APRIL 2018268



Duncan, R. G., Castro-Faix, M., & Choi, J. (2016). Informing a learning
progression in genetics: Which should be taught first, Mendelian
inheritance or the central dogma of molecular biology? International
Journal of Science and Mathematics Education, 14, 445–472.

Elrod, S. L., & Stansfield, W. D. (2010). Schaum’s Outline of Genetics (5th
ed.). New York: McGraw-Hill Education.

Genetics Society of America (GSA). (2015). Core concepts and
competencies in genetics. Retrieved from http://www.genetics-gsa.org/
education/GSAPREP_CoreConcepts_CoreCompetencies.shtml

Griffiths, A. J. F., Wessler, S. R., Carroll, S. B., & Doebley, J. (2015).
Introduction to Genetic Analysis (11th ed.). New York: W. H. Freeman
and Company (10th edition, 2012).

Hartl, D. L., & Ruvolo, M. (2012). Genetics: Analysis of genes and genomes
(8th ed.). Burlington, MA: Jones and Bartlett Learning.

Hartwell, L. H., Goldberg, M. L., Fischer, J. A., Hood, L., & Aquadro, C. F. (2015).
Genetics: From genes to genomes (5th ed.). New York: McGraw-Hill
Education.

Klug, W. S., Cummings, M. R., Spencer, C. A., Palladino, M. A., & Killian, D.
(2015). Concepts of Genetics (11th ed.). Boston: Pearson Education.

Kowles, R. (2001). Solving Problems in Genetics. New York: Springer-Verlag.

Lee, W. T., & Jabot, M. E. (2011) Incorporating active learning techniques
into a genetics class. Journal of College Science Teaching, 40, 94–100.

McElhinny, T. L., Dougherty, M. J., Bowling, B. V., & Libarkin, J. C. (2014). The
status of genetics curriculum in higher education in the United States:
Goals and assessment. Science & Education, 23, 445–464.

Mead, R., Hejmadi, M., & Hurst, L. D. (2017) Teaching genetics prior to
teaching evolution improves evolution understanding but not
acceptance. PLOS Biology, 15, e2002255.

Nickla, H. (2010). How to Solve Genetics Problems. San Francisco:
Benjamin/Cummings Pearson Education.

Pavlova, I. V., & Kreher, S. A. (2013). Missing links in genes to traits:
Towards teaching for an integrated framework of genetics. American
Biology Teacher, 75, 641–649.

Pierce, B. A. (2016). Genetics: A conceptual approach (6th ed.). New York:
W. H. Freeman and Company.

Redfield, R. J. (2012). “Why do we have to learn this stuff?”—A new
genetics for 21st century students. PLoS Biology, 10(7), e1001356.

Russell, P. J. (2005). iGenetics: A Mendelian approach (1st ed.). Boston:
Benjamin/Cummings Pearson Education.

Russell, P. J. (2009). iGenetics: A molecular approach (3rd ed.). Boston:
Pearson Education.

Sanders, M. F., & Bowman, J. L. (2015). Genetic analysis: An integrated
approach (2nd ed.). Boston: Pearson Education.

Smith, M. K., & Wood, W. B. (2016). Teaching genetics: Past, present, and
future. Genetics, 204, 5–10.

Smith, M. K., Wood, W. B., & Knight, J. K. (2008). The genetics concept
assessment: A new concept inventory for gauging student
understanding of genetics. CBE-Life Sciences, 7, 422–430.

Snustad, D. P., & Simmons, M. J. (2016). Principles of Genetics (7th ed.).
Hoboken, NJ: John Wiley & Sons.

Vasavada, N. (2016). One-way ANOVA (ANalysis Of VAriance) with post-
hoc Tukey HSD (Honestly Significant Difference) Test Calculator for
comparing multiple treatments. Available at http://astatsa.com/
OneWay_Anova_with_TukeyHSD/

Waldrop, M. M. (2015). The science of teaching science. Nature, 523, 272–274.

CHARLES E. DEUTCH is Professor Emeritus in the School of Mathematical
and Natural Sciences at the West campus of Arizona State University,
Phoenix, AZ 85069-7100; email: Charles.Deutch@asu.edu. This study was
done while he was a Resident Professor in the Department of Biology at
Creighton University in Omaha, NE 68178.

THE AMERICAN BIOLOGY TEACHER TEACHING GENERAL GENETICS 269

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=269&exitLink=http%3A%2F%2Fwww.genetics-gsa.org%2Feducation%2FGSAPREP_CoreConcepts_CoreCompetencies.shtml
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=269&exitLink=http%3A%2F%2Fwww.genetics-gsa.org%2Feducation%2FGSAPREP_CoreConcepts_CoreCompetencies.shtml
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=269&exitLink=http%3A%2F%2Fastatsa.com%2FOneWay_Anova_with_TukeyHSD%2F
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=269&exitLink=mailto%3ACharles.Deutch%40asu.edu
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=269&exitLink=http%3A%2F%2Fastatsa.com%2FOneWay_Anova_with_TukeyHSD%2F


The general categories of articles are: 

Feature Article (up to 4000 words) are those of general interest to 
readers of ABT. Consider the following examples of content that falls 
into the feature article category:

a. Research on teaching alternatives, including evaluation of a new 
method, cooperative learning, concept maps, learning contracts, 
investigative experiences, educational technology, simulations 
and games and biology standards

b. Social and ethical implications of biology and how to teach such 
issues, genetic engineering, energy, pollution, agriculture, popu-
lation, health care, nutrition, sexuality, and gender, and drugs

c. Reviews and updates of recent advances in the life sciences in 
the form of an “Instant Update” that bring readers up-to-date in 
a specific area 

d. Imaginative views of the future of biology education and sugges-
tions for coping with changes in schools, classrooms and students

e. Other timely and relevant and interesting content like discus-
sions of the role of the Next Generation Science Standards in 
biology teaching, considerations of the history of biology with 
implications for the classroom, considerations of the continuum 
of biology instruction from K-12 to post-secondary teaching 
environments, contributions that consider the likely/ideal future 
of science and biology instruction.

Research on Learning (up to 4000 words) includes reports of 
original research on innovative teaching strategies, learning methods, 
or curriculum comparisons. Studies should be based on sound research 
questions, hypotheses, discussion of an appropriate design and proce-
dures, data and analysis, discussion on study limitations, and recom-
mendations for improved learning.

Inquiry and Investigations (up to 3000 words) is the section of 
ABT that features discussion of innovative and engaging laboratory 
and field-based strategies. Strategies in this section should be original, 
focused at a particular grade/age level of student, with all necessary 
instructions, materials list, worksheets and assessment tools, practical, 
related to either a particular program such as AP and/or linked to stan-
dards like NGSS. The most appropriate contributions in this category are 
laboratory experiences that engage students in inquiry.

Tips, Tricks and Techniques (up to 1500 words but may be much 
shorter) replaces the How-To-Do-It and Quick Fix articles. This section 
features a range of suggestions useful for teachers including laboratory, 
field and classroom activities, motivational strategies to assist students 
in learning specific concept, modifications of traditional activities, new 
ways to prepare some aspect of laboratory instruction, etc.

Revised January 2016

All manuscripts must be submitted online at  
http://mc.manuscriptcentral.com/ucpress-abt

•  Authors will be asked to register the first time they enter the site. 
After receiving a password, authors can proceed to upload their 
manuscripts through a step-by-step process. Assistance is always 
available in the “Author Help” link found in the menu on the 
left side of the page. Additional assistance is available from the 
Managing Editor (managingeditor@nabt.org).

• Manuscripts must be submitted as Word or WordPerfect files. 

• Format manuscripts for 8.5 × 11-inch paper, 12-point font, double-
spaced throughout, including tables, figure legends, and references. 

• Please place figures (including photos) and tables where they are 
first cited in the text along with appropriate labels. Make sure to 
include figure and table citations in the text as it is not always 
obvious where they should be placed. At the time of initial submis-
sion, figures, tables and images should be low resolution so that 
the final file size remains manageable.

• If your article is accepted, we will require that figures be submit-
ted as individual figure files in higher resolution form. See below 
for file format and resolution requirements.

• NOTE: Authors should be aware that color is rarely used within the 
journal so all artwork, figures, tables, etc. must be legible in black 
and white. If color is important to understanding your figures, 
please consider alternative ways of conveying the information.

• Authors are encouraged to submit multimedia files. Acceptable 
file formats include MP3, AVI, MOV, WMV, and FLV. 

•  Communications will be directed to only the first author of multi-
ple-authored articles. 

•  At least three individuals who have expertise in the respective content 
area will review each article.  

•  Although the editors attempt to make decisions on articles as soon 
as possible after receipt, this process can take six to eight months 
with the actual date of publication to follow. Authors will be 
emailed editorial decisions as soon as they are available.

• Accepted manuscripts will be forwarded to the Copy Editor for edit-
ing. This process may involve making changes in style and content. 
However, the author is ultimately responsible for scientific and tech-
nical accuracy. Page proofs will be sent to authors for final review 
before publication at which time, only minor changes can be made.

THE AMERICAN BIOLOGY TEACHER

ABT AUTHORS &  P H OTO G R A P H E R S 

Guidelines 
We encourage our readers, biologists with teaching interests, and biology 
educators in general, to write for The American Biology Teacher. This 
peer-reviewed journal includes articles for teachers at every level with 
a focus on high school and post-secondary biology instruction. 

continued

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=270&exitLink=http%3A%2F%2Fmc.manuscriptcentral.com%2Fucpress-abt
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=270&exitLink=mailto%3Amanagingeditor%40nabt.org


The Chicago Manual of Style, 14th Edition is to be used in regards to 
questions of punctuation, abbreviation, and style. List all references in 
alphabetical order on a separate page at the end of the manuscript. 
References must be complete and in ABT style. Please review a past 
issue for examples. Use first person and a friendly tone whenever 
appropriate. Use concise words to emphasize your point rather than 
capitalization, underlining, italics, or boldface. Use the SI (metric) sys-
tem for all weights and measures. 

NOTE: All authors must be current members of NABT or a charge of 
$100 per page must be paid before publication. 

Several times a year the ABT has issues that focus on a specific area of 
biology education. Future focus issues are published in most issues. The 
editors highly encourage potential authors to consider writing their 
manuscripts to align with the future focus topics.

Thank you for your interest in The American Biology Teacher. We look 
forward to seeing your manuscripts soon. 

William McComas, Editor-in-Chief, ABTEditor@nabt.org
Mark Penrose, Managing Editor, managingeditor@nabt.org

General Requirements 
•  When your article is accepted, we will require that  

  figures be submitted as individual figure files in     
 higher resolution format. See below for file format  
 and resolution requirements.

  •   NOTE:  Authors should be aware that color is rarely  
              used within the journal so all artwork, figures, tables, etc. must 
be legible in black and white. If color is important to understanding your 
figures, please consider alternative ways of conveying the information.

Halftone (photographic) figures

Digital files must meet the following guidelines:
• Minimum resolution of 300 DPI, though 600 DPI is preferred.

• Acceptable file formats are TIFF and JPEG.

• Set to one-column (3.5” wide) or two-column size (7” wide).

• If figure originates from a web site, please include the URL in the fig-
ure caption. Please note that screen captures of figures from a web-
site are normally too low in resolution for use.

Line art figures

• Minimum resolution of 600 DPI, though 1200 DPI is preferred.

• Acceptable file formats are TIFF, BMP, and EPS.

• Set to one-column (3.5” wide) or two-column size (7” wide).

If you have any questions, contact Mark Penrose at  
managingeditor@nabt.org.

Submissions of cover photographs from NABT 
members are strongly encouraged. Covers are 
selected based on the quality of the image, 
originality, overall composition, and overall interest 
to life science educators. ABT has high standards for 
cover image requirements and it is important for 
potential photographers to understand that the size 
of the cover image generally precludes images taken 
with cell phones, point-and-shoot camera and even 
some older model digital SLR cameras.

Please follow the requirements listed below.

1. E-mail possible cover images for review to 
Assistant Editor, Kathleen Westrich at  
kmwestrich@yahoo.com.

2. Choose images with a vertical subject orienta-
tion and a good story to tell.

3. Avoid cropping the subject too tightly. It is best  
to provide an area of background around  
the subject.

4. Include a brief description of the image, details 
of the shot (i.e., circumstances, time of day, loca-
tion, type of camera, camera settings, etc.), and 
biographical information in your e-mail message.

5. Include your name, home and e-mail address, 
and phone numbers where you can be reached.

6. Please ensure that the image meets the mini-
mum standards for publication listed below and 
has not been editors or enhanced in any way. 
The digital file must meet the minimum resolu-
tion of 300 pixels per inch (PPI)—preferred is 400 
PPI— and at a size of 8.5 x 11.25”. We accept TIFF 
or JPEG images only. 

7. For exceptional images, the editors will also 
accept sharp, clear, color 35 mm slides. Submit 
only the original; duplicates will not be accepted. 
Be sure to clearly label your slides with your 
name and contact information in ink. Contact 
Assistant Editor Kathy Westrich beforehand to 
discuss the possibility of submitting a 35mm 
slide or other non-digital format for consider-
ation as an ABT cover.

ABT AUTHORS &  P H OTO G R A P H E R S Guidelines 
continuation

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=271&exitLink=mailto%3AABTEditor%40nabt.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=271&exitLink=mailto%3Amanagingeditor%40nabt.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=271&exitLink=mailto%3Amanagingeditor%40nabt.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=271&exitLink=mailto%3Akmwestrich%40yahoo.com


ABSTRACT

Climate change can drive evolution. This connection is clear both historically
and in modern times. The three-lesson curriculum described below provides
opportunities for students to make connections between climate change and
evolution through various modes of inquiry and self-investigation. Students
examine how genetic variation may either facilitate or limit the ability for
species to survive changing climates through work with the model organism
Drosophila melanogaster. Students are asked to layer new understanding
of the mechanisms of evolution onto their observations of genetic variation in
fruit fly thermotolerance, and then synthesize this information to make
predictions regarding the survival of species threatened by climate change.

Key Words: climate change; evolution; Drosophila melanogaster; thermotolerance.

Introduction
Climate change is an important and timely topic that unites many
concepts in the biology curriculum. A recent study of 1500 public
middle- and high-school science teachers from all 50 U.S. states found
that although most students will be exposed to climate change in a
science class, the average teacher devotes only one to two hours
of instructional time to the topic (Plutzer
et al., 2016). With so little time devoted to
climate change education, teachers are miss-
ing a valuable opportunity to use climate
change as a unifying concept to educate stu-
dents about the nature of science and evolu-
tion. Despite the fact that climate change is
driving both ecological and evolutionary
change in contemporary populations, many
teachers cover these topics as separate, dis-
crete units. As classroom teachers, we felt this
unconnected, multiunit approach could result in student misconcep-
tions and a general lack of understanding about the importance of cli-
mate change on evolution. We emphasize that climate change can

result in rapid, measurable, real-time evolutionary events. Many
scientific studies show a range of species are experiencing genetic
changes in response to recent, rapid climate change (Bradshaw &
Holzapfel, 2006; Hoffmann & Sgro, 2011; Penuelas et al., 2013;
Scheffers et al., 2016). Unfortunately, this perspective of rapid
modern evolution is not covered in most classrooms.

In this three-lesson curriculum unit (Table 1), we strive to
develop student understanding of the impact climate change can
have on microevolution in contemporary populations using the
model organism Drosophila melanogaster. The objective of this cur-
riculum is to unify teaching of climate change and evolution by
providing students opportunities to assess natural genetic variation
for cold tolerance in D. melanogaster and discuss the implications
for genetic variation to allow for adaptation by natural selection
and species persistence despite a changing climate.

We open with a data-collecting activity using species “informa-
tion trading cards” to give students a broader understanding of cli-
mate change impacts on various species. Students discover that not
all species have the capacity to survive rapid climate change. These
cards illustrate climate change “winners” and “losers,” and emphasize
the critical concept that some species may benefit from climate
change by expanding their ranges, population sizes, or number of

generations per year, whereas other species may
suffer more with reduced ranges, decreased pop-
ulation sizes, and even extinction (Foden et al.,
2013). In the second lesson, students perform a
laboratory investigation using genetically defined
lines of the fruit fly D. melanogaster to investigate
genetic variation in climate-change-related pheno-
types. Students relate their laboratory observa-
tions to the mechanisms of evolution and
perform statistical analyses. In the third lesson,
we extend our discussion of climate change driv-

ing natural selection using a series of examples that highlight the
diversity of species’ responses to climate change and reinforce stu-
dents learning the forms of natural selection: directional, stabilizing,

Climate change is an
important and timely
topic that unites

many concepts in the
biology curriculum.
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and disruptive selection. Students are asked to synthesize their
understanding of evolution and climate change to make predictions
about the survival of species currently threatened by climate change.
Taken together, these three lessons provide students the opportu-
nity: (1) to learn that species may differ in their responses to climate
change; (2) to assess natural genetic variation for cold hardiness, a
climate-related trait in D. melanogaster; and (3) to discuss the impli-
cations for genetic variation to allow for adaptation by natural selec-
tion and species persistence despite a changing climate.

Drosophila melanogaster as a Model Organism for
Studying Climate Change
One aim of the Next Generation Science Standards is to more closely
align science teaching and scientific processes. Thus, students must
be exposed to the concept that some organisms can serve as models
for much broader groups of organisms or for a set of scientific
topics. Models are representations of complex phenomena that
help students understand content, and do so in a way consistent
with what scientists actually do in both laboratory and field settings
(Bryce et al., 2016). Expanding the concept of using models, we
found that D. melanogaster as a model organism was a good way
to represent the larger biological phenomena of evolution and
responses to climate change. D. melanogaster and other Drosophila
species have served as models for thermal biology for decades, cov-
ering concepts from genetics of high-temperature responses to sea-
sonal ecology, where they have often been used to model effects of
climate change. Fruit flies are frequently chosen as a model organ-
ism for scientific studies because they have short life cycles, are
more cost-effective than many other organisms (e.g., mice), and
are easy to care for with limited space and effort. These same char-
acteristics also make them ideal for classroom use.

D. melanogaster is a world-wide invasive species spread by peo-
ple in stored foods and refuse that now occurs on almost every con-
tinent (David et al., 2007; Keller, 2007). This small fly originated in
equatorial Africa, an area characterized by limited seasonality and
generally warm temperatures. As the fly spread into more seasonal
environments in the temperate zones of both the northern and
southern hemispheres, populations have undergone rapid adapta-
tion for cold hardiness and other seasonal traits (David et al.,
1998; Hoffmann et al., 2002; Schmidt & Paaby, 2008). Thermal har-
diness traits show a strong heritable genetic component across pop-
ulations of D. melanogaster, as well as other invertebrates, along
latitudinal clines from tropical to temperate locales consistent with
directional natural selection (David et al., 2003; Gibert & Huey,
2001; Hoffmann, 2010; Sinclair et al., 2012).

Although multiple axes of cold hardiness differ among Drosophila
populations, one of the most commonly measured traits which varies
with latitude is chill coma recovery time. At low temperatures
(below 4–7oC), insects and other ectotherms lose coordinated
movement, resulting in an inactive state known as a “chill coma”
(Sinclair et al., 2012). Flies sampled from populations originating
in seasonally cool temperate locales typically recover more quickly
from cold exposure than flies from warmer tropical locales (David
et al., 2003; Gibert & Huey, 2001; Hoffmann, 2010; Sinclair et al.,
2012). Because flies in chill coma cannot move to disperse, find
mates, court, feed, or avoid predators, it is thought that the ability
to recover quickly from chill coma is adaptive in seasonal habitats
where flies may experience cold temperatures overnight that warm
quickly in the morning. Chill coma recovery time has a clear, heritable
genetic basis with polygenic quantitative patterns of inheritance. Indi-
vidual genotypes within many populations clearly differ in this trait,
showing that there is substantial naturally segregating variation in chill

Table 1. A suggested pacing guide that can be used with the curriculum based on 45-minute class
periods. Since the classroom teacher knows his or her students best, the teacher should decide the
sequencing of lessons. The curriculum is available at https://www.cpet.ufl.edu/resources/curricula/.

Week 1 Week 2

Day 1
Homework Prior to Lesson ONE:
Background article reading with guided questions.
Administer pre-assessment (if using).

Lesson TWO (extension):
Hardy-Weinberg extension lesson and practice set.

Day 2

Lesson ONE:
Winners and Losers of Climate Change—
Debrief background reading guide.
Complete Winners and Losers activity with species
cards; debrief.

Lesson THREE:
Patterns of Natural Selection—
Types of Selection lesson and practice.

Day 3

Lesson TWO:
Chill Coma Assay and Evolution Investigation—
Assay background presentation.
Run assay; collect raw data.

Lesson THREE:
Patterns of Natural Selection—
Types of Selection lesson and practice.

Day 4
Lesson TWO:
Chill Coma Assay and Evolution Investigation—
Data analysis and lab wrap-up questions.

Administer post-assessment.

Day 5
Lesson TWO:
Chill Coma Assay and Evolution Investigation—
Mechanisms of Evolution student investigation pages.
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coma recovery time (Hoffmann et al., 2002; Morgan&Mackay, 2006;
Norry et al., 2008; Mackay et al., 2012).

Methods

Chill Coma Assay Design
This curriculum was developed in collaboration with a university
researcher to bring an existing research protocol, known as the chill
coma recovery time assay, from the field of evolutionary thermal bio-
logy to the high school classroom. In the chill coma assay protocol,
vials containing approximately 10 flies from six genetically distinct
lines of D. melanogaster (for a total of 60 flies) are placed on ice for
three hours to induce a chill coma. The recovery times of flies, defined
as a fly’s ability to walk, from each line are then measured.

Fly lines were taken from the Drosophila Genetic Reference Panel
(DGRP, Mackay et al., 2012). Each line was produced from a sepa-
rate, individually housed, wild-caught gravid female from a single
population of flies in Raleigh, North Carolina. Offspring of each
individual female were inbred >30 generations, producing >200
true-breeding isofemale lines (Mackay et al., 2012). True-breeding
isofemale lines are useful for studying the role of genetic variation
in phenotypic variation because allelic variants become fixed within
each line, but differ between lines. Differences in chill coma recovery
times among DGRP lines indicate substantial genetic variation for
chill coma recovery in the original population (Mackay et al.,
2012). Thus, there is potential for natural selection to act on this trait
in response to contemporary climate change.

These lines can be ordered from the Bloomington Drosophila
Stock Center (University of Indiana; http://flystocks.bio.indiana.edu/
Browse/RAL.php). We chose lines that recovered quickly (7–12
minutes, 25186/RAL-360, 25198/RAL-555, and 28178/RAL-356)
and lines that recovered slowly (>20 minutes, 28253/RAL-861,
28254/RAL-879, and 28260/RAL-897) to maximize phenotypic dif-
ferences students would observe. We suggest these lines to others,
but instructors could select from any number of lines with differences
in chill coma recovery time or other phenotypes of interest (Mackay
et al., 2012).

Lesson ONE: The Winners and Losers of Climate
Change
In Lesson ONE, students addressed the key question, “Are all species
equally affected by climate change?” Students were assigned two
homework articles to prepare for a class activity involving climate
change “winners” and “losers.” In the article “More Evidence that
Global Warming is Intensifying Extreme Weather” (Abraham,
2015), students learned how climate change is projected to produce
not only higher average temperatures, but also greater frequency of
extreme weather events including both heat waves and cold snaps.
This article confronts a common misconception that climate change
results only in rising temperatures. In the second article, “Evolution-
ary Response to Rapid Climate Change” (Bradshaw & Holzapfel,
2006), students learned about phenotypic plasticity, the ability of
one genotype to produce more than one phenotype when exposed
to different environments, and examined several examples of genetic
changes that have already occurred in species due to climate change.
Following a class discussion of the pre-reading, students worked in
small groups (2–4 students) to analyze eight climate-affected species

cards (included in the curriculum) and predicted which species pop-
ulations are likely to increase (“winner”) or decrease (“loser”) in
response to climate change trajectory. The cards are based on authen-
tic data available from a study that analyzed species vulnerable to
climate change (Foden et al., 2013). Students examined traits like dis-
persal ability, interspecific interactions, and habitat needs. Using addi-
tional information provided in a figure from Foden and colleagues
(2015), students made a prediction about each species’ ability to ben-
efit or struggle due to climate change (Figures 1 and 2). This activity
can correct two common misconceptions: (1) evolution only occurs
over very long, geologic time periods; and (2) climate change will neg-
atively affect all species. As an extension, students could conduct their
own research and create new climate-affected species cards. Students
could then trade cards with other groups and add new species to their
Species Vulnerability Matrix.

Lesson TWO: Chill Coma Assay and Evolution
Investigation
After students learned to identify species’ vulnerability to climate
change, Lesson TWO challenged students to determine the role
of evolution and natural selection in the long-term survival of a

Figure 1. Students analyzed information provided on species
cards to complete a matrix to assist in the prediction of
species survival based on current climate change trajectories
(see Figure 2).

Figure 2. Students determined vulnerability to extinction
due to climate change using this matrix (adapted from
Foden et al., 2013).
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species. Lesson TWO is a multiple-day activity in which students
conducted the chill coma recovery time assay and performed basic
statistical analyses of results to answer the driving question, “Is
there potential for natural selection to act upon chill coma recovery
in D. melanogaster?” This lesson is engaging and, importantly, mod-
els real scientific research because students performed the authentic
chill coma recovery time assay with live D. melanogaster specimens.

Students again worked in small groups to measure chill coma
recovery time on one line of flies. As a class, a standardized procedure
was developed based on the authentic protocol so group results could
be accurately compared. At the conclusion of the experiment, class
data were compiled to include replicates. Students created graphs of
the mean recovery time for each of the six genetically distinct lines,
and included standard errors of the means. A class discussion of
the data was held in which students identified that the six genetically
distinct fly lines vary in chill coma recovery time, indicating that chill
coma recovery time has a genetic basis and is a trait upon which nat-
ural selection could occur.

Next, students explored the mechanisms of evolution via self-
investigation. Students read passages discussing five classic mecha-
nisms of evolution: mutation, gene flow, non-randommating, genetic
drift, and natural selection. Passages can be modified by the instructor
to tailor the lesson to students’ ability or prior knowledge. Students
applied their new knowledge of evolution to further interpret the lab-
oratory data via a post-lab question set that begins with basic knowl-
edge questions and proceeds to more open-ended questions in which
students made their own connections between the content and labo-
ratory activity.

As an extension of the lab investigation and mechanisms of evolu-
tion lesson, AP-level students explored the Hardy-Weinberg principle
to quantify evolutionary change in a population of hypothetical fruit
flies. This activity further expanded the students’ understanding of
biostatistics using the Hardy-Weinberg equations and the chi-squared
statistical test. At the conclusion of Lesson TWO, AP-level students
could be required to write a formal lab report that includes a discus-
sion in which students expound upon the statistical results of their
experiment and make predictions about the ability of the fruit fly pop-
ulation to respond to climate change based on their newly acquired
knowledge of evolutionary mechanisms.

Lesson THREE: Patterns of Natural Selection
The third lesson asked students to synthesize their understanding of
microevolution and climate change to answer the essential question,
“What patterns of natural selection might occur as a result of climate
change?” using teacher-selected species from the Foden study. In
this one-day lesson, students learned about three forms of natural
selection: directional, stabilizing, and disruptive selection. Students
completed a practice set with different population scenarios and pre-
dicted what form of natural selection the population could undergo.
As a formative assessment, students worked in groups of three to
four to complete the Natural Selection in the Face of Climate Change
activity, where students identified how a real population of organ-
isms might respond to climate change. Students received a fact sheet
with a species description and a problem the species faces as a direct
result of climate change. Groups drew graphs to represent the selec-
tion event, before and after the effects of climate change, and wrote
an explanation of their predictions to support how species could
possibly avoid extinction (c.f. Figure 3). Student groups presented

to the whole class, and students filled in a graphic organizer listing
problems created by climate change and possible adaptations in
response to those problems (Figure 4).

This lesson concluded with a class discussion on the limits of
evolution: specifically, that species do not evolve because they need
and/or want to, and that species are limited by existing genetic varia-
tion.We emphasized that evolution occurs at the population level, not
the individual level. Finally, we discussed that the pace of evolution in
a species may or may not keep up with environmental changes due to
climate change.

Results

Student Outcomes
We implemented the curriculum in two different schools in AP Biology
and honors-level biology classes. In the AP setting, this curriculum was
used to begin the first unit on evolution. Students were asked to draw
on their previous knowledge of evidence of evolution and basic genetic
inheritance patterns from prior coursework. Students were previously
introduced to statistical analysis in prior activities. In the honors-level
class, the curriculumwas used as a culminating piece, after the comple-
tion of a genetics unit, to tie microevolution to macroevolution, which
had been introduced earlier in the course.

As teachers we observed higher levels of engagement using live
model organisms compared to lessons from previous years using
artificial representations of natural selection events (e.g., cut-out
peppered moth activity). In addition, students made many positive
comments about the curriculum on surveys. One stated: “I learned
the most from this lab because it gave me a chance to find answers
on my own, instead of just being told the answers.” Another shared
that “it was really cool to use live organisms and now I see how
species might change because of climate change.”

Modifications
For those who do not wish to or cannot use live fruit flies in the
classroom, Lesson TWO could be approached as a case study, and
students could be given data to analyze rather than collect their own.
A data set is available from the authors. To better understand the impact
of this curriculum on student understanding, a content knowledge
assessment (available in the curriculum) and measure of evolution
acceptance (GAENE, Smith et al., 2016) will be used as a repeatedmea-
sure and allow comparison across classrooms in future studies.

Figure 3. Sample answer key for a problem in the natural
selection group modeling activity.
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Conclusion
This curriculum facilitates diverse teaching and learning opportuni-
ties by combining science and mathematics and asking students to
engage in critical thinking the concepts presented. Our goal was to
have students engage in inquiry-based learning and naturally ask
their own questions about the effects of climate change and the
future of life on Earth. These questions will naturally touch on
diverse topics including genetics, evolutionary biology, emerging
pathogens, ecology, and the nature of science. Beyond science, it
was our hope that students would also engage in cross-curricu-
lum-based inquiry, especially involving the ongoing intersection
of climate change science and the politics of climate change policy
worldwide. By asking students to identify questions and concepts
that guide scientific inquiry, and having them learn how to conduct
a scientific investigation on their own, we believe students will

develop a deeper understanding of concepts presented and be more
prepared to educate themselves, their peers, and even their parents
on topics of climate change and evolution.

For teachers interested in implementing this curriculum unit, all
materials and detailed instructions can be found at: https://www.
cpet.ufl.edu/resources/curricula/
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Figure 4. Teacher key of completed graphic organizer from Lesson Three.
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ABSTRACT

Phylogenetics plays a central role in understanding the evolution of life on
Earth, and as a consequence, several active teaching strategies have been
employed to aid students in grasping basic phylogenetic principles. Although
many of these strategies have been designed to actively engage undergraduate
biology students at the freshman level, less attention is given to designing
challenges for advanced students. Here, I present a project-based learning
(PBL) activity that was developed to teach phylogenetics for junior and senior-
level biology students. This approach reinforces the theories and concepts that
students have learned in their freshman courses along with incorporating
Bioinformatics, which is essential for teaching zoology in the 21st century.

Key Words: systematics; morphology; discussion; pedagogy; active; learning.

Introduction
Phylogenetics is the study of the evolutionary relationships of indi-
vidual species and groups (Nei & Kumar, 2000). The discipline
plays a central role in the understanding of modern evolutionary
theory but also extends to other fields such as DNA barcoding,
phylogeography, and conservation biology (Avise, 1989; Hajibabaei
et al., 2007). Undergraduates in most biology programs across
the United States are usually introduced to phylogenetics early in
their introductory coursework with technical terms such as “mono-
phyly,” “parsimony,” and “synapomorphy/symplesiomorphy” becom-
ing staple terms in their vocabulary by the end of their freshman year.
Students are also expected to have covered the “morphological versus
molecular tree” debate in which themes such as convergent evolution
and homology are reinforced. In upper-level biology courses, where
advanced students are expected to delve into the literature in detail,
many instructors often assume that their class has at least a basic
understanding of phylogenetics and is able to interpret the topology
of a phylogenetic tree if one is included in an assigned research paper.
However, previous studies have shown that even advanced biology

students often harbor a variety of misconceptions about building
and interpreting phylogenetic trees (Lents et al., 2010).

The obvious solution would be to implement more effective
pedagogical techniques in introductory biology classes for teach-
ing phylogenetics. Multiple case studies have attempted this,
and the use of tree-building exercises have been shown to improve
students’ abilities to read and interpret tree topologies (Eddy et al.,
2013). In this paper, I describe a project-based approach to teach-
ing phylogenetic reconstruction. Project-based learning (PBL) con-
sists of a broad range of pedagogical strategies that use projects as
a central component. These projects extend over a period of time,
vary in complexity based on the students’ aptitude, and actively
engage them in design, problem-solving, investigative activities
and decision making (Blumenfeld et al., 1991; Bell, 2010). This
strategy facilitates autonomous work, stimulates critical thinking,
and often culminates in a final realistic product such as a presenta-
tion or report. A major component of PBL is instructor feedback at
crucial intervals during the course of the project. It is during these
intervals that the important processes of reflection and recalibra-
tion occurs, which in turn, facilitate deep learning.

Significance of the Mollusca as the Focal Phylum
for Investigation
In this project we use the phylum Mollusca as a case study. Molluscs
are the second most speciose group of animals on our planet, con-
sisting of more than 85,000 extant species with many more repre-
sented in the fossil record. Even more impressive is their ecological
and physiological diversity and the fact that the diverse body plans
observed across the different families is believed to have evolved
from a basic ground pattern. Despite a series of systematic and
phylogenomic studies in the late 1990s and 2000s, the monophyly
of the group remains a contentious issue. Furthermore, some impor-
tant questions on molluscan evolution remain unanswered. For
example, does the shell-less condition of the Aplacophora represent
an ancestral condition? This question is critical for molluscan evolu-
tion as it could shed light on the origin of the molluscan shell and
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whether it is truly an ancestral trait for this group. Also, how can one
explain the extreme divergence of many cephalopods such as squids
and octopuses, whose complex sensory structures such as eyes and
advanced cognitive capabilities place them in stark contrast to their
gastropod (snails) and bivalve (clams, oysters, scallops) cousins?
The Mollusca therefore represents an ideal phylum for zoology
students to investigate through PBL as it allows them to address
broad evolutionary questions through phylogenetic reconstruction
of highly diverse taxa.

Methods
This project was developed as part of a student-centered introduc-
tory zoology course geared toward advanced biology students.
The class size was 16, comprised of juniors and seniors. Pre-
requisite coursework included introductory-level molecular biology
along with ecology and evolution. It is advisable that instructors com-
plete their lectures onmolluscs prior to assigning this project. The proj-
ect was carried out over four class periods of 75 minutes each: Day 1,
prep stage; Day 2, morphological analysis; Day 3, molecular analyses;
Day 4, presentation and wrap up (Figure 1). On Day 1 students were
organized into groups of four, briefed on the project (~20 minutes)
and watched a 15-minute video on Mollusca (https://www.youtube.
com/watch?v=xKjeJlfdcBQ). The debriefing should consist of an
objective for the entire class—e.g., “The objective of this project is
to elucidate the evolutionary relationships among selected mollus-
can taxa using morphological and molecular data”—a timeline for
completion (Figure 1), and a grading rubric, along with expecta-
tions and a list of deliverables for the project. Students are then
instructed to organize into groups (five to six students per group
worked well in my class) and choose their group leader. Leaders
designate tasks and must be willing to accept responsibility for
completion of the project. After assigning this project in 2015
and again in 2017, I found that the most productive group config-
uration involved having two students complete the morphology
tree (one student builds the character matrix, the other constructs
the tree), two students on the molecular tree (one student mines
and compiles sequences, the second edits, aligns, and builds
the tree), and a fifth student who mines the literature and helps
the group leader with the progress report and presentations. The

progress report will include a summary of each group member’s
contribution for each time the group meets (either outside or
during class), problems that arose, and possible solutions. This
configuration controls for “free-riding,” ensuring that all students
in a group contribute to the final product, however it does incur
“transaction costs” as groups must also meet outside the classroom
(Yamane, 1996).

On Day 1, groups are also given eight molluscan taxa represent-
ing six classes and an outgroup taxon to root their trees (Table 1).
In this project, students used the annelid Chaetopterus cautus as an
outgroup because phylogenomic analyses have placed annelids as
the sister group to Mollusca (Kocot et al., 2011). It should be noted
that in Table 1 some classes (e.g., Bivalvia) are represented by more
than one species. The purpose of this is to reinforce the concepts of
“sister taxa” and monophyly by having students observe the bifurcat-
ing branches that they will recover from their analyses.

Morphological Tree Construction
On Day 2, each group must choose at least five phylogenetically
informative traits to be used in creating their character matrix for
their morphology tree (Table 2). The simplest way to execute this
task is to have students review lecture notes and their textbook
and search for traits that distinguish the higher molluscan groups
(e.g., gastropods vs. polyplacophorans, cephalopods vs. aplacophor-
ans, etc.). As these molluscan groups are very distinct, there are a
variety of traits from the basic molluscan body plan that can be used
for the morphological analysis. Once the character matrix is com-
pleted, student groups are then tasked with manually creating the
most parsimonious morphological tree. Based on the level of difficulty
desired, instructors can also provide a “trait bank” to help students or
give a list of mandatory traits for use to ensure that all groups are using
the same characters.

There are two options for constructing morphology trees: the
first involves using software such as PAUP* (Swofford, 1993) or
Mesquite (Maddison & Maddison, 2003), and the second is by
hand. The problem with using PAUP* and Mesquite is that traits
will need to be coded, which is not as straightforward as working
with molecular data (Pleijel, 1995). However, if the instructor is
familiar with coding morphological traits, then they may opt for
this option, keeping in mind that the project duration will be
extended to accommodate the time needed for students to familiar-
ize themselves with additional software. For the sake of simplicity,
groups in my course constructed their morphology trees by hand
using the following steps:

Step 1: Choose at least five phylogenetically informative traits.
Instructors should provide either a trait bank or have student
choose their own traits, which they can discuss with the instructor
prior to attempting tree construction. Students should be aware
that increasing the number of traits increases the number of possi-
ble trees that can be produced.

Step 2: Create a character matrix using both the ingroup and out-
group taxa. The outgroup taxon will be least similar to all of the
ingroup taxa and as such will be used to “root” the tree. Table 2 shows
an example of a character matrix developed by one of the groups in
the class (hereafter referred to as Group A).

Step 3: Construct the tree in such a way that you can see when
each of the traits either develops or is lost, and ensure that organ-
isms are grouped by shared traits. At this point instructors should

Figure 1. Summary of upper-level phylogenetics project for
zoology course.

THE AMERICAN BIOLOGY TEACHER TEACHING PHYLOGENETIC RECONSTRUCTION 279

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=279&exitLink=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DxKjeJlfdcBQ
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=279&exitLink=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DxKjeJlfdcBQ


reiterate the philosophy of parsimony in constructing phylogenetic
trees, i.e., the most preferred tree is the one with the least number
of mutational steps/character state changes.

Step 4: Groups should be prepared to give a five-minute pre-
sentation of their morphology tree to which instructors can provide
feedback. These presentations are not graded (although that can be
left to the preference of the instructor) but are used to help stu-
dents produce an improved phylogeny in the final presentation.

Molecular Tree Construction
OnDay 3, each group is given GenBank accession numbers correspond-
ing to each taxon (Table 1). For this project, I use archived sequences
from the cytochrome c oxidase I (CO1) gene due to its ubiquity in phy-
logenetic analyses and the short sequence lengths (400–700 bp), which
is convenient for teaching purposes. Two Bioinformatics software were
used, BioEdit (Hall, 1999) and MEGA (Tamura et al., 2007), both of
which are available for free online and offer a graphical user interface
(GUI) that allows for a user-friendly working environment. BioEdit
is a very simple Windows-based program that possesses extensive and

easy-to-use sequence editing capabilities, and MEGA is the pre-
ferred program for tree building in many undergraduate classrooms
and compatible with both Windows and Macintosh operating sys-
tems (Newman et al., 2016). I created a simple one-page manual
for using both programs but explicitly omitted troubleshooting,
as having advanced students struggle with the computational
glitches and coding issues that may occur is a crucial part of the
learning process (especially considering that these struggles are also
common among professional biologists!). Each group leader dele-
gates the following tasks to specific group members:

1. Mine and compile the sequence data from GenBank using the
accession numbers provided. Choose the FASTA format in
GenBank, and copy and paste all the sequences into a text-
editing file (Figure 2).

2. Use the ExPASY online translational tool to ensure gene func-
tionality, i.e., ensure that each sequence can be translated into
a functional protein (http://web.expasy.org/translate/). This is
important as it ensures that the archived sequences being used
are not pseudogenes and do not contain sequencing errors. In

Table 1. List of molluscan taxa to be used in the phylogenetics project along with GenBank accession
numbers for access to cytochrome c oxidase I (CO1) sequence data corresponding to each taxon.*

Taxa Molluscan Groups Accession Number**

Parachiton politus Polyplacophora HQ907881

Falcidens halanychi Aplacophora DQ371484

Crepidula fornicata Gastropoda KU566746

Haliotis midae Gastropoda AB236717

Crassostrea gigas Bivalvia AF280608

Mytilus edulis Bivalvia EU915580

Pulsellum salishorum Scaphopoda AY260832

Loligo reynaudi Cephalopoda AF075406

*Outgroup taxon: Chaetopterus cautus (Annelida), GenBank Accession number KX896507.
**Students are given accession numbers on Day 3.

Table 2. Example of Group A’s character matrix for in-group and outgroup taxa.

Trochophore
larvae

CaCO3

shell
Plated
Shell Radula Torsion Byssus

Gladius
(internal shell) Captacula

C. cautus
(outgroup)

1 0 0 0 0 0 0 0

P. politus 1 1 1 1 0 0 0 0

F. halanychi 1 0 0 1 0 0 0 0

C. fornicata 1 1 0 1 1 0 0 0

H. midae 1 1 0 1 1 0 0 0

C. gigas 1 1 0 0 0 1 0 0

M. edulis 1 1 0 0 0 1 0 0

P. salishorum 1 1 0 1 0 0 0 1

L. reynaudi 1 1 0 1 0 0 1 0
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introductory biology courses, students learn to translate the
nucleotide sequence of a protein-coding gene into an amino
acid sequence using the mRNA codon chart. In ExPASY, stu-
dents copy and paste their edited sequences into a translation
window, which executes the same process in a much shorter
time. Students can confirm that the gene is functional if an
open reading frame (ORF) is available.

3. The compiled text file with each sequence in FASTA format
can then be imported into BioEdit for alignment and editing
(Figure 3). Once imported, the Clustal W alignment tool
should be selected to align the sequences. For simplicity,
editing consists of eliminating gaps in the flanking regions
of the sequences so a uniform size is recovered.

4. The edited sequence file can then be exported into a separate
file, and then imported into MEGA to build a neighbor-joining
(NJ) tree. In this exercise, I used a step-by-step instructional
video provided by the National Institute of Health (https://
www.youtube.com/watch?v=d_-NTsJDvn8) for building the
NJ tree in MEGA (parameters are also specified in the video).
The NJmethodwas used as opposed to themaximum-likelihood
(ML) method because it is computationally faster and more accu-
rate than the latter when dealing with smaller datasets, such as
the one being used in this exercise (Tamura et al., 2004).

I have found it particularly useful to have one teaching assistant in
the classroom to aid with sequence editing and technical glitches

that may arise during the class activity. Alternatively, the instructor
may secure a computer lab on campus for this activity, as it would
allow for consistent hardware and software performance across
all groups and thus less frustration on the part of both instructor
and students.

Out-of-Classroom Activities
To facilitate Day 3 activities, I have found it useful to incorporate a
flipped classroom approach. Prior to Day 3, I uploaded taped lec-
tures along with PowerPoints, which students were required to
watch and read. These materials explained the general practice of
aligning and editing sequences, and background information on
the different types of tree building such as the NJ and ML methods.
In addition, the instructional video for using the MEGA software
can be assigned as an out-of-classroom activity, which allows stu-
dents to toggle with the settings and become familiarized with the
program before attempting to build the molecular tree on Day 3.
Students were encouraged to start forum threads on the course
webpage if they had any questions, and either I or another student
who understood the material would post responses to begin discus-
sing the material in more detail. Extra-credit points were used as
incentives for these out-of-classroom activities. Finally, all groups
were required to meet outside the classroom to compare and recon-
cile their morphology and molecular trees and to provide an expla-
nation for their results. Once these were accomplished, each group

Figure 2. Partial compilation of CO1 sequences of selected taxa in FASTA format using the notepad text editor.
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was required to give a 15-minute presentation on the final day of the
project (Day 4). Groups should also be prepared to meet outside
class to prepare their presentations for Day 4. I have found it useful
to arrange time slots to meet with groups to discuss any issues or
problems they may have encountered during their final analyses.

Oral Presentation
If the instructor is not a trained zoologist or does not carry out
research in phylogenetics, it may be helpful to students if a faculty
member in this research area can be persuaded to sit in on the presen-
tations. Evaluating student work at this point is completely up to the
instructor, but for this zoology course, each group was required to
present three deliverables in their oral presentations:

1. Morphological and molecular trees—Groups should present
both trees along with the methodology used to construct
them and the revisions that were made after instructor feed-
back and peer-review from their classmates.

2. Interpret and compare both trees—Groups should be pre-
pared to discuss similarities and differences between their
morphology and molecular trees. In addition, students
should also be able to compare their own results against pub-
lished studies, providing proper explanation for any differen-
ces observed.

3. Caveats identified during the study—This is perhaps the most
critical aspect of the project since groups should be able to
explain the limitations of their methodology that could have
affected their results. For example, would altering one or two
traits in their character matrix significantly alter the morphology
tree? How different would the molecular tree be if a nuclear gene
or multiple genes were used in the analysis instead of a single
mitochondrial gene fragment? Here, the instructor may explain
the difference between gene trees and species trees, and why that
difference is important for interpreting molecular phylogenies.

Results & Discussion
Examples of Group A’s morphology and molecular trees are shown
in Figures 4 and 5. In the morphology tree, the shell-less condition
of the Aplacophora is ancestral, and as a consequence, it is likely that
the ancestor to all molluscs did not have a shell. Their tree also
placed cephalopods and gastropods as sister taxa along with the
bivalves and scaphopods, but interestingly, they did not identify a
synapomorphic trait that would justify the two clades. The molecu-
lar tree complemented the morphology tree by recovering a distinct
clade of gastropods and bivalves; however, the Cephalapoda was
more closely related to the bivalves than the gastropods in the

Figure 3. Compiled CO1 sequences in BioEdit before and after alignment (top and bottom panels, respectively).

THE AMERICAN BIOLOGY TEACHER VOLUME. 80, NO. 4, APRIL 2018282



molecular tree. In addition, a third clade consisting of Polyplaco-
phoran and Aplacophoran specimens was recovered using the
molecular data. Group A concluded that their molecular tree was
more accurate as it “conformed” more closely to the trees presented
in the latest phylogenomic study on molluscs.

In terms of timing, the project was assigned after two days of
lectures and labs on molluscan diversity. During the project, it is
important to reinforce to students that each phylogenetic tree is a
hypothesis because the dataset used to generate it is limited. This
is obvious in the morphological part of the study, as students must
manually draw different trees and choose the most parsimonious
evolutionary scenario. In contrast, for the molecular part of the
study, the tree-building algorithm built into MEGA automatically
chooses the best possible tree. In this case, I often direct students
to review the metadata generated during the heuristic search so they
can observe the number of tree arrangements that have occurred
before the program produces the “best possible” tree.

This project emphasizes the importance of using PBL to actively
engage students in the scientific process by having them complete

the procedures that were used to generate the results and theories
that they learn about during lecture (Kolb & Kolb, 2005). In addi-
tion, we incorporated certain aspects of Bioinformatics into the
project, such as DNA sequence mining and editing, along with
multiple alignments. This is crucial training for undergraduates at
all levels, as the future of the Biosciences is strongly associated with
the field of Bioinformatics (David, 2017). One caveat of this project
is that it was designed for a zoology course in which phylogenetics
played a central role in the course curriculum. As many professors
know, zoology is arguably the broadest discipline of all the biologi-
cal sciences and can be taught in a variety of styles, with some
instructors opting for alternative approaches to the phylogenetic-
based framework. Furthermore, for this project to be worthwhile
to students, it is imperative that they have a firm understanding
of phylogenetic theory, which can be accomplished by reinforcing
basic concepts in the early lectures and assigning key phylogenetic
papers during the semester. Papers that were assigned that I consid-
ered to be most critical to zoology include a landmark review piece
by Halanych (2004), who addressed the influence of molecular data
on the tree of life, along with papers by Struck et al. (2007) on
Annelid evolution, Kocot et al. (2011) on molluscan evolution,
and more recently, a controversial but informative commentary
by Halanych (2015) and Whelan et al. (2015), both of whom argue
that the basal position on the tree of life should be occupied by cte-
nophores, not sponges—a hypothesis that is still met with consid-
erable backlash by some zoologists.

Aside from organismal-centered courses, this exercise is also
appropriate for any upper-level biology course where phylogenetic
trees play a central role, e.g., Systematics, Bioinformatics, Population
Genetics, and Evolution. In addition, this project could also be given
as a challenge to high-performing students in introductory biology
courses, but will need to be repackaged and executed in a different
manner than is outlined in this paper. I would suggest that at the
freshman or sophomore level, instructors should edit and align the
sequences so that students would only be required to execute the
NJ analysis in MEGA. The instructor should also omit the dense back-
ground information on NJ and ML methods of building phylogenetic
trees, and should provide a one-page info sheet with biological infor-
mation (physiological and ecological) on the ingroup taxa along with
pictures of each taxon. Although we used molluscan evolution as a
case study, the instructor could in theory choose any group providing
that (a) enough taxonomic information is available to clearly distin-
guish the in-group taxa morphologically, and (b) DNA sequences
for a specific genetic marker are available for each taxon on public
online repositories that students can access.
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Figure 4. Example of Group A’s morphology tree constructed
using the character matrix compiled in Table 1.

Figure 5. Example of Group A’s molecular tree constructed
using the CO1 data from Table 1.
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ABSTRACT

Experiential learning helps students make connections between different skill sets
and allows them to engage in a deeper level of inquiry. To enhance the connection
between field and laboratory practice for undergraduate students in our wildlife
ecology curriculum, we developed an exercise using environmental DNA
(eDNA) analysis. eDNA sampling involves extracting and amplifying the DNA
from specific organisms from an environmental sample, rather than from the
organisms themselves, and has been rapidly adopted by conservation practitioners
around the world. In our activity, students collect water samples from a local pond
and process them to detect the presence of American bullfrogs. Practicing this
procedure not only introduces them to professional skills they may utilize in their
careers, but also helps create context for how laboratory science and field work
support each other and can be used to connect to larger issues of conservation,
environmental studies, or ecology.

Key Words: eDNA; amphibians; biodiversity sampling; experiential learning.

Introduction
It is a common refrain in many publications
about undergraduate biology education that
hands-on and experiential class and laboratory
exercises benefit student learning and lead to
increased science literacy (Beck & Blummer,
2012; Brownell & Kloser, 2015). The most
recent report from the AAAS Vision and
Change program highlights the successes of
incorporating case studies and realistic scenar-
ios into undergraduate courses to provide a
more authentic experience of a practicing pro-
fessional scientist (AAAS, 2015). Additionally,
the report calls on instructors to engage in activities that cross fields
of inquiry, allowing students to experience the interdisciplinary
nature of science.

Our programming in the Smithsonian-Mason Semester for Con-
servation Studies (http://smconservation.gmu.edu) is based on this
tenet that the field of environmental conservation should be taught
as it is practiced, namely, as an integration of many disciplines work-
ing together to solve urgent conservation issues. Additionally, we use
extensive hands-on learning activities that give students the oppor-
tunity to practice professional skills with the tools they will be using
in their careers.

We offer several programs of study, but one of the clearest exam-
ples of this mission comes from our wildlife ecology curriculum. This
curriculum focuses on how ecological theory informs conservation
and management practice, and as such there is a strong emphasis on
methods of monitoring species or populations from different taxa
using traditional field biology methods (e.g., visual encounter surveys,
live trapping, camera trapping). Many of our students enter the pro-
gram looking for experience with these field techniques, having come
through undergraduate biology courses that focus mostly on theory or
laboratory skills. Most have not made the connection between field
and lab studies, and how the two aspects of scientific inquiry are not

mutually exclusive and are often both necessary
to fully describe a system or address an environ-
mental issue. To explicitly illustrate the connec-
tion between the two approaches, we
developed a unit on the use of molecular tools
to monitor species in the wild, specifically the
application of environmental DNA (eDNA) anal-
ysis for monitoring aquatic species.

Environmental DNA is a relatively new tech-
nique that has found widespread adoption
among conservation professionals, even those
who do not have a lot of experience with molec-
ular techniques (Lodge et al., 2012). The tech-

nique involves extracting DNA from an environmental sample,
usually water or soil, and identifying which organisms have been pres-
ent in the medium by probing the isolated DNA with species-specific

Environmental DNA
is a relatively new
technique that has
found widespread
adoption among
conservation
professionals.
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primers. The technique has enjoyed rapid acceptance from practi-
tioners, who find it more cost effective and accurate than traditional
techniques for many cryptic or rare aquatic organisms.

Methodology
There are still questions, though, surrounding the interaction between
environmental factors and detection, including the longevity of DNA
in the environment and how small-scale habitat differences affect
detection.

Our protocols for the activity are derived from one of the first
published accounts of using eDNA for species monitoring, which
used American bullfrogs (Lithobates catesbeianus) as a test animal
(Ficetola et al., 2008). Bullfrogs are widely distributed, and their
obligate association with water throughout their life cycle makes
them ideal candidates for eDNA sampling since, if they are present
and abundant, their DNA signature will be robust and more detect-
able in the water body. When we first began using this activity, our
goal was merely to see if we could detect the presence or absence of
bullfrogs within a local pond using eDNA procedures. In three years
of investigation, though, we have observed that detection is lowest
near where a stream flows into the pond and highest near an outflow
from the pond (Figure 1).

The emergence of this pattern has given us an opportunity to
frame the activity in the context of a long-term study to which stu-
dents contribute data every semester and explore the relationship

between field and lab techniques and how they support each other.
We specifically test the descriptive hypothesis that we will detect
bullfrogs with eDNA sampling at locations near the pond outflow
more readily than at the inflow. Our learning objectives for the
activity are that students will be able to independently implement
both traditional field sampling techniques for amphibians and
eDNA sampling, describe the relative advantages and disadvantages
of both types of sampling, analyze and troubleshoot molecular data
and procedures, and justify the use of particular sampling techni-
ques in specific circumstances based on the data the class collects
and the larger, long-term data set.

The entire eDNA activity spans 2.5–3 days and begins with
field exercises. We bring the students to the field site (Figure 1),
and introduce and demonstrate traditional field sampling techni-
ques for amphibians, including drift fences, minnow traps, and
visual encounter surveys (Figure 2). We set up the drift fence in
the field, demonstrating that the fence should be oriented parallel
to the bank of the pond to intercept any animals attempting to
enter the pond (Figure 2A). The day before the visit to the field site,
faculty set up a minnow trap for demonstration purposes that is
retrieved in the field (Figure 2B). Any captured organisms are
observed in a pan with water from the pond before being returned
to the water. The use of a net to sample aquatic vegetation is dem-
onstrated as a method of visual encounter survey (Figure 2C).

Following these demonstrations by faculty, students are given the
coordinates of an assigned sampling station (Figure 1), a GPS unit, a
net, and a pan. They navigate to their station and conduct a visual
encounter survey of the aquatic vegetation at that site by taking three
samples with the net, and observing and recording the number and
diversity of fauna they collect. We rarely encounter adult bullfrogs
using these methods, but do capture many tadpoles and salamanders.
Students do not share equipment between stations to reduce risk of
spreading biological material, and we only visit one pond on the
field trip. Additionally, all field equipment is rinsed with a 10 percent
bleach solution before being stored to reduce the risk of spreading
pathogens between sites.

Figure 1. Sampling station locations at our local pond are
depicted on the left. There are 20 stations arrayed around the
border of the pond, each ~10 m from the next. The figure on
the right is the output of a Hot Spot Analysis (Getis-Ord Gi*) run
in ArcMap (Environmental Systems Research Institute (ESRI),
Release 10.2, Redlands, CA) on bullfrog detection data collected
in four semesters from fall 2014, 2015, and 2016, and summer
2016. The black circle indicates a 90% confidence in a higher
detection probability than random at that station; the gray
circle indicates a 90% confidence in a lower detection
probability than random at the station; and the white circles
indicate no significant pattern in detection. The black arrows
indicate water flow into and out of the pond. There was
insufficient data available for stations 1 and 2 in the analysis
(white Xs).

Figure 2. Examples of traditional field sampling techniques
for amphibians. Drift fence (A) and minnow trap (B)
deployment are demonstrated by faculty. Students conduct
visual encounter surveys using samples collected via nets from
aquatic vegetation (C).

THE AMERICAN BIOLOGY TEACHER VOLUME. 80, NO. 4, APRIL 2018286



The day after sampling the pond using traditional field methods,
we return and collect water samples to process using eDNA techni-
ques. Each student is given a GPS, a plastic graduated cylinder, a
50 mL centrifuge tube containing a solution of 1.5 mL 3M sodium
acetate (ThermoFisher Scientific, #S210) and 20 mL of 100 percent
ethanol (Pharmco-Aaper, Brookfield, CT; #E200), and a clipboard
with a data sheet (Figure 3).

Students navigate to the same pre-determined station they used
the day before and collect a 15 mL water sample that they add to
the centrifuge tube. The sodium acetate helps protect the DNA
from degrading; these samples are stable at room temperature for
several hours or even days. On the data sheet, students note habitat
features in the area near where they collected the sample. Each stu-
dent has their own equipment to reduce the risk of mixing DNA
between stations.

After collecting the samples, we return to the lab and extract the
DNA from the water using the commercially available QIAGEN
DNA mini kit (#51304, QIAGEN, Valencia, CA) used in many
research laboratories. After mixing the samples by inverting the
50 mL centrifuge tubes, students pull out a 200 µL subsample,
which is then processed using the extraction procedure provided
in the kit. Even though a very small volume of sample is used in
the lab procedure, it is important to collect a large volume in the
field because the eDNA signature is very dilute. Sample processing
amounts to a series of initial reagents and incubations that extract
the DNA and inactivate proteins in the sample, and then a series of
spins and washes using a benchtop centrifuge to clean contaminants
out of the sample and concentrate the DNA, which is stored on ice.

In addition to the chemicals provided in the kit, faculty must
provide 100 percent ethanol, deionized water, 2 mL microcentrifuge
tubes, micropipettors and tips, a centrifuge able to spin microcentri-
fuge tubes at 6,000 and 25,000 g (8,000–15,000 rpm), a vortex
mixer, a digital dry bath incubator able to reach 56°C, a thermocy-
cler, gel rig system, and an imaging system. Throughout these proto-
cols, we highlight that our methodologies are derived from the
primary literature (Ficetola et al., 2008), and we are using the same
tools that researchers would use. Students must complete lab notes
for the procedures they conduct, though we do provide them with
the reagents and written instructions provided with the QIAGEN
kit, much as if they were graduate students using this procedure
for their thesis research (see Online Supplementary Material).

Once the students isolate the DNA, they amplify sections of DNA
specific to our target organism using the polymerase chain reaction
(PCR) with primers and protocols outlined in Ficetola et al. (2008).
The PCR reaction is standardized to 50 µL. We obtain Express Oligos
primers (5′-GCCAACGGAGCATCATTC-3′ and 5′-ATAAAGGTAG-
GAGCCGTAGT-3′) from Eurofins Genomics (Louisville, KY), without
modifications, using salt-free purification and a 10 nmol scale. Each
reaction contains 3 µl of each primer, both with a final concentration
of 1 µM. We use 25 µL of AmpliTaq Gold Master Mix (#4398876,
ThermoFisher Scientific, Waltham, MA) in each reaction, as well as
2 µL of 360 GC Enhancer (#4398876, ThermoFisher Scientific, Wal-
tham, MA, USA) provided with the Master Mix. Students add 17 µL
of either DNA sample or deionized water to each reaction, but the
Master Mix is the last reagent added to each reaction. Each student pre-
pares four PCR reactions: one negative control without DNA (deion-
ized water instead of sample), one positive control using a sample we
know contains bullfrog DNA, and two replicates of their own sample.
Immediately after adding the Master Mix, the samples are amplified
using a BioRad C1000 Touch Thermal Cycler (Hercules, CA) ther-
mocycler, using the temperature and time parameters described in
Ficetola et al. (2008).

We emphasize at this point that we cannot predict the outcome
of the PCR. Acknowledging the uncertainty here illustrates the real
experience of doing research: these are real samples, so you can
prepare and follow plans and protocols, but ultimately cannot con-
trol the data. After completing the PCR, we process the samples
using gel electrophoresis (#3487−5000, DNA Plus gel system,
USA Scientific, Ocala, FL; and #1645050, PowerPac Basic, BioRad)
and determine which samples detected bullfrog DNA. We use a
2 percent agarose (#50090, NuSieve 3:1 Agarose, Lonza, Alpharetta,
GA) gel with incorporated Gel Red fluorescent DNA stain (#41003,
Biotium, Freemont, CA). The samples run on the gel for 1 hr at
95 V, and we visualize the DNA using a Enduro GDS gel documenta-
tion system (Labnet, Edison, NJ) UV light source with an integrated
camera.

The activity concludes with a discussion of the results and how
the class’s data compares with that from previous semesters. We
address our original hypothesis—eDNA is more frequently
detected near the outflow vs. the inflow of the pond—and explore
how the current class’s data fits into this framework. Students are
asked to pose fundamental hypotheses to explain why this pattern
exists, such as the influence of flowing water on shaping the habitat
in those areas, which could affect the presence of bullfrogs at par-
ticular stations. Bullfrogs are algal feeders as tadpoles, so flowing
water may remove resources from the inlet and deposit them near
the outflow, which could account for the differential detection. By
examining whether bullfrog individuals were found at these sites
using the traditional techniques, we can assess the likelihood of this
scenario. Another alternative explanation is that frogs are present in
the inflow, but the movement of water in the area removes the
DNA signal, which could also account for the increased detection
near the outflow as it accumulates there. On exams following this
activity, we ask students to describe how they would test these
hypotheses, using both field and lab techniques, to evaluate their
understanding of the procedures and how they can be applied.

We also discuss any inconsistencies in the data, and as a class
attempt to troubleshoot any unusual findings. Each class contributes
to refining the protocol for the next group, just as professionalsFigure 3. Example of field data sheet.
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would do in optimizing any protocol. For example, when we first
began this activity, we unintentionally delayed putting the samples
into the thermocycler after adding the Master Mix, and the samples
incubated at room temperature for almost 20 minutes. As a result,
our amplifications were a random assortment of different-sized
pieces of DNA because of the unregulated amplification occurring
outside of the conditions in the thermocycler. Although these results
were not what we expected, this circumstance did provide an oppor-
tunity to walk through the logic of troubleshooting our protocol and
results, and led to a refinement of our procedure, where the Master
Mix is always added immediately before the samples are placed in
the thermocycler.

Finally, we discuss in class the broader implications and applica-
tions of eDNA sampling. As mentioned previously, we rarely capture
adult bullfrogs when doing our traditional sampling in the field, even
in the summer and fall when they are prevalent, but always find tad-
poles. However, green frog (Lithobates clamitans) and bullfrog tadpoles
can be difficult, if not impossible, to differentiate in the field, and both
species are present at our sample site. If green frog primers were to be
included in this activity, this could show how eDNA is a simple way to
assess whether one or both species are present at these sites, in the
absence of a morphological marker for differentiating the tadpoles.
We also discuss examples from the scientific literature where eDNA
has been applied. For instance, Goldberg et al. (2014) used eDNA
sampling to determine the distribution of American bullfrogs at Fort
Huachuca, Arizona, where bullfrogs are considered an invasive spe-
cies. eDNA sampling allowed those scientists to cover a wider area
using fewer staff and less time than traditional methods of sampling.
As a final evaluation, students must submit a short paper describing
how they would apply eDNA to investigate a system or question of
their own choosing. They must clearly state the question and hypoth-
esis they would test as well as provide a rough outline of the method-
ology. They must also justify why a molecular technique like eDNA is
more efficient than traditional sampling techniques in their chosen
system. This assignment requires outside research on the part of the
student to sufficiently describe how they would successfully apply
the technique, and students are evaluated based on the thoroughness
and specificity of their response.

Implications
The actual procedures for processing the samples use robust molec-
ular techniques that are familiar to most biology majors, but the
activity applies them in a new context to determine important infor-
mation about the presence or distribution of species. For students
who have a grounding in laboratory science, utilizing this technique
helps them build on their experience and connect their findings to
field practice as well. In post-course evaluations, students rate this
activity very highly in terms of usefulness to their professional devel-
opment: 4.5 out of 5 on a scale of helpfulness, where 4 is “much
help” and 5 is “great help” (n = 44 students over four semesters).
Many students express their excitement that the results of this activ-
ity are unknown, unlike other labs where the results are predeter-
mined based on the sample you are given. Most importantly,
students comment that before doing this activity, they did not realize
how techniques learned in a laboratory setting (e.g., DNA extraction
and PCR) could be applied to a field question.

Environmental DNA as a sampling tool is still being refined, so
there are opportunities for students to be involved in the develop-
ment of the technique in very real ways. Issues of efficiency of detec-
tion, the relationship between population size and eDNA signal
detection, and how eDNA spreads in bodies of water are still being
actively researched and could be incorporated into curricula at many
levels. For example, students could also collect water quality and
chemistry measurements when they collect their water samples,
and determine whether there are correlations in detection with fac-
tors such as temperature, pH, or alkalinity. They could even experi-
mentally manipulate these factors on collected samples back in the
lab. They could also work on ways to optimize the sample collection
and processing procedure for different species. Bullfrogs are well-
studied in this regard, but there are many other aquatic and semi-
aquatic amphibians that have not been thoroughly studied, but
could benefit from using this type of tool, such as mole salamanders
that are only present in water bodies for short periods of time in the
spring when they are mating. If eDNA could be successfully applied
to detect the presence of these species, it could help us understand
their distributions better and possibly detect population declines
sooner, in time to take preventative action.

Another benefit to students from this activity is the development
of professional skills. Because the activity is structured using the real
tools of a practicing molecular biologist, students are able to state on
their resumes that they have experience with these particular kits
and techniques. For students who have never worked in a laboratory
setting, it helps them develop confidence that they need not be
expert to be proficient at these skills, and molecular techniques
can be integrated into studies in many different areas, such as species
monitoring, landscape ecology, wildlife management, or even law
enforcement.

Beyond the collection of the data, though, this activity also serves
to demonstrate how scientific practice can move forward. By using
published protocols and adapting them to our specific needs, students
get experience with trouble-shooting standardized procedures in a
new circumstance. Also, because our data are collected periodically
in the same location over time, we are able to see long-term patterns
developing. This emphasizes to students how biodiversity monitoring
is an ongoing endeavor that requires persistence and time to detect
patterns—a realization that will become important to them as they
go into their careers. This activity provides a clear example of how
applying different skill sets to problems in conservation can lead to
more efficient practice, which ultimately could lead to better solutions
for pressing conservation issues.
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ABSTRACT

Arabidopsis thaliana, a model system for plant research, serves as the ideal
organism for teaching a variety of basic genetic concepts including inheritance,
genetic variation, segregation, and dominant and recessive traits. Rapid
advances in the field of genetics make understanding foundational concepts,
such as Mendel’s laws, ever more important to today’s biology student.
Coupling these concepts with hands-on learning experiences better engages
students and deepens their understanding of the topic. In our article, we present
a teaching module from the Arabidopsis Biological Resource Center as a tool to
engage students in lab inquiry exploring Mendelian genetics. This includes a
series of protocols and assignments that guide students through growing two
generations of Arabidopsis, making detailed observations of mutant phenotypes,
and determining the inheritance of specific traits, thus providing a hands-on
component to help teach genetics at the middle and high school level.

Key Words: Mendel’s laws; genetics;Arabidopsis; inheritance; phenotype; segregation.

Introduction
Topics related to genetics and genetic modification have been mak-
ing regular appearances in the news for some time now. For today’s
students to develop the scientific literacy necessary to understand
advances in this field, it is important to establish a solid understand-
ing of basic genetic concepts. Presenting challenging content solely
through lectures leaves many students with only a superficial under-
standing of the material (Kontra et al., 2015). By performing hands-
on experiments designed to demonstrate foundational concepts
such as Mendel’s laws, student learning is elevated beyond what
textbooks and lectures alone can accomplish (ACS, 2016; Wyatt &
Ballard, 2007; Zheng, 2006).

Arabidopsis thaliana (Arabidopsis), the first plant to have its
genome completely sequenced, has been transformed from being
just a common weed to serving as a major model system for plant
research worldwide (Somerville & Koornneef, 2002; Koornneef &
Meinke, 2010). Its role expands beyond the laboratory to have

considerable utility in science education. Arabidopsis is a member
of the mustard family (Brassicaceae) and a relative of Wisconsin
Fast Plants, which may be familiar to some science educators.
Arabidopsis, whose common name is mouse-ear cress, provides a
launching point from which students can investigate a wide variety
of scientific concepts, including adaptation to environmental condi-
tions, how plants sense light, and the role of environment and
genetics in growth and development (ABRC, 2016; Provart et al.,
2016). With a short life cycle (6–8 weeks from seed to seed),
self-fertility, and relatively low-maintenance growing requirements,
this plant can be easily incorporated into even the most modestly
equipped science classrooms (Ausubel, 2000; Pang & Meyerowitz,
1987; Zheng, 2006).

The Arabidopsis Biological Resource Center (ABRC) at The Ohio
State University (OSU) is one of two global stock centers providing
seeds, DNA, and other resources to scientists and educators world-
wide. ABRC, which is home to more than 1,000,000 Arabidopsis
stocks, provides samples to approximately 30,000 researchers in
more than 50 countries annually. The Center launched its education
and outreach program in 2011 by releasing 20 teaching modules,
consisting of Arabidopsis seeds and/or DNA resources combined
with lab instructions. The instructional materials have been made
available through ABRC’s education and outreach website (ABRC
Outreach, https://abrcoutreach.osu.edu/), and the seeds and DNA
can be ordered through The Arabidopsis Information Resource
(TAIR, https://www.arabidopsis.org/). The program provides cen-
tralized access to Arabidopsis resources and teaching tools for K-12
and undergraduate education. Seeds are provided free of charge
to K-12 teachers, along with in-depth lesson plans and supplemen-
tal materials that guide educators through the process of incorpo-
rating Arabidopsis into their science curriculum. The activities
presented in this article are based on ABRC’s “Play Mendel” mod-
ule, with additional support for the procedures presented in this
article available on the ABRC Outreach website. Seeds for this les-
son can be ordered from ABRC through TAIR using the module’s
catalog number, CS19985.
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Lesson Details
This article presents three activities that can be combined or used as
stand-alone units to engage students in the process of growing, breed-
ing, and caring for two generations of Arabidopsis, as well as making
observations, maintaining a detailed lab notebook, collecting data,
and analyzing results. By performing these activities, students gain
insight into concepts such as genotype, phenotype, inheritance, and
segregation of traits, which lie at the core of understanding Mendel’s
laws. The activities are designed for use with middle and high school
classes and are aligned with the Next Generation Science Standards
(NGSS), which are listed within each activity section. This module
provides a structured laboratory experience, and the skills developed

through the procedures and assignments lay the foundation for future
open-inquiry and student-driven experiments using Arabidopsis.

The full lesson (all three activities) spans four months.
Together, these activities guide students through the process of
growing Arabidopsis from the parent (P) generation (Activity 1),
conducting phenotypic analysis of the segregation of a reproduc-
tive trait (Activity 2), and performing genetic crosses to obtain
and analyze the phenotype of the first filial (F1) generation
(Activity 3). Procedures and assignments are listed for each of
the activities (Tables 1, 2, and 4). Students can be engaged in the
entire process for a rich hands-on experience, or portions of the pro-
cedures can be performed by the teachers ahead of time to adapt to
tighter schedules.

Table 1. Schedule of procedures and assignments for Activity 1.

Week Activity Estimated Time Lab Learning Objective

1 Procedure 1: Plant P seeds
Assignment 1: Observe growth

1 hour (prep) + 45 min (plant)
20 min 1, 2, 3

2–4 Water plants
Assignment 1 continued

20 min twice a week
20 min per week 1, 2, 3

5 Water plants
Assignment 1 continued
Assignment 2: ID unique traits

20 min twice a week
20 min
1 hour

1, 2, 3
3, 4

Table 2. Schedule of assignments for Activity 2.

Week Activity Estimated Time Lab Learning Objective

6 Assignment 1: Analyze inheritance 45 min 1, 2

Table 3. Data table for analysis of the inheritance of select mutations.

Reference
phenotype

Mutant
phenotype Ratio

Group 1

Group 2

Groups 1 & 2

Table 4. Schedule of procedures and assignments for Activity 3.

Week Activity Estimated Time Lab Learning Objective

6 Procedure 1: Perform genetic crosses 2 x 45 min 1, 2

7 Water plants
Assignment 1: Observe cross outcome

20 min
20 min 1

8–9 Do not water plants
Assignment 1 continued

20 min per week 1

10 Procedure 2: Collect F1 seeds 45 min

11–12 No activity

13 Procedure 3: Plant F1 seeds 45 min (prep & plant)

14–15 Water plants 20 min twice a week

16 Water plants
Assignment 2: Compare phenotypes

20 min
45 min 3
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Seed Strain Background

• Columbia (Col-1, CS28169)—This is the reference strain of
Arabidopsis. The genome of the closely related Col-0 strain
has been completely sequenced and is used as a basis for com-
parison with other natural strains. Col-1 is a laboratory strain
that has been used to generate many mutants, including the
gl1-1 mutant used in this lesson. Col-1 is used as a reference
strain for the gl1-1 mutant in this lesson.

• gl1-1 (CS28175)—This strain has a mutation in the GLA-
BROUS1 gene, which encodes a protein involved in trichome
(leaf hair) formation. The Col-1 reference strain has tri-
chomes on its stems and leaves. The homozygous gl1-1
mutant is glabrous (hairless), with very few trichomes
present.

• Landsberg erecta (Ler-0, CS20)—This laboratory strain, which
is widely used to generate mutants, carries an X-ray induced
mutation in the ERECTA gene, causing the plant to have a more
upright growth habit. This is the parent strain for the ag-1
mutant used in this lesson. Ler-0 is used as a reference strain
for the ag-1 mutant in this lesson.

• ag-1 (CS25)—This plant has a mutation in the AGAMOUS
gene, which encodes for a protein that controls the produc-
tion of floral organs (sepals, petals, stamens, and carpels) dur-
ing flower development. The term “agamous” means asexual,
referring to the phenotype of the mutant plant, which is ster-
ile. The stamens and carpels in ag-1 mutants have been
replaced by petals and sepals, producing a double flower
(see Figure 2).

Lesson Preparation
Seeds can be ordered from ABRC through TAIR (www.arabidopsis.
org), which requires individuals to register before placing an
order. To streamline the registration process, it is recommended
that first-time users contact ABRC directly to set up an ordering
account with TAIR. To contact ABRC about setting up an
account, e-mail abrcedu@osu.edu with the following information:
full name, email address, school/institution name, job title (ele-
mentary/middle/high school teacher/other), phone number (for
shipping), and shipping address. Seeds should be ordered at least
two weeks before the planned start date of the first activity.

Arabidopsis grows best at 120–150 µmol/m2s continuous
light and a temperature of 22–23° C (Rivero et al., 2014).
Detailed protocols for growing and maintaining Arabidopsis
plants can be found on the ABRC website (https://abrc.osu.edu/
seed-handling). Please note that growth rates will vary when
seeds are grown in different conditions. Plants may grow faster
or slower than what is indicated in these protocols if the light
intensity and duration, as well as the temperature, vary from
what is recommended.

Supplemental materials for teachers are provided to facilitate eas-
ier implementation of this unit. Appendix 1 provides definitions of
terms related to plant anatomy and Mendelian genetics. Appendix 2,
designed to serve as a student hand-out, contains simplified labora-
tory protocols for all of the procedures.

Activity 1

Observation of Growth and Development of
Arabidopsis Plants
The first activity in this lesson allows students to observe both
vegetative and reproductive growth and development of Arabi-
dopsis plants over a five-week period. Students will learn about
plant anatomy while making detailed observations throughout
this dynamic period of growth. Instructors can use this activity
to discuss how the development of plant organs, tissues, and cells
contribute to overall anatomy and to identify the different func-
tions each perform in a plant organism. The schedule of proce-
dures and assignments for this activity is listed in Table 1. This
activity is aligned with the following Next Generation Science
Standards (NGSS):

• MS-LS1-4, From molecules to organisms: Structures and
processes

◦ Disciplinary Core Idea (DCI) LS1.B, Growth and develop-
ment of organisms

• MS-LS4-4, Biological evolution: Unity & diversity

◦ DCI LS4.B, Natural selection

Lab Learning Objectives

1. Make detailed observations of the various growth stages in
mutant and reference plants.

2. Define terms associated with the growing process as well as
with the phenotypes of different Arabidopsis mutants.

3. Compare the phenotypes of mutant and reference strains of
Arabidopsis.

4. Label the anatomy of a plant and identify the role of specific
features in reproduction.

Materials

• 4 strains of Arabidopsis seeds (Catalog #: CS28169, CS28175,
CS20, CS25)

• Potting soil

• 14-14-14 fertilizer (e.g., Osmocote)

• Teaspoon

• 64 plastic pots (Recommended: 1-quart round pots, 4.7″d ×
4.75″h)

• 8 solid trays (Hummert, Item #11-3050-1)

• 8 trays with holes for sub-irrigation (Hummert, Item #11-
3000-1)

• Cheesecloth (Fisher Scientific, Item #06-665-2513) or paper towels

• Weighing boats

• Disposable Pasteur pipettes

• Labeling tape and marker

• Plastic wrap

• Watering can

• Lab notebook

• Growth space with fluorescent lights (http://abrcoutreach.osu.
edu/growing-arabidopsis-classroom)
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Procedure 1: Plant the P Generation Seeds (Week 1)
In this procedure, students will plant two reference strains of
Arabidopsis, a homozygous gl1-1 mutant, and a segregating popu-
lation (heterozygous for gamete formation) of the ag-1mutant. Divide
the class into two groups, with each group completing the following
planting procedure:

1. Place 1.0 cubic feet of potting soil in a bucket or other large
container and wet thoroughly with water. The moisture con-
tent of the soil should resemble that of a wet sponge. Add
14-14-14 fertilizer to the soil according to the ratio provided
on the product label and blend thoroughly.

2. Line 32 pots with a piece of cheesecloth or paper towel cut to
fit the bottom of the pot such that soil will not escape
through the drainage holes.

3. Place a tray with irrigation holes inside a solid tray. This set
of two trays (one with holes, one without) will be referred to
as a tray throughout the remaining procedures. Label four
trays per group with the group number or name, and the
name of the experiment (glabrous or agamous). Next, label
eight pots with each of the seed stock names (Col-1, gl1-1,
Ler-0, or ag-1).

4. Fill the pots loosely with the prepared soil, taking care not to
limit aeration by compressing the soil.

5. Put a small amount of water in a weighing dish. Select the first
seed stock to be planted and sprinkle a portion of the seeds
into the water. Use a disposable pipette to mix the seeds by
pipetting the water up and down slowly until the seeds are dis-
persed throughout the water. Use the pipette to draw in indi-
vidual seeds and water. Dispense the seeds onto the surface of
the soil, placing nine seeds evenly spaced in each pot. Con-
tinue until you have completed eight pots per seed stock. Do
not cover the seeds with soil.

6. Repeat Step 5 until all four stocks have been planted (Figure 1).
Use a new weighing dish and pipette for each seed stock to
avoid cross-contamination.

7. Place four mutant pots and four of the corresponding refer-
ence strain in each tray. When complete, each group will
have two trays with four pots each of Col-1, and gl1-1, and
two trays with four pots each of Ler-0 and ag-1 (Figure 1).

8. Cover pots tightly with plastic wrap. This will help maintain
humidity until the seeds germinate. If possible, immediately
after covering, place the trays in a dark refrigerator for 2–3
days to promote uniform germination. This process is known
as stratification.

9. After planting (or after stratification), place the trays under
the light source. Once the seeds have germinated and growth
is seen (3–7 days after planting), remove the plastic wrap. Fill
the bottom of the tray with ½ inch of water once or twice a
week. It is important not to overwater the plants or let the
soil dry out completely.

Observation of Genetic Traits
The short life cycle of Arabidopsis provides students with an oppor-
tunity to make detailed observations of the morphological changes

that occur in the plants throughout all stages of growth. To prepare
for the following assignments, have students research the life cycle of
Arabidopsis and become familiar with terms for basic plant structures
and processes (see Appendix 1). There are a number of online
resources where this information can be gathered including the
ABRC Outreach website (http://abrcoutreach.osu.edu/) and the
American Society of Plant Biologists K-12 education page (https://
aspb.org/education-outreach/k12-roots-and-shoots/).

Assignment 1: Observe Growth (Weeks 1–5)
After planting is complete, have students record observations of
the plants in their lab notebooks several times a week for the first
five weeks.

Through this assignment students should:

• Make detailed drawings and notes about each of the four strains
of Arabidopsis.

• Define growth stages of the plants based on the number of
leaves, onset of flowering, silique maturation, and senescence.

• Define terms related to the growing process including stratifi-
cation, germination, bolting, flowering, senescence (see
Appendix 1).

Assignment 2: Identify Unique Traits (Week 5)
Have students compare all four strains of plants to identify the
traits that differentiate each mutant from its corresponding refer-
ence strain. Images in Figure 2 show the distinguishing traits for
each of the four seed strains.

Through this assignment students should:

• Understand the anatomy and function of plant organs.

• Describe the traits using illustrations and notes.

• Record the growth stage when the differences were first noticed.

Figure 1. Illustration of seed spacing and how groups should
organize pots in trays for the experiment. In the Glabrous
experiment, the glabrous (hairless) gl1-1 mutant (containing a
loss-of-function mutation in the GLABROUS or GL1 gene) will
be compared to the Col-1 reference strain (containing a
functional GL1 gene). In the Agamous experiment, the
agamous (asexual) ag-1 mutant (containing a loss-of-function
mutation in the AGAMOUS or AG gene) will be compared to
the Ler-0 reference strain (containing a functional AG gene).
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• Compare the two different mutants with respect to growth
stage when each plant’s unique trait was first visible.

Activity 2

Phenotypic Analysis of the Segregation of the
Agamous Trait
An investigation of the inheritance of a mutation in the AGAMOUS
gene can be completed as a stand-alone activity within a single class
session. This activity, which requires only six weeks of grow time,
serves as a demonstration of Mendelian genetics. The schedule of
assignments for Activity 2 is listed in Table 2. This activity is
aligned with the following NGSS:

• MS-LS3-1 & MS-LS3-2, Heredity: Inheritance & variation of
traits

◦ DCI LS3.A, Inheritance of traits

◦ DCI LS3.B, Variation of traits

• HS-LS3-3, Heredity: Inheritance & variation of traits

◦ DCI LS3.B, Variation of traits

Lab Learning Objectives

1. Collect and analyze data to determine the inheritance of a
specific trait in Arabidopsis mutants.

2. Define concepts central to Mendelian genetics (see Appendix 1).

Materials

• 2 trays containing 16 pots of 6-weeks old plants (ag-1 and Ler-0,
Figure 1) per group (plants obtained as described in Activity 1)

• Lab notebook

Assignment 1: Analyze Inheritance (Week 6)
In this assignment, students will analyze the inheritance of the ag-1
mutation. Have students determine the number of plants displaying
the reference strain flower phenotype and the mutant flower phe-
notype in the ag-1 pots. Students should arrange their results in a
table (Table 3) and conclude whether this mutation is dominant
or recessive. A dominant mutation requires that only one copy of
the mutant gene be present in order for the mutant phenotype to
be apparent. However, a recessive mutation requires that both cop-
ies of the gene contain the mutation in order for the mutant pheno-
type to be displayed. This activity will demonstrate the importance
of having a statistically significant sample size when analyzing data.
Students will appreciate that the Mendelian ratio of 3:1 may not be
observed with a random sample of small size, but that the ratio
approaches 3:1 with a larger sample. The number of plants of the
segregating ag-1 mutant used in this experiment may not be suffi-
cient for the collected data to accurately reflect the Mendelian ratio.
In this case, teachers are advised either to use the data generated by
previous classes or to reach out online for additional data from
other teachers to aggregate with the data collected by their class.
Teachers can use this experiment as an example to convey the
importance of large sample sizes. Demonstrating the effect of a large
sample size on the outcome of the experiment will also help rein-
force student understanding and appreciation of Gregor Mendel’s
original discovery. Mendel counted and scored phenotypes for
thousands of specimens to conclude the approximate 3:1 ratios.

Through this assignment students should:

• Calculate the ratio of reference to mutant flower phenotypes in
each group.

• Predict what will happen with the ratio if the results from the
two groups are combined.

• Calculate the ratio with the results from both groups combined,
and explain how and why the ratio may have changed.

• Conclude whether the ag-1 mutation is dominant or recessive
(keeping in mind that a segregating population of the ag-1
mutant was planted).

• Use a Punnett square to support the conclusion with evidence
(Figure 3).

Figure 2. Different phenotypes associated with the reference
(Col-1 and Ler-0) andmutant (gl1-1 andag-1) plants used in this unit.

Figure 3. Punnett square demonstrating the possible
outcomes of a genetic cross in which each parent possesses
one each of the dominant (A) and recessive (a) gene variants
(alleles).
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At this point in the module, the group is done working with
the Ler-0 and ag-1 plants, and they can be discarded. Once emp-
tied, pots and trays can be disinfected and reused for future proce-
dures in Activity 3. To disinfect pots and trays, dilute ¼ cup of
Lysol per one gallon of warm water. Allow the material to soak
for 10 minutes. Use a sponge or scrub brush to remove any plant
or soil material, then rinse and air dry.

Activity 3

Perform Genetic Crosses to Obtain F1
Heterozygotes for the Glabrous Trait
In this activity students will perform genetic crosses between a gl1-1
mutant and Col-1 reference strain, collect seeds and grow the F1
generation, and analyze the phenotype of the resulting F1 plants.
The schedule of procedures and assignments for this activity is listed
in Table 4. This activity is aligned with the following NGSS:

• MS-LS3-1 & MS-LS3-2, Heredity: Inheritance & variation of
traits

◦ DCI LS3.A, Inheritance of traits

◦ DCI LS3.B, Variation of traits

• HS-LS3-3, Heredity: Inheritance & variation of traits

◦ DCI LS3.B, Variation of traits.

Lab Learning Objectives

1. Generate a segregating population of plants by performing a
genetic cross between mutant and reference plants.

2. Label the anatomy of a plant and identify the role of specific
features in reproduction.

3. Compare the phenotypes of F1 plants to the mutant and ref-
erence strains of Arabidopsis to hypothesize whether the gla-
brous trait is dominant or recessive.

Materials

• 2 trays containing 16 pots of 6-week old plants (gl1-1 and Col-1,
Figure 1) per group (plants obtained as described in Activity 1)

• Potting soil

• 14-14-14 fertilizer (e.g., Osmocote)

• Teaspoon

• 18 plastic pots (Recommended: 1-quart round pots, 4.7″d ×
4.75″h)

• 3 solid trays (Hummert, Item #11-3050-1)

• 3 trays with holes for sub-irrigation (Hummert, Item #11-3000-1)

• Cheesecloth (Fisher Scientific, Item #06-665-2513) or paper
towels

• Weighing boats

• Disposable Pasteur pipettes

• Labeling tape and marker

• Plastic wrap

• Scissors

• Headband magnifier (Lehle Seeds, Item #DA-10)

• Fine-tip tweezers (Lehle Seeds, Item #DV-30)

• Eppendorf tubes (Fisher Scientific, Item #05-408-138)

• Watering can

• Lab notebook

• Growth space with fluorescent lights (http://abrcoutreach.osu.
edu/growing-arabidopsis-classroom)

Procedure 1: Perform Genetic Crosses (Week 6)
Arabidopsis is a self-pollinating plant. Once the flower has opened,
pollination has already occurred. To avoid self-pollination and per-
form a successful cross, students will need to select buds with
barely visible petals to become the female parent plant. Figure 4
demonstrates the various steps outlined in this procedure. This is
a challenging procedure that requires patience. To help prepare
students, have them view the Play Mendel Protocol Video available
on the ABRC Outreach website (http://abrcoutreach.osu.edu/educa-
tional-kits). At this stage of growth, each Arabidopsis plant should
contain multiple flower buds. This will allow students the freedom
to practice preparing a flower for a cross with the understanding
that mistakes will be made, while still providing enough flower
buds for the completion of a successful cross. However, if students
are demonstrating difficulty with this procedure or are unsure of
flower anatomy, teachers may purchase cut flowers with obvious
anatomy (such as lilies) from a grocer or flower shop to use as a
practice specimen.

Figure 4. Steps involved in performing a cross between two
Arabidopsis flowers. Steps A–L are explained in Procedure 1.
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In this procedure, students will be performing two types of
crosses. First, students will use pollen of a Col-1 reference strain
plant to pollinate a gl1-1 mutant (gl1-1 x Col-1). Then students will
use pollen from a gl1-1 mutant to pollinate a Col-1 reference strain
plant (Col-1 x gl1-1).

1. Have students select a gl1-1 plant and locate an inflorescence
branch containing at least two buds with barely visible petals.
Students should use scissors or tweezers to remove any sili-
ques and open flowers from the branch (Figure 4 A–D).

2. Using a headbandmagnifier and two pairs of fine-point tweezers,
students should remove the sepals, petals, and stamens from two
buds, being careful not to damage the carpel (Figure 4 E–G). If
the carpel is damaged, remove the flower and proceed to the
next bud.

3. Students should use tweezers to grasp a fully open flower
from the Col-1 reference plant (male parent) at the peduncle
level, squeezing the base to expose the anthers. Students may
then pollinate the gl1-1 female parent by brushing the
anthers of the male parent over the emasculated carpel of
the female flower (Figure 4 H–I). To increase the likelihood
of success, each student should perform multiple crosses.

4. Students should use tape to label the cross and observe the
branch for the formation of siliques (Figure 4 J–K). Let the sili-
ques fully mature (Figure 4 L) before proceeding to Procedure
2. This process normally takes 2–3 weeks after pollination, dur-
ing which time the students will have an opportunity to observe
the development of siliques as part of the next assignment. A
similar procedure should be performed for a reciprocal Col-1
x gl1-1 cross, using Col-1 as a female and gl1-1 as a male parent.

Assignment 1: Observe Cross Outcome (Weeks 7–9)
Have students observe the female parent plants and note the outcome
of the crosses they performed. Approximately 1–2 days after the cross,
the students should be able to tell the difference between a successful
and unsuccessful cross. A successful cross will result in the formation
of a silique (Figure 4 K), an unsuccessful cross will not. Have students
sketch the female parent plant, noting the presence or absence of a
silique in their illustration. Continue to water the plants for approxi-
mately one week after performing the crosses. Stop watering the
plants and let the siliques dry out for at least two weeks, until they
change from green to yellow-brown (Figure 4 L).

Through this assignment students should:

• Illustrate the results of a successful and unsuccessful cross.

• Calculate the percentage of successful crosses for the class.

• Discuss what occurs during the two weeks after pollination.

• Draw the Arabidopsis flower and label the structures listed
below (see Appendix 1). For those structures that have a direct
role in reproduction, have students define that role.
• Stigma, stamen, carpel, inflorescence, petal, silique, sepal,

peduncle, anther, pollen

Procedure 2: Collect F1 Generation Seeds (Week 10)
In this procedure, students will collect the seeds from the successful
crosses and allow them to dry out to reduce the internal moisture con-
tent. This drying out process leads to improved seed germination.

1. Use scissors to carefully remove the dry siliques of successful
gl1-1 x Col-1 crosses (F1 generation) and place them in an
Eppendorf tube, one silique per tube. Close tubes and label
with the group number or name, plant number, generation
(F1), and the type of cross.

2. Tap the tube several times to release the seeds from the
siliques.

3. Repeat Steps 1–2 with the siliques of successful Col-1 x gl1-1
crosses.

4. At this point in the module, the group is done working with
the P generation plants and they can be discarded.

5. Allow the F1 seeds to dry for 2 weeks before planting.

Procedure 3: Plant the F1 Generation Seeds (Week 13)
In this procedure students will plant the F1 generation of the gl1-1
x Col-1 and Col-1 x gl1-1 crosses.

1. Following Steps 1–6 outlined in Procedure 1 of Activity 1,
plant the seeds from the gl1-1 x Col-1 and Col-1 x gl1-1
crosses to produce one tray (eight pots) of each type of cross.
Label the pots with your group number or name, plant num-
ber, generation (F1), and the type of cross.

2. In addition, plant one pot each of Col-1 and gl1-1 seeds,
placing 10–20 seeds in each pot. These plants will serve as
controls for phenotypic observations.

3. Follow Steps 8 and 9 in Procedure 1 of Activity 1 for Arabi-
dopsis growth and care.

Assignment 2: Compare Phenotypes (Week 16)
Have students observe and compare the phenotypes of the F1 and
control plants. Through this assignment students should:

• Illustrate and describe the phenotypes of the F1 generation.

• Investigate if any phenotypic differences occur between the F1
plants coming from gl1-1 x Col-1 crosses versus the Col-1 x
gl1-1 crosses. If differences are noted, have students document
those in their illustrations and notes.

• Based on the comparison of the F1 plant phenotype to reference
and mutant plants, have students conclude whether gl1-1 muta-
tion is dominant or recessive.

Conclusions
This unit demonstrates one of many ways that Arabidopsis can be uti-
lized in a science curriculum to reinforce key concepts and engage stu-
dents in hands-on learning. Although originally designed for
instruction at the high school level, this module now aligns withmany
NGSS for other grade levels, which introduce scientific concepts such
as genetic inheritance and variation of traits as early as middle school.
The unit also offers teachers the ability to adjust the depth at which
they cover the material, resulting in a flexible format. Therefore, this
unit can easily be adapted to suit the needs of middle school classes,
as well as advanced placement or other specialized high school biol-
ogy classes, and college-level courses.

Additional experiments that utilize Arabidopsis to demonstrate a
variety of other science concepts can be downloaded from the
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ABRC’s Outreach website (https://abrcoutreach.osu.edu/). As stu-
dents become more comfortable with the scientific process, Arabi-
dopsis represents a simple system with which they can design and
conduct their own investigations (Wyatt & Ballard, 2007). Learning
opportunities with Arabidopsis are plentiful, and educators are
encouraged to fully integrate students in the inquiry process using
this model system for plant research.
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Appendix 1. Key terms and definitions.

General Terms

Reference strain Strain used as the phenotypic benchmark against which mutant phenotypes are compared.

Mutant Strain containing a mutation (a change in the DNA sequence) that is not present in the reference
strain.

Genotype Genetic makeup of an organism that can refer to the specific gene. Examples of different genetic
makeups: TT, Tt, tt represent different variants of that gene (alleles).

Phenotype Physical appearance of an organism for a given trait. Results from the interaction of the genotype
with the environment.

Terms related to Mendelian genetics

Inheritance The process in which genotypes are passed down from one generation to the next

Segregation Separation of pairs of gene variants into reproductive cells

Genetic
variation

Genetic differences found in nature among different individuals of the same species
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Appendix 2. Play Mendel—Handout for students

In this exercise you will plant and observe growth of Arabidopsis thaliana (Arabidopsis), a small plant used as a research model.
The whole genome sequence of this plant is known, enabling scientists to understand the relationship of a gene sequence
(genotype) and the resulting appearance of this plant (phenotype). You will compare the phenotypes of two different mutants
(having a change in the sequence of a mutated gene) to a reference plant with a normal (common, wild type) phenotype. The
first mutant, named gl1-1, has a mutation in the GL1 (GLABROUS1) gene, resulting in the hairless leaf trait. The respective
Col-1 reference plant has leaf hairs. The second mutant, named ag-1, has a mutation in the AG (AGAMOUS) gene, resulting
in a double flower (multiple whorls of sepals and petals) trait. The respective Ler-0 reference plant has a flower with just
one whorl each of sepals and petals. You will have an opportunity to follow these specific traits as they segregate, and make
conclusions about their inheritance based on the analysis of the phenotypes in the progeny resulting from crossing a mutant
with a reference plant. This will help you understand the principles of Mendelian genetics, which are the same for all organisms
with sexual reproduction, including humans.

Activity 1. Observation of Growth and Development of Arabidopsis Plants

Procedure 1: Plant the Parent (P) Generation Seeds
In this procedure, you will work as part of a group. Each group should complete the same procedure.

1. Place potting soil in a bucket and add water and fertilizer. Use gloves when handling fertilizer and fertilized soil.

2. Line the bottom of 32 pots with a piece of cheesecloth or paper towel.

3. Prepare 4 sets of two trays by placing a tray with holes into the one without. Label the four outside trays with your group
number or name. Label two trays “glabrous” and two trays “agamous”. Label eight pots with each of the seed stock names
(Col-1, gl1-1, Ler-0, and ag-1).

4. Fill the pots with soil.

5. Four students should each select one of the seed stocks and fill a weighing dish with water. For each stock, sprinkle
approximately 100 seeds into the water. Use a disposable pipette to mix the seeds by pipetting up and down. Dispense
nine seeds on top of the soil of each pot (see Figure 1). Continue until you have completed eight pots per seed stock.
Do not cover the seeds with soil.

6. Place four gl1-1 mutant pots and four Col-1 pots in each of the two “glabrous” trays. Place four ag-1 mutant pots and four
Ler-0 pots in each of the two “agamous” trays (see Figure 1).

7. Cover trays with plastic wrap and place them in a dark refrigerator for 2–3 days.

Terms related to plant anatomy

Inflorescence A cluster of flowers including the branches of the stem

Peduncle A branch supporting an inflorescence

Stamen Male reproductive organ that includes the anther

Anther The pollen-producing, oval-shaped portion of the stamen

Pollen A carrier of the male reproductive cells. Has an appearance of powder or dust.

Carpel Female reproductive organ that includes the stigma

Stigma The bulb-shaped portion of the carpel, where pollen lands and pollinates the plant

Petal Modified leaves that often function to attract pollinators

Silique Seed pod of the plant

Terms related to processes

Senescence Final developmental stage of the plant; the aging process that leads to death

Stratification Cold treatment of seeds that mimics “winter.” Seeds taken out of cold treatment have higher rates
of uniform germination, a response to “spring.”
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8. After 2–3 days, take the trays out of refrigerator and place them under the light source. Remove the plastic wrap after
seeds have germinated and the seedlings look green. Fill the bottom of the tray with ½ inch of water once or twice a
week. Continue watering the plants while proceeding with the assignments, as instructed by your teacher.

Activity 3: Perform Genetic Crosses to Obtain F1 Heterozygotes for the Glabrous Trait

Procedure 1: Perform Genetic Crosses
After approximately six weeks of growth, the plants should be ready for crosses. Performing crosses on small flowers of a plant
such as Arabidopsis requires patience and practice. Your teacher will show you a video and give you other detailed instructions
to help you master this technique. Don’t be discouraged if you are unsuccessful at the beginning – there are plenty of flowers to
practice on and you will get better!

1. You will start by preparing the gl1-1 flower for crossing. Select an inflorescence branch containing at least two buds with
barely visible petals. Remove open flowers and any siliques from the branch.

2. To expose the carpel (female reproductive organ) of the gl1-1 plant, remove the sepals, petals and stamens from two buds
using a headband magnifier and two pairs of fine point tweezers. If you damage the carpel, remove the flower and pro-
ceed to the next bud.

3. To prepare the pollen of the Col-1 plant, select a fully open flower and use tweezers to squeeze the flower at the base to
expose the anthers (male reproductive organs that carry pollen). Pollinate the prepared carpel of the gl1-1 plant by brush-
ing the anthers of the Col-1 plant over it.

4. Use tape to label the cross and observe the branch for the formation of siliques (seed pods). This is part of the assignment
that you should complete as instructed by your teacher.

5. Perform the same procedure (Procedure 1, steps 1–4) for a reciprocal Col-1 x gl1-1 cross, using Col-1 as a female and
gl1-1 as a male parent. Continue watering the plants for 2–3 weeks until siliques mature.

Procedure 2: Collect F1 Generation Seeds
After 2–3 weeks of silique growth and maturation, the seeds are ready to be collected.

1. Use scissors to remove and carefully place the dry siliques of successful gl1-1 x Col-1 crosses (F1 generation) in an
Eppendorf tube, one silique per tube. Close tubes and label with the group number or name, plant number, generation
(F1) and the type of cross.

2. Tap the tube several times to release the seeds from the siliques.

3. Repeat steps 1–2 with the siliques of successful Col-1 x gl1-1 crosses.

4. Keep the closed tubes in a dry place for two weeks to let the seeds dry out.

Procedure 3: Plant the F1 Generation Seeds
After two weeks of drying, the F1 seeds of both types of crosses are ready for planting.

1. Plant the seeds from the gl1-1 x Col-1 and Col-1 x gl1-1 crosses to produce one tray (eight pots) of each type of cross.
Label the pots with your group number or name, generation (F1) and the type of cross.

2. In addition, plant one pot each of Col-1 and gl1-1 seeds, placing 10-20 seeds in each pot. These plants will serve as
controls for phenotypic observations.

3. Continue watering plants as described in Procedure 1 of Activity 1. After three weeks of growth, your teacher will provide
the instructions related to the assignment at the end of this activity.
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ABSTRACT

Introductory science students participate in peer review as a component of their
final lab report assignment. The peer review activity is conducted during lab
time at least two weeks before the final report is due. This activity is designed
to increase student understanding of science as a process that includes peer
review as well as the lab activity, and to provide feedback before the final
assignment is submitted for grading. It can be used for any science laboratory
course with large lab report assignments.

Key Words: pedagogy; STEM Education; critical thinking; feedback; assessment;
term paper.

Introduction
Inquiry-based writing has been shown to increase students’ scien-
tific knowledge (Walker & Sampson, 2013). One ubiquitous exam-
ple of inquiry-based writing is the lab report assignment, whose
purpose is to learn and practice research article writing and demon-
strate that learning to their lab instructors (Parkinson, 2017). The
learning goals of lab reports are to encourage deeper understanding
of science as a process and to demonstrate how to think in a scien-
tific way, as opposed to considering science as lists of memorized
facts and findings (Deiner et al., 2012). Lerner (2007) and Russell
(2002) described the original purpose of lab reports as to prepare
students to act, think, and write like real scientists. Toward this
purpose, lab reports target development of scientific writing skills
as well as scientific inquiry (Harris, 2009). Lab reports mimic the
process of scientific inquiry and are formatted as scientific publica-
tions, though assessment is by instructors rather than peers. In the
context of assignments, “peer review is understood to mean the
educational arrangement in which students consider or evaluate
the value, quality or success of work produced by their fellow stu-
dents and provide each other with feedback” (Pearce et al., 2009,
p. 3). Peer review has an important role in improving writing,

reading, and collaborating. It also helps lower or prevent writing
errors, ensure accurate reporting, and improve grades (Colthorpe
et al., 2014). In addition to improving individual grades, peer review
also contributes to improving critical thinking and self-assessment
skills, collaboration and communication skills, as well as increasing
motivation, self-confidence, and independence (Table 1).

In 2013, a master’s student interviewed environmental science
and biology undergraduate students and lab instructors at George
Mason University regarding lab report assignments (Kalaskas, 2013).
His research identified some concerns:

1. Students may lack the epistemological background to under-
stand lab reports as a process of doing science.

2. Students believe that the lab report is a schooling or academic
genre that is assigned exclusively in science lab courses. This
is opposed to the view that lab reports are an apprenticeship
type assignment designed to teach students how to do science
work.

3. Students suggested instructors make too many assumptions
about what students know regarding lab report writing and
most suggested that instructors intentionally distribute vague
instructions.

4. Instructors report a lack of attention to detail is the reason
students do poorly, which implies a lack of revision and
editing.

In the past we found that few students asked questions during lab
or attended faculty office hours. However, our course has participated
in a peer mentoring program where undergraduate Learning Assis-
tants (LAs) (see https://laprogram.colorado.edu) were available during
lab time and held additional study sessions. These peer-led activities
had higher participation than other available study aids. Given the
LA program’s popularity, which employs peer mentoring, and the
findings of the 2013 survey, a peer review component was developed
to improve student understanding of both the assignment and how
peer review is used in the process of doing science. The purpose of
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peer-review is to provide students with (1) an incentive to scrutinize,
evaluate, and understand the grading rubric, (2) an opportunity to
learn from seeing examples of different lab reports, and (3) an oppor-
tunity for external review and time for revision. In this manuscript, we
show our essential evaluation outcomes and process for using peer
review in an environmental science course laboratory component.
We use this information to provide readers with guidance for incorpo-
rating peer review into their laboratory assignments and courses.

How to Do It
Peer review is incorporated into an existing lab report assignment.
We recommend the review be done in-class to avoid plagiarizing
and to ensure the instructor is available for clarification.

Format
The day students are introduced to the lab report assignment, they
are also introduced to the concept of peer review and provided
with grading rubrics. Two weeks after completing the lab activity,
students are required to bring two copies of their lab reports for
in-class peer review. The instructor collects the lab reports and

gives two different reports to each student to grade using the grad-
ing rubric. So each student has received two reviews from different
classmates. The rubric is intentionally detailed to help students
identify the essential components of an outstanding report, with
the idea that the review process builds each student reviewer’s
own writing ability. After receiving input and grades from their
peers, students had one to two weeks to incorporate revisions
before turning in a final copy to instructors.

Students had one hour to complete reviews, about 30 minutes
per report. The entire assignment lasts about 90 minutes, including
instruction, collection, and distribution of reports. This activity is
done at the beginning of a lab period that normally does not take
the full 2 hours 50 minutes. Assigning this task at the beginning
of lab before the regular lab assignments reduces incentive to rush
the work and leave early.

Instruction and Rubrics
Clear and detailed grading rubrics are necessary to avoid discrepan-
cies between instructors and peer grading. We provide an outline
of rubric components (Table 2); a copy of our rubric is available
in the Online Supplemental Material_Rubric or can be downloaded

Table 1. Reasons for incorporating peer review for students to write and revise their laboratory report
(modified from bulled list in Pearce et al., 2009, p. 4).

Critical Thinking and
Self-Assessment Skills

Motivation, Self-Confidence,
and Independence

Collaboration and
Communication Skills

• Building problem solving skills through
identifying areas needing improvement and
providing constructive suggestions (Dochy
et al., 1999; Somervell, 1993)
• Encouraging reflection and thereby promoting
skills in self-assessment (Liu & Carless, 2006)
• Engaging students actively in critical thinking,
in applying criteria, in reflection, and through
this, in learning transfer (Nicol et al., 2014)
• Providing valuable experience and preparation
for the professional workplace (Brindley &
Scoffield, 1998; Biggs & Tang, 2007)
• Enabling students not only to develop
important high-order (generic) skills such as
critical evaluation and communication, but also
to develop important skills of self-assessment—
arguably one of the most important goals of a
higher education (Mulder et al., 2014b)
• Including the ability to engage with and take
ownership of evaluation criteria, to make
informed judgements about the quality of the
work of others, to formulate and articulate
these judgments in written form, and,
fundamentally, the ability to evaluate and
improve one’s own work based on these
processes (Nicol et al., 2014)

• Enhancing greater meta-cognitive
self-awareness (Topping, 1998;
Liu & Carless, 2006)
• Increasing student motivation by
fostering a sense of responsibility
and ownership for their peers’
learning (Dochy et al., 1999;
Cheng & Warren, 1997)
• Increasing interactivity self-
confidence (Brindley & Scoffield,
1998) and empathy for others
(Topping, 1998)
• Engaging in peer review has a
positive effect, not only on students’
perceptions of peer learning and
the value of peer feedback, but also
on their academic outcomes
(Mulder et al., 2014b)
• Making significant improvements
in the students’ ability to write in
science and to evaluate the quality
of their peers’ writing with a
relatively high degree of accuracy
(Walker & Sampson, 2013)
• Promoting independent learning
and reducing dependence on
staff as “the experts” (Brindley &
Scoffield, 1998; Dochy et al., 1999)

• Sensitizing students to the
different ways in which readers
might interpret what they have
written (Nichol et al., 2014)

• Improving social and
communication skills such as
verbal or written communication,
negotiation skills, diplomacy, and
giving and accepting criticism
(Topping et al., 2000)

• Enhancing relationships in the
group (Cheng & Warren, 1997)

• Developing a collaborative and
participatory learning
environment (Fallows &
Chandramohan, 2001)

• Presenting a comparative process
wherein students evaluate each
peer assignment against an
internal representation of their
own work, where they use the
feedback they generate for others
to update their thinking about
their own assignment (Nichol
et al., 2014)

• Alerting students to deficiencies
or gaps in their work (Nichol et al.,
2014)
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at goo.gl/bMxZf0, though some details are specific to the project in
this course and will need to be modified for other lab projects. We
strongly suggest that each component be given a description and
assigned points based on course learning objectives. For each sec-
tion and component, we specified the content and format required
for assignment of full, partial, or no credit.

Grading
Grades received from peers did not count toward the final lab
report grade. Peer grades should provide a sense of the final grade
assessed with the grading rubric. The graded part of this assign-
ment contributed to participation, based on three components
described in the assignment as follows:

Full credit for the peer-review process will be given for a
student who (1) is present on the day of peer review,
(2) brings two hard copies of their formal lab report, and
(3) reviews and grades (using the grading rubric) the
formal lab reports of two peers in a thoughtful, thorough,
conscientious manner.

Grading the peer reviews requires additional guidelines. Thought-
ful, thorough, and conscientious reviews will provide explanation for
scores given via the grading rubric. Tools such as Calibrated Peer
Review (Robinson, 2001) also exist to assist with honing reviewing
skills and establishing expectations for reviewers.

Student Responses
Two years after the initial student interviews, peer review was intro-
duced during the Spring 2015 semester into 21 labs taught by eight
lab instructors (graduate teaching assistants, GTA) with 337 under-
graduate students enrolled. During the last week of the semester, an
anonymous link was emailed via SurveyMonkey® to students and
instructors, inviting them to complete a questionnaire. The purpose
of the questionnaire was to evaluate students’ and teachers’ opinions
regarding peer review. All eight instructors and 298 students (88.4%
response rate) participated in the questionnaire (Online Supplemen-
tal Material_Questionnaire). Survey responses were anonymized,
and students received extra credit points for participating. Most sur-
vey questions used 5-point Likert scale with responses ranging from
“strongly agree” to “strongly disagree” or provided multiple selec-
tions with the option to select more than one response. Open-ended
questions were grouped using thematic coding.

The two courses were considered part of a year-long curriculum,
though there is no required order, and 64 percent of respondents
reported having already taken one of the courses. Of the 298
respondents, 24 percent had previously completed a lab report,
and 49 percent had previously participated in peer review as a class
assignment. Overall, most students (60%; n = 226) rated the peer
review process as a helpful aspect of lab report assignments, and
66 percent (n = 230) agreed or strongly agreed that the peer review
component helped them understand the lab report assignment.
Almost all instructors (88%; n = 7) agreed or strongly agreed that
the peer review component helped improve students’ understanding
of the lab report assignment. Also, well over half of the instructors
(75%; n = 6) agreed or strongly agreed that the peer review compo-
nent helped students earn higher grades on the lab report assign-
ment. Overall, we feel that this activity has improved both student
learning experiences and grades. The peer review component will
continue to be a part of the lab report in all our undergraduate envi-
ronmental science courses. Responses varied regarding quality of the
revision process, clarity of instructions, and time spent on the peer
revision process. The quality of the revision process was a concern
for 25 percent of the respondents, who stated the reviewers were
inconsistent or did not provide adequate commentary. Approxi-
mately 15 percent (45) of the students and two GTAs thought more
time should be spent on the peer revision component.

Reflection
Based on responses, the two major concerns are allocating sufficient
time and the quality of review. Most students believe that their peers
did not have enough knowledge to review and revise the lab reports.
One way this issue can be resolved is by students practicing review
with their instructors. This practice could include demonstration
by the instructor and providing students with the same document
for review, followed by discussion or presentation of review points
by the instructor. This would not only provide the students with
more knowledge about the review process, but it will also give them
the confidence to correctly revise other’s work. Assessing the actual
feedback given by reviewers could also be critical for high quality
reviewing (Ruegg, 2014), and other studies reveal concerns about
review quality and equity in participating in peer review (Mulder
et al., 2014a; Cheng et al., 2015). To address both time management
and quality of review, we suggest more time for reviewing, explain-
ing, and demonstrating peer review. More time could involve more
in-class time or introducing the activity earlier in the semester to give
students more time to revise their reports. Using a piecemeal strategy

Table 2. Rubric components.

Section Components / Subsections

Format Complete, logical, and correct format of sections and labels

Introduction Concise background, research questions, objectives, hypothesis

Methods Thorough explanation and justification

Results Appropriate summary with tables/figures

Discussion Interprets results in context of hypothesis and background, draws conclusions, addresses uncertainty,
and poses new questions
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could also address both time management and instructor involve-
ment. In this strategy, the lab report assignment is split into sections,
with each section completed and submitted on different dates. After
submitting each section, the instructor returns it to students with
comments and feedback. This provides students with input in an
iterative process of addressing comments and revising before turning
in the final report at the end of the semester. This strategy also makes
the learning process less stressful for the students since not every-
thing will be due at one time (Kalaskas, 2013).
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ABSTRACT

Arts-related science activities provide unique opportunities to engage students’
strengths and motivate different types of learners (Jolly, 2014). Incorporating
arts into the discussion of gene expression and microbiology introduces students
to a multidisciplinary approach to STEM and provides an opportunity to
explore the use of science in different fields such as design, art, and industry. In
this protocol extension students create living works of art on agar plates by
“painting” with E. coli that express fluorescent proteins of various colors.

Key Words: painting; bacteria; E. coli; protein; gene expression; DNA.

Introduction
It is all too common for students to think of art and science as
being entirely separate and unrelated. Incorporating arts into the
discussion of gene expression and microbiology introduces stu-
dents to a multidisciplinary approach to STEM and provides an
opportunity to explore the use of science in different fields such
as design, art, and industry. Arts-related science activities also pro-
vide unique opportunities to engage students’ strengths and moti-
vate different types of learners (Jolly, 2014). In this activity,
students create living works of art on agar plates by “painting” with
E. coli that express fluorescent proteins of various colors.

This activity is designed for grades 8–12 and supports students
in making the connection between DNA and gene expression.
However, it can also be modified for younger students by empha-
sizing the role of microorganisms such as bacteria in research and
in their lives. Undergraduate audiences can learn about plasmid
construction and bioinformatics by focusing on the DNA sequences
of the plasmids involved.

Bacterial transformation is a powerful research tool as well as a
classic classroom laboratory activity that allows students to experi-
ence and reflect on core disciplinary ideas in biology. This tech-
nique provides a simple and effective demonstration of how DNA
contains information for the production of proteins and how

changes in DNA can alter the phenotype of an organism (HS-LS1.
A, NGSS, 2013). At the Fred Hutchinson Cancer Research Center’s
Science Education Partnership (SEP), teachers have been using a set
of fluorescent plasmids to practice basic bacterial transformation
with their students. However, many teachers have extended their
lessons by using the transformed bacteria to paint with, thereby
reaching different learners and reinforcing the concept that genetic
engineering can create a specific protein product.

In research, plasmid design is an essential tool of molecular biol-
ogy. Engineered plasmids are used in pharmaceutical development
and to study gene expression and disease pathology. The ability to
add new genetic instructions into a cell and expect reliable and repro-
ducible protein expression has led scientists to develop new tools like
CRISPR Cas-9 for genome editing, and to create cellular human insu-
lin factories using bacteria and yeast. Scientists creating new plasmid
constructs often include genes for antibiotic resistance or fluorescence
as a visual indication of positive bacterial transformation.

The plasmids used in this activity were designed by the Tsein
Lab at the University of California San Diego (Figure 1). Transformed
bacteria containing the fluorescent plasmids can be ordered from the
nonprofit plasmid repository Addgene (see Table 1) (Shaner, 2004).
The sequences for these plasmids are also available on the Addgene
website. In the activity described in this article, students take advan-
tage of the introduced fluorescence genes to create living paintings
with bacteria, forming a more tangible connection between gene
expression and phenotypic changes.

Preparation
It is not necessary to do a bacterial transformation in order to do
the painting, since the bacteria arrive containing the plasmids
already. The Addgene plasmids listed in Table 1 are sent in bacteria
stabbed into an agar slant. The bacteria should be streaked for iso-
lation onto an LB (Luria Bertani or Lysogeny Broth) agar plate con-
taining ampicillin as soon as possible. After overnight incubation,
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single colonies can be selected and used for creating the bacteria
paint or prepped to isolate and purify the plasmid for use in a
transformation protocol (Figure 2).

If you are interested in doing transformation as a lab activity,
you will first need to do a “miniprep” to isolate the plasmids from
the bacteria sent by Addgene. Commercial miniprep kits are
available; most require high-speed centrifugation, so be sure to
check the specific protocol beforehand. Students can then insert
those plasmids into non-transformed bacteria using a transforma-
tion protocol (see Extra Resources). Calcium chloride and heat
shock are used to introduce the plasmids into competent bacteria.
K-12-safe E. coli strains JM101 and NEB5-alpha (available to
teachers through New England BioLabs) can be used for all the
plasmids listed here. Once transformed, the bacteria are plated
on ampicillin agar plates and incubated overnight. The colonies
of transformed E. coli will produce visible color and fluorescent
color under UV light (Table 1). Over time, the colonies will
become more vibrant as the proteins are continually produced
within the cells. Students can then select successfully transformed
colonies to use as their paints.

Materials
• Stock plates of transformed bacteria

• Sterile toothpicks

• Microcentrifuge tubes

• Micropipet & tips

• Sterile Luria Broth

• Sterile LB/amp plates (for stock)

• Sterile LB plates (for painting)

• Ampicillin

• Disinfectant (10% bleach or 70% alcohol)

• 37°C incubator (egg incubators work well)

• Autoclave — if making your own LB agar & Luria broth

Preparing the Paint and Plates
Pour LB/ampicillin stock plates and LB plates for students to use as
canvases. Make at least two stock plates for each plasmid of the trans-
formed bacteria by streaking LB/ampicillin plates to create isolated
colonies. To create the medium for the bacteria paint, add ampicillin
(100 mg/ml) to sterile Luria Broth at 1:1000 (1 μl ampicillin to 1 ml
of Luria Broth). Transfer ~500 μl of the solution into microcentrifuge
tubes. Store tubes in the refrigerator until ready to use. The ampicillin
is light sensitive, so use your solution soon after preparation.

To create their paint, the students can select the best colony
with a sterile toothpick and transfer it to a microtube of Luria Broth
with ampicillin. They then suspend the colony in the Luria Broth
using a pipet or vortexer, and incubate the tubes for 20–30 minutes
at 37°C to allow the bacteria to multiply.

Painting with Transformed Bacteria
To plan their designs, students first make a template by tracing
around the outside of an empty petri dish onto a piece of paper.
Simple line drawings and block images work best. In general, images
with recognizable shapes (flowers, mountains, neurons) and without
backgrounds produce better results. Have students flip over their
plates and tape their designs face-up onto the bottom so the image
is visible through the agar. Discuss the limitations of bacterial paint,
such as the inability to blend colors, the potential for contamination,
and different growth rates that can occur on the same plate.

Toothpicks are the easiest way to paint the bacteria onto a plate.
Students dip the rounded end of a sterile toothpick into a tube of
bacteria-LB/ampicillin paint and apply it to their agar plate. Wooden
toothpicks are cheap! If a tip appears jagged, select a new one.
Encourage students to use new toothpicks often when painting with
a particular color, and to always use a new toothpick when begin-
ning a new color to avoid cross-contamination. The paint does not
need to be heavy, and students should try to avoid tearing into or
puncturing the agar. Cotton swabs generally take up too much of
the paint solution, making precision difficult and greatly increasing
the chances of contamination. Brushes can be used, but they should
be rinsed in a 10 percent bleach solution and then in sterile water in
between colors.

Figure 1. Composite of fluorescent cells from the Tsien Lab at
the University of California, San Diego (http://www.tsienlab.
ucsd.edu/Images.htm).

Table 1. Plasmids yielding fluorescent proteins,
available from Addgene (www.addgene.org).

Plasmid Name Visible Color
Color
Under UV

pNCS mCherry, #91769 Dark Pink Dark Pink

pNCS mHoneydew, #91760 Yellow/Lime Lime

pNCS mTangerine, #91763 Pink Orange/Pink

pNCS BFP, #91757 White Blue

pNCS Venus (YFP), #91759 Yellow Yellow/Lime

Figure 2. Timeline.
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Place the plates agar side up in a darkened 37°C incubator over-
night (wrap with aluminum foil if light is an issue). After 24 hours,
the plates should have visible bacterial growth as their art comes to
life. The bacteria will glow under UV light but should also express
some color under normal light. Although colors will be visible after
the overnight incubation, for better results place the plates in a
refrigerator (4°C) for 24 hours after incubation. This allows the bac-
teria to express more of the fluorescent proteins, creating more
vibrant colors. When the incubation time is completed, students
can use cell phones to photograph their artwork. Teachers can pro-
vide a cardboard box to create a hood, as well as a digital camera and
tripod to aid in photography. Students may need to experiment to
find the best way to visualize fluorescence. A UV light under the
plate will give different results than one held over the plate.

By using bacteria as paint, students can learn about gene expres-
sion and how plasmids are used by molecular biologists as a tool for
harnessing a cell’s genetic machinery. This extension to the transfor-
mation protocol is also an opportunity to further discuss the use of
fluorescent proteins as a tag to help identify successful plasmid incor-
poration, or as an example of employing an organism to produce a
desired protein. Incorporating art and science can be a useful mecha-
nism for engaging different learners, introducing cross-disciplinary
skill, and fostering creative and critical thinking in students.

Sample of Student Response to
Activity
“The project created a wonderful example of real world application
of genetics. It was fun to work hands-on with the bacteria and as a
student who enjoys drawing, it was great to have an excuse to use
my artistic skills in science class. It was so rewarding to spend the
time working with the bacteria and then have the work produce a
final result that was both entertaining, and memorable.” (Miranda,
Class of 2020)

“I really enjoyed the bacteria art project because not only did it
help me understand how bacteria can replicate and pass down the
florescent protein DNA sequence, but it also helped wrap my head
around the massive quantity of bacteria produced. It was also a
very fun activity that allowed me to be creative while learning.”
(Conor, Class of 2020)

“It was really fun not only drawing with bacteria (which is
super cool and not many people can say they have done it) but also

an interesting experience making, and growing them. I think that it
is a really fun way to teach students a complicated concept with
many steps through an interactive and fun activity and really
helped me understand it a lot better.” (Albert, Class of 2020)

Extra Resources
• Addgene Roger Tsien Repository (https://www.addgene.org/
Roger_Tsien/)

• SEPGuides pFLO Transformation Protocol (http://www.fred
hutch.org/en/education-training/sep/teachers/labs-lessons.html)

• ScienceBridge Transformation Resources (http://sciencebridge.
ucsd.edu/programs/labs/content-areas/transformation.html)

• American Society for Microbiology, Agar Art Contest (https://
www.asm.org/index.php/public-outreach/agar-art)

• New England BioLabs Inc. (https://www.neb.com)
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ASSESSMENT
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Genesis Inc

Navtek Solutions

CLASSROOM &
LABORATORY
SUPPLIES/EQUIPMENT

CELLULAR LANDSCAPE POSTERS /
CHARTS /D IAGRAMS

Cell Zone, Inc.

D IG I TAL CAMERAS

ACCU-SCOPE Inc.

Southern Science Supply

HANDS-ON BIOTECHNOLOGY LABS
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HANDS -ON AND MINDS -ON
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B.A.C.K. for Learning
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Southern Science Supply

INTERACT IVE LEARN ING TOOLS

B.A.C.K. for Learning

Bone Clones, Inc.

Cell Zone, Inc.

GIANTmicrobes

Southern Science Supply

University of Nebraska at Kearney -
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Vernier Software & Technology

LABWARE

Bio-Rad Laboratories
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ACCU-SCOPE Inc.
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GIANTmicrobes

Southern Science Supply

MODELS (AN IMALS )

B.A.C.K. for Learning

Bone Clones, Inc.

MODELS (PLANT )

B.A.C.K. for Learning

Cell Zone, Inc.

GIANTmicrobes

MODELS (PROTE IN ,
R IBOSOME , & DNA)

B.A.C.K. for Learning

Cell Zone, Inc.

The DNA Store

GIANTmicrobes

OWL PELLETS /PELLET K I T S &
SUPPORT PRODUCTS

Bio Corporation

Genesis Inc.

Southern Science Supply

PROBEWARE

Vernier Software & Technology

SKULLS & SKELETONS

Bio Corporation

Bone Clones, Inc.

Genesis Inc.

SPEC IMENS ( L IVE )

Carolina Biological Supply Company

SPEC IMENS (PRESERVED )

Bio Corporation

Carolina Biological Supply Company

Genesis Inc.

CLASSROOM
TECHNOLOGY/MEDIA

COMPUTER HARDWARE

Vernier Software & Technology

COMPUTER SOFTWARE

Navtek Solutions

Vernier Software & Technology

GAMES

Vaccine Makers Project, Vaccine Education

Center at Children’s Hospital of

Philadelphia

INTERACT IVE MULT IMED IA

HHMI BioInteractive

ONL INE RESOURCES

The DNA Store

LI-COR Biosciences

T EACHER ’S TOOLS

The DNA Store

HHMI BioInteractive

University of Nebraska at Kearney -

eCampus

V IRTUAL LABS

HHMI BioInteractive

Navtek Solutions

EDUCATIONAL
ADVANCEMENT

ADVOCACY

National Center for Science Education

ONL INE COURSE /D IG I TAL
PLATFORM

LI-COR Biosciences
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F I ELD STUD I ES

Holbrook Global Field Expeditions

Montana State University, Master of

Science in Science Education Degree

University of Nebraska at Kearney -

eCampus

ONL INE COURSE /D IG I TAL
PLATFORM

American Physiological Society

HHMI BioInteractive

Montana State University, Master of

Science in Science Education Degree

Navtek Solutions

University of Nebraska at Kearney -

eCampus

ONL INE RESOURCES

Vaccine Makers Project, Vaccine

Education Center at Children’s

Hospital of Philadelphia

PROFESS IONAL DEVELOPMENT

American Physiological Society

Bio-Rad Laboratories

Clemson University

Holbrook Global Field Expeditions

Montana State University, Master of

Science in Science Education Degree

National Center for Science Education

University of Nebraska at Kearney -

eCampus

STUDENT OPPORTUN I T I E S

American Physiological Society

Holbrook Global Field Expeditions

TEACHER ’S TOOLS

Vaccine Makers Project, Vaccine

Education Center at Children’s

Hospital of Philadelphia

T EACHER WORKSHOPS

American Physiological Society

Bio-Rad Laboratories

HHMI BioInteractive

Holbrook Global Field Expeditions

Montana State University, Master of

Science in Science Education

Degree

National Center for Science Education

Vernier Software & Technology

TRAVEL OPPORTUN I T I E S

Holbrook Global Field Expeditions

PUBLISHERS

MISCELLANEOUS

Vaccine Makers Project, Vaccine Education

Center at Children’s Hospital of

Philadelphia

SUPPLEMENTARY MATER IALS

Bio-Rad Laboratories

Genius Games

Vaccine Makers Project, Vaccine Education

Center at Children’s Hospital of

Philadelphia

T EXTBOOK

Bio-Rad Laboratories
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ACCU-SCOPE Inc.
73 Mall Drive
Commack, NY 11725
267-733-6725
Mark Clymer
mark.clymer@accu-scope.com
www.accu-scope.com/

American Museum of Natural History
Central Park West at 79th
New York, NY 10024
212-496-3584
www.amnh.org/learn

American Physiological Society
Education Department
9650 Rockville Pike
Bethesda, MD 20814
301-346-2731
Margaret Stieben
mstieben@the-aps.org
www.the-aps.org

B.A.C.K. for Learning
561 West Lucky Penny Place
Casa Grande, AZ 85122
480-313-7168
Mary Holland
mholland@backforlearning.com
http://backforlearning.com

Bio Corporation
3910 Minnesota Street
Alexandria, MN 56308
320-763-9094
Becky Hedstrom
info@biologyproducts.com
www.biologyproducts.com

Bio-Rad Laboratories
6000 James Watson Drive
Hercules, CA 94547
510-741-6815
Ingrid Miller
bio-rad.explorer@bio-rad.com
www.explorer.bio-rad.com

Bone Clones, Inc.
21416 Chase Street, #1
Canoga Park, CA 91304

888-914-0091
Jeff Shaw
sales@boneclones.com
www.boneclones.com

Carolina Biological Supply
Company
2700 York Road
Burlington, NC 27215
336-538-6231
Penny Canady
penny.canady@carolina.com
www.carolina.com

Cell Zone, Inc.
PO Box 2424
Springfield, MA 01101
413-427-1214
Dawn Tamarkin
dawn@cellzone.org
www.cellzone.org

Clemson University
Biological Science
132 Long Hall
Clemson, SC 29634
864-656-2153
Terrie Jarrett
tjarrett@clemson.edu
www.clemson.edu/cafls/department/biosci

The DNA Store
15270 Pleasant View Drive
Colorado Springs, CO 80921
719-937-6762
Doug Lundberg
lundberg@thednastore.com
www.thednastore.com

Genesis Inc.
PO Box 2242
Mount Vernon, WA 98273
360-422-6764
David Carter
info@pellet.com
www.pellet.com

Genius Games
2079 Congressional Drive
Maryland Heights, MO 63146
513-724-4260

John Coveyou
john@geniusgames.org
www.geniusgames.org

GIANTmicrobes
78 Harvard Avenue, Suite 300
Stamford, CT 06902
202-504-8060
Andrew Klein
aklein@giantmicrobes.com
www.giantmicrobes.com

HHMI BioInteractive
4000 Jones Bridge Road
Chevy Chase, MD 20815
240-760-0507
Sydney Bergman
bergmans@hhmi.org
http://www.hhmi.org/biointeractive

Holbrook Global Field Expeditions
3540 NW 13th Street
Gainesville, FL 32609
352-377-7111
Christopher Bensley
travel@holbrooktravel.com
www.holbrooktravel.com

Laboratory Safety Institute
192 Worcester Street
Natick, MA 01760
508-547-1900
Connor Michael
connor@labsafety.org
www.labsafety.org

LI-COR Biosciences
4647 Superior Street
Lincoln, NE 68504
402-467-0726
Jeff Harford
jeff.hartford@licor.com
www.licor.com/bio

Montana State University
Master of Science in Science Education Degree
PO Box 1728052, 451 Reid Hall
Bozeman, MT 59717
406-994-7485
Holly Thompson
msse@montana.edu
www.montana.edu/msse

THE AMERICAN BIOLOGY TEACHER VOLUME. 80, NO. 4, APRIL 2018310

N
A
B
T
A
p
ri
l
2
0
1
8
B
u
ye
rs
’
G
u
id
e L I S T I N G I N FORMAT I ON

http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Amark.clymer%40accu-scope.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.accu-scope.com%2F
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.amnh.org%2Flearn
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Amstieben%40the-aps.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.the-aps.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Amholland%40backforlearning.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fbackforlearning.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Ainfo%40biologyproducts.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.biologyproducts.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Abio-rad.explorer%40bio-rad.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.explorer.bio-rad.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Asales%40boneclones.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.boneclones.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Apenny.canady%40carolina.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.carolina.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Adawn%40cellzone.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.cellzone.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Atjarrett%40clemson.edu
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.clemson.edu%2Fcafls%2Fdepartment%2Fbiosci
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Alundberg%40thednastore.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.thednastore.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Ainfo%40pellet.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.pellet.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Ajohn%40geniusgames.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.geniusgames.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Aaklein%40giantmicrobes.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.giantmicrobes.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Abergmans%40hhmi.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.hhmi.org%2Fbiointeractive
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Atravel%40holbrooktravel.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.holbrooktravel.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Aconnor%40labsafety.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.labsafety.org
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Ajeff.hartford%40licor.com
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.licor.com%2Fbio
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=mailto%3Amsse%40montana.edu
http://www.nabtjournal.com/nabtjournal/april_2018/TrackLink.action?pageName=310&exitLink=http%3A%2F%2Fwww.montana.edu%2Fmsse


National Center for Science Education
1904 Franklin Street, Suite 600
Oakland, CA 94612
510-601-7203
Robert Luhn
luhn@ncse.com
www.ncse.com

Navtek Solutions
Unit No.-542, 5th Floor
IJMIMA Complex off Link Road, Malad (West)
Mumbai, Maharashtra 400064
India
992-087-5983
Vikas Deo
vikas.deo@navteksolutions.com
http://navteksolutions.com/

Southern Science Supply
2914 Oakleaf Drive
San Antonio, TX 78209
210-887-0479

Carol Espensen
carol@southernsciencesupply.com
www.southernsciencesupply.com

UNITRON Ltd.
73 Mall Road
Commack, NY 11725
267-733-6725
Mark Clymer
mark/clymer@unitronusa.com
www.unitronusa.com/

University of Nebraska at Kearney -
eCampus
1910 University Drive, CMCT #308
Kearney, NE 68849
308-865-8378
Alyssa Wyant
wyantam@unk.edu
http://www.unk.edu/academics/ecampus/
degrees-programs/biology-degree.php

Vaccine Makers Project, Vaccine
Education Center At Children’s Hospital
of Philadelphia
3615 Civic Center Boulevard, ARC 1202
Philadelphia, PA 19104
215-590-9990
Charlotte Moser
moser@email.chop.edu
www.vaccinemakers.org and
www.vaccine.chop.edu

Vernier Software & Technology
13979 SW Millikan Way
Beaverton, OR 97005
888-837-6437
John Melville
info@vernier.com
www.vernier.com
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ABSTRACT

In educational and research settings, Tetrahymena is an excellent model
organismfor engaging students to investigate function, morphology, structure,
phagocytosis, and ciliary motion. Here, we present applications of Wright stain
and Sytox green as useful low-cost tools for phenotypic analysis. We used heat-
fixed Tetrahymena followed by Wright-stain-labeled organelles at different
stages of its life cycle. In addition, a low concentration of Wright stain, at
1 percent (vol/vol), enabled visualization of filled vacuoles with stain in live
Tetrahymena. Furthermore, we identified that Sytox green fluorescence labels
not only nuclei of pre-incubated cultures of Tetrahymena, but also nuclei and
some notable cytoplasmic staining after heat fixation. These applications can be
used alongside inverted, battery-operated, bright field, fluorescence microscopes
(Miller et al., 2010), as well as Cellcams (Martin & Shin, 2016) for acquiring
images and time-lapse movies. In the future, these useful approaches can be
applied broadly in many lab inquiry settings, such as toxicology and molecular
genetics.

Key Words: Tetrahymena; development; Wright stain; Sytox green dye; phenotypic
analysis; heat fixation; live cells.

Introduction
Tetrahymena is a model freshwater single-celled protozoan, ideal for
investigating the molecular and cellular basis of cell morphology,
organelle organization, structure, cell proliferation, and ciliary
motion, and can be used to study cell shape, even rate of phagocyto-
sis (Bozzone, 2000; Ruehle et al., 2016). This ciliate also possesses a
diploid micronucleus (MIC), mostly silent transcriptionally, and two
complete haploid genomes capable of both mitosis and meiosis
(Orias, 1998). Tetrahymena thermophila, like other fresh water proto-
zoa and cells of lower fresh water invertebrates, maintains its salt and
water homeostasis via contractile vacuoles (Plattner, 2015). This
enables the organism to maintain constant potassium and sodium
concentrations over wide range of hypo-osmotic environmental

conditions. Moreover, investigations using Tetrahymena thermophila
led to important discoveries and insights, such as telomeres and tel-
omerase (Gilley & Blackburn, 1996; Chan & Blackburn, 2004), and
ribozymes (Cech et al., 1981).

To visualize cellular organelle changes over Tetrahymena life
cycle development (Figure 1), there are at least two chromogenic
staining methods used before for phenotypic analysis: (1) silver
preparation labels cortical basal bodies (Frankel, 2008); and
(2) Giemsa stain labels micronucleus and macronucleus (Stone &
Cameron, 1964; Gude et al., 1955). The reason for applying
Wright stain was to visualize multiple cellular organelles. We
wished to apply this stain, routinely used in medical laboratory set-
tings, as a tool to explore and define multiple organelle labeling for
phenotypic analysis. The traditional Wright stain dates from
1890s; it is also a modified version of the Romanowsky method.
The original Wright stain was an alcohol-based solution of methy-
lene blue and eosin Y, used primarily to stain peripheral blood
smears, urine samples, and bone marrow aspirates to be examined
under a light microscope (Wright, 1902). The acidic or basic
nature of cellular structure determines their staining for the com-
ponents of Wright’s polychromatic dye.

We applied Wright stain as a method to label heat-fixed and live
Tetrahymena as a tool used for phenotypic analysis. Sytox green is a
high-affinity nucleic acid stain that easily penetrates cells with a com-
promised plasma membrane. In these cells, which are dying or under-
going cell death, Sytox green dye binds to DNA inside the nuclei,
which brightly fluoresces green with over 500-fold enhancement.
Stained cells will generally have bright green nuclei as well as some
low-level cytoplasmic staining (Lebaron et al., 1998). In addition to
using the compound light microscope, we utilized both the portable
low-cost fluorescence microscope (Miller et al., 2010) for fluorescence
detection, along with Cellcams (Martin & Shin, 2016) for videos. In
the following sections, we provide step-by-step methods of Wright
stain and Sytox green fluorescence that can be adapted to lab inquiry
research and educational settings.
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Materials

1. Tetrahymena standing (non-shaking) culture at room tem-
perature, grown in 2% pentose peptone from Carolina Labs
(Tetrahymena supplied with Phagocytosis and Vacuole For-
mation in Tetrahymena Kit, Catalogue Item # 131182B).
Note: this kit also contains India ink.

2. Compound microscope (Olympus) with 4x, 10x, and 40x
air objectives.

3. Portable battery-operated, low-cost, bright field, and fluo-
rescence microscope (gift from Dr. Rebecca Richards-Kor-
tum, Rice University; cited in Miller et al., 2010).

4. Alcohol lamp from Carolina Labs (Catalogue # 706604)
and matches (Catalogue #12-075 from Fisher Scientific).

5. 10P, 20P, 100P, 200P, and 1000P hand-held pipettors (Gil-
son® Pipetman® Classic, Fisher Scientific). 10P (Catalogue
# FA10002PG); 20P (Catalogue # FA10003MG); 100P (Cata-
logue # FA10004MG); 200P (Catalogue # FA10005PG); and
1000P (Catalogue # FA10006PG).

6. Eppendorf safe-lock micro centrifuge tubes (Part # 022363638
from Eppendorf).

7. Glass slides (Catalogue # 12-544-2, Fisher Scientific) and
cover slips (Catalogue # 10-016-24, ThermoScientific).
Note that glass slides were not pre-coated with gelatin,
nor with poly-D lysine.

8. Wright stain (Fisher Scientific brand, SureStainTM Wright
Stain, CS-432, opened 08/27/2015), placed in a glass
bottle with dropper (Catalogue # 12-000-158, Fisher
Scientific).

9. Methylene blue stain (Millipore Sigma R0310174), placed
into a bottle with dropper (Catalogue # 12-000-158, Fisher
Scientific).

10. Sytox green nucleic acid stain, 100µM stock solution
diluted in distilled water (use stock SYTOX™ Green
Nucleic Acid Stain , 5mM Solution, Invitrogen™ S7020).

11. Pentose peptone media, 2% (Stewart & Giannini, 2016).

12. Wash bottle with distilled water.

13. Stain rack holder (handmade, shown in Figure 3, panels A–C).

14. Parafilm paper (Parafilm M Sealing Film, #7315D11,
Thomas Scientific).

15. Number 5 forceps (Model # IMS-JF5, Premium High Preci-
sion Jeweler Style Forceps, #5 Tweezers, Fine Point Tips,
Stainless Steel, 4.5’’ L) used to make holes in parafilm to
cover Eppendorf tubes.

Procedures

Heat-fixation procedure:
To preserve and adhere Tetrahymena cells onto the glass slide, use
this step-by-step heat-fixation procedure:

1. Place 50 microliters of the sample in a glass slide.

2. Fix Tetrahymena onto the glass slide by intermittent exposure
to heat using flame lamp onto the sample. For lab safety pur-
poses, wear gloves and use tweezers to hold one end of the
glass slide.

3. Pass the slide quickly through flame several times, sample
side up, until completely dry. Allow 5 to 10 seconds to cool
at room temperature away from the flame.

4. Carefully track the temperature by touching your arm with
the glass slide to make sure it will not burn the sample.

Wright-staining procedure on heat-fixed
Tetrahymena specimen:

1. Prepare the sample by pouring 25 microliters of untreated
Tetrahymena placed on a glass slide.

2. Fix the sample using the heat–fixation procedure described
above.

3. Place the slide sample side up on the staining rack.

4. Apply Wright stain to the slide using dropper bottles or
pipettes.

5. Wait 5 seconds, the add an equal volume of distilled water.

6. Mix the stain and water, and allow it to incubate at room
temperature for 5 minutes.

7. Pour the stain and water mixture off the slide.

8. The slide may be rinsed with distilled water until the stain
is removed, or it may be washed using a wash bottle.

9. Wipe the back of the slide.

Figure 1. Life cycle of Tetrahymena. A micronucleus (purple)
and macronucleus (blue) of the Tetrahymena undergo either
vegetative asexual division under starved conditions, or
sexual development (conjugation). Micronucleus is the
diploid germline that is transcriptionally silent, and somatic
macronucleus is polyploid and transcriptionally active
(Chalker et al., 2013).
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10. Dry the slide in a vertical position, on an absorbent surface
(bibulous paper).

11. Examine cells using a compound microscope or bright field
in low-cost portable microscope.

Wright-staining procedure on living Tetrahymena
cultures:

1. Referring to Table 1, use either 20P or 100P or 200P micro-
pippetor and add the appropriate solutions for the negative
control, experimental groups (Wright stain at different con-
centrations ranging from 0.5%, 1%, and 5% vol/vol), and
positive control using 1% (vol/vol) India ink diluted in dis-
tilled water.

2. When each component has been added and mixed, use a
table-top centrifuge to pool all the solution at the bottom of
the 1.5mL Eppendorf tube.

3. Use a parafilm and aluminum foil setup (Figure 2D–2G), and
observe at 4 hours and 24 hours. Students can decide obser-
vation timepoints for their experiments. Tables 2—4 high-
light example data that can be collected by students. Key
frames from 1% (vol/vol) Wright stain from time-lapse exper-
iment (Figures 3C–3E and 4).

Results

Wright stain in Tetrahymena
Wright stain allows visualization of different stages of Tetrahymena
throughout its life cycle. It labels the cortical grooves, the oral cav-
ity, and cilia (Figure 3A–3C). This stain can either be used in heat-
fixed samples, or be modified to monitor cellular events in living
cultures as mentioned below. Based on the collected data from
the above pilot experiment in living cells, we determined that the
24-hour pre-incubation of 1% Wright stain (vol/vol) highlights
the following organelles: (1) several food vacuoles and vesicles
labeled in ranges of color from light violet to dark purple; (2) the
activity of the contractile vacuole; (3) and ciliary motion.

Sytox green nucleic acid stain procedure (living
cells):

1. Make a dilution of 20µM by mixing 5µL of Sytox green dye
from the original stock concentration of 100µM with 20µL

of Tetrahymena (cultured for three days) to a final volume
of 25µL. Follow the set-up of reagents listed in Table 5 with
appropriate micropippetors.

2. Use No. 5 forceps to make seven holes into Parafilm paper,
and cover the Tetrahymena culture in the Eppendorf tube.
Let the sample incubate for three hours.

Table 1. Pre-incubation of Tetrahymena in living cells using 0.5%, 1%, and 5% (vol/vol) of Wright stain
concentrations.

Negative
control

Wright stain 0.5
% (vol/vol)

India ink 1%
(vol/vol)

Wright stain 1%
(vol/vol)

Wright stain 5%
(vol/vol)

Tetrahymena culture 10 µL 10 µL 10 µL 10 µL 10 µL

Wright stain 100% — 2.5 µL — 5 µL 25 µL

India ink 100% — — 5µL — —

2% proteose peptone
media

490 µL 487.5 µL 485 µL 485 µL 465 µL

Total volume 500 µL 500 µL 500 µL 500 µL 500 µL

Figure 2. (A–C) Wright stain procedure. 1. Apply the dye on
the sample (panel A). 2. Add water carefully and wait five
minutes (panel B). 3. Rinse until all clear water from the side of
the glass slide without touching the stained sample, and let it
dry horizontally (panel C). (D–G) Pre-incubation procedure.
1. Place a piece of parafilm covering the Eppendorf tube
(panel D). 2. Use No. 5 forceps to make seven holes on parafilm
(panel E). 3. Let the samples incubate for a period at room
temperature (panel F). 4. Cover the samples with foil (panel G).
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Table 2. Wright stain procedure setup for living Tetrahymena.

Negative control Positive control Experimental group

3 days cultured Tetrahymena 10 µL 10 µL 10 µL

2% proteose peptone media 490 µL 485 µL 485 µL

Wright stain 1% (vol/vol) — — 5 µL

India ink 1% (vol/vol) — 5 µL —

Total volume 500 µL 500 µL 500 µL

Table 3. Experiment 1: Experimental observations at 24 hours with different concentrations of Wright
stain in Tetrahymena culture.

Group Mobility Labeling of vesicles
Colored precipitation

in culture media
Cells undergoing

conjugation

Negative control +++ — — +

Wright stain 5% (vol/
vol)

— — +++ —

Wright stain 1% (vol/
vol)

+++ ++ + ++

Wright stain 0.5% (vol/
vol)

+++ — — +

India ink 1% (vol/vol) ++ +++ + +

Qualitative analysis many (+++), some (++), very little (+), and none (—).

Table 4. Experiment 2: Experimental observations at 24 hours with 1% (vol/vol) Wright stain or 1% (vol/
vol) India Ink in Tetrahymena culture.

Group Cellular movement Normal shape Glassy shape Labeled vesicles

Negative control +++ +++ — —

Positive control India
ink 1% (vol/vol)

++ ++ — +++

Experimental group
Wright stain1% (vol/vol)

++ ++ + ++

Qualitative analysis: large (+++), medium (++), and small (+). Negative or none (—).

Figure 3. (A–C) Heat-fixed and Wright-stained
Tetrahymena in living cells. (A) Heat-fixed Tetrahymena
prior stain. (B) Wright-stained heat-fixed Tetrahymena.
(C) Cilia (arrows) in heat-fixed Tetrahymena. (D-F) Time-lapse
Tetrahymena cells undergoing conjugation in Wright stain
preincubated for 24 hours in living cells.

Figure 4. Wright stain 1% (vol/vol) incubated, active
contractile vacuole. (A–C) Still frames from time-lapse
experiment using CellCam to monitor contractile vacuole
dynamics in 1% (vol/vol) Tetrahymena live culture. (A)
Tetrahymena contractile vacuole (arrow). (B) Contracting
vacuole (arrow). (C) Contractile vacuole releasing water (arrow).
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3. Use Tetrahymena untreated as a negative control, following
the same incubation steps.

4. Place 20µL of the untreated Tetrahymena on a glass slide
carefully; then place 20µL of the experimental group on a dif-
ferent glass slide, and cover it with a cover slip, making sure
of not let the air bubbles to form on any of these samples.

5. Use an inverted battery-operated fluorescence microscope (Miller
et al., 2010).

Sytox green nucleic acid stain procedure (heat-fixed
cells):

1. Take 50 microliters of pre-diluted Tetrahymena in Sytox
green already incubated for three hours (from the previous
procedure).

2. Distribute it onto a glass slide

3. Heat-fix the sample carefully.

4. Examine by inverted low-cost fluorescence microscope
(Miller et al., 2010).

Results of Sytox green fluorescent dye staining in
Tetrahymena
After three hours of incubation, we observed that labeled nuclei in
cells with plasma membrane were compromised, and several Tetra-
hymena cells were moving while observed with an inverted bright
field fluorescence microscope (Figure 5A–5D). Heat-fixed pre-incu-
bated Tetrahymena with Sytox green dye labels macronucleus
(MAC) and some visible cytoplasmic stain (Figure 5E–5G).

Conclusion
In summary, we developed new, useful low-cost application tools for
phenotypic analysis in Tetrahymena. In combination with Cellcams
(Martin & Shin, 2016) and a portable low-cost fluorescence micro-
scope (Miller et al., 2010), we demonstrated the utility of the follow-
ing methods: heat fixation, Wright stain, and Sytox green fluorescence
dye labeling. The versatility of the Wright stain in heat-fixed and live
cell approaches allows the observation of cellular organelles, such as
cilia, oral cavity, and some of the subcellular organelles (e.g., vacuoles
and vesicles) during the life cycle of Tetrahymena. In future lab-inquiry
and research settings, Wright stain and Sytox green dye staining
approaches will provide a platform for phenotypic analysis of cellular

decision-making processes in the changing microenvironment of
Tetrahymena.
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Science denial has been a major issue of con-

cern in recent years. Many factors have been pro-

posed as the cause of science denial, including

political ideology, religious ideology, and pur-

veyors of misinformation and doubt like antievolu-

tionists, anti-vaccination proponents, and climate

change skeptics. In Scienceblind, Andrew Shtul-

man, associate professor of psychology and cogni-

tive science at Occidental College, discusses yet

another factor that contributes to skepticism about

established science. Shtulman provides an over-

view of intuitive theories about the world that

develop early in life, have been consistently found

in people of all ages, across many different cultures,

and throughout history. These intuitive theories

can pose barriers for students trying to learn many

of the well-established, but counterintuitive, theo-

ries central to the biological and physical sciences.

Shtulman argues that, “To get the world right we

need to do more than just change our beliefs; we

need to change the very concepts that articulate

those beliefs. That is, to get the world right, we can-

not simply refine our intuitive theories; we must

dismantle them and rebuild them from their foun-

dations” (p. 5). This poses particular challenges for

designing science instruction.

Scienceblind provides a very readable intro-

duction to a vast literature on science misconcep-

tions that stretches back to the early 1980s. The

book opens with a chapter entitled “Why we

get the world wrong,” providing an overview of

the concept of intuitive theories. Most of the

remainder of the book is divided into two parts,

one summarizing research on intuitive theories

in the physical sciences and the other, the biolog-

ical sciences. An example of an intuitive theory of

adaptation familiar to biologists is the inheritance

of acquired characteristics where species evolve

due to environmental pressures that cause a need

for change, and all individuals in the population

simultaneously respond to this need by adapting

their anatomy, physiology, or behavior in order

to survive. The well-established scientific theory

is, of course, Darwin’s theory of natural selection,

which is a two-step process involving the gener-

ation of random variation followed by selection.

In Darwin’s theory many individuals die without

having successfully passed on their genes to the

next generation. Only a select few successfully

reproduce. This causes the population to evolve,

not the individual organisms.

Intuitive theories are grounded partly in innate

expectations and partly in concepts that emerge

early in a child’s development. By school age these

foundational concepts form students’ common-

sense intuitions about the world, and when scien-

tific ideas clash with them, the common-sense ideas

usually win out (Bloom & Weisberg, 2007). For

example, essentialism is a foundational belief that

objects have a set of observable characteristics

determined by an immutable underlying nature

that cannot be seen, but that gives the object its

identity. Essentialism is important for learning con-

cepts, but can interfere with learning natural selec-

tion. Students who view evolutionary change

through an essentialist bias see evolution as the

simultaneous transformation of the essence of all

individuals in a population, rather than as the sur-

vival and reproductive success of only a select few

organisms from each generation.

In addition to the intuitive theory of adapta-

tion, the section of the book on intuitive biologi-

cal theories also includes chapters on life,

growth, inheritance, illness, and ancestry. A care-

ful reading of the chapter on ancestry will help

the reader understand why nonscientists con-

tinue to challenge evolution by asking, “If

humans evolved from chimpanzees, then why

are chimpanzees still around.” The section of

the book dealing with intuitive theories of the

physical world also contains chapters that may

be of interest to biologists. For example, the

chapter on intuitive theories of energy may be

relevant for helping students to understand

energy transformations at the cellular and molec-

ular level. There is also a chapter that addresses

intuitive theories of the earth (continental drift)

and climate that may interest biologists.

The book closes with a chapter entitled

“How to get the world right,” where Shtulman

discusses some educational implications of our

knowledge of intuitive theories. He concludes

that science denial is unavoidable. Grounded in

innate expectations and our earliest attempts to

understand causal relationships in the world,

intuitive theories are coherent and robust.

But there is hope. Many of the chapters on

the various intuitive theories discuss educational

interventions that have been successful in help-

ing students overcome the barrier that an
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intuitive theory can impose to learning a well-

established scientific theory. Shtulman writes,

“Any educator who wants to help students con-

front and correct their intuitive theories needs

to tailor his or her instruction to those theories”

(p. 245). The key is to guide students through

an evaluation of the intuitive theory and its

well-established scientific counterpart. Students

need a clear demonstration of how the intuitive

theory fails to adequately explain the phenome-

non in question, followed by a clear demonstra-

tion of how the scientific theory adequately

explains the phenomenon. Scienceblind is a book

that all science teachers should read, if only to

sample the chapters relevant to their discipline,

whether it be biology, chemistry, physics, or

earth science. The ideas in this book have impor-

tant implications for designing instruction and

planning both formative and summative assess-

ments that will challenge students to confront

their intuitive theories and rebuild their under-

standing of the world. Scienceblind provides a fine

illustration of how cognitive science can inform

the practice of science teaching, just as the bio-

logical sciences inform the practice of medicine.

Robert A. Cooper
Pennsbury High School, Retired

Fairless Hills, PA
Bcooper721@gmail.com
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SCIENCE PATHWAYS IN EDUCATION

Barriers and Opportunities for 2-Year and 4-Year

STEM Degrees: Systemic Change to Support Stu-

dents’ Diverse Pathways. By National Academies of

Sciences, Engineering, and Medicine. 2016. (ISBN:

978-0-309-37357-9). Paperback. $54.00.

Barriers and Opportunities for 2-Year and 4-

Year STEM Degrees is generated from many white

papers compiled on a multitude of factors affect-

ing undergraduate STEM student success. The

data extracted from these white papers illumi-

nates the numerous influences that can affect

STEM degree attainment. The book begins with

two overarching questions: (1) Why do so many

students who start out pursuing STEM lose inter-

ested before degree completion, and (2) How can

we improve the quality of the STEM educational

experience? The authors go a step further and

identify several common barriers to STEM edu-

cation success: poor advising; not prepared for

rigor; stereotypes from faculty or peers; unwel-

come environments; and uninspired teaching.

Early on in the book, we are re-acquainted

with some hopeful facts and figures that are likely

familiar. For instance, those holding STEM degrees

have higher salaries and lower levels of unemploy-

ment than other fields. Also, the pay gap between

male and female workers is less for those holding

STEM degrees than other fields. And in the class-

room, with much praise to the Vision and Change

Call to Action, best practices such as active learning,

group work, and feedback from instructors have

shown improvements in the learning and culture

in STEM classrooms. The first chapter also points

out some tidbits that may be less widely known.

Did you know that most people with STEM

degrees are not working in STEM fields? And that

there are more minority and single parent students

pursuing STEM degrees than ever before? Interest-

ingly, in active learning environments, the achieve-

ment gap between black and white students is

decreasing. Furthermore, the achievement gap

between first-generation and traditional students

was eliminated altogether!

But after that, the picture starts to get a bit

grim, particularly for two-year college STEM stu-

dents. Two-year college students make up over 40

percent of the total undergraduate population, yet

two-year college STEM students are switching out

of STEM majors at higher rates than their four-year

college counterparts. Unfortunately, the authors

did not provide any reasons for this attrition or pos-

sible solutions. However, they did provide several

excuses: it is natural that some students would

switch out, and perhaps students are switching to

majors that are more suited to their perceived

abilities.

This is in direct contradiction to an earlier

statement in the book that we (students, advisors,

instructors, administrators) should not base stu-

dents’ chance of STEM success on their perceived

natural abilities. I thought they made a good point

in this section, as they mention that perceived abili-

ties are most likely attributed to early exposure to

science and math. Since it is likely that students in

low socio-economic environments for their primary

and secondary education would not have early

exposure opportunities, they would never even

have the chance to build their abilities in science

and math aptitude.

The most interesting aspect of the book is the

discussion of the role that the “culture of science”

plays in pushing students out of STEM. The idea

that some students are naturally inclined toward

science are outdated, but still largely perpetuated.

The lack of visible scientists of color has a negative

impact on the perceptions of students of color.

The highly competitive nature of introductory sci-

ence courses and the rigid structure of course

sequencing delays movement through the majors.

Institutions do not incentivize and rarely support

the use of best practices and professional develop-

ment. Even if institutions invested in this area,

this is unlikely to make a large impact, because

these practices have been shown to be most effec-

tive in introductory-level courses, which are

widely taught by part-time instructors who typi-

cally don’t have access to institutional professional

development programs.

In the end, the authors assert that research

shows that STEM classrooms can be unwelcom-

ing. But they also make it clear that there is not

enough data to really understand the effect of

barriers or best practices in STEM education. If

you consider yourself an engaged instructor and

use best practices in science education in your

classrooms and labs, this is probably not the

book for you. However, if you are looking for

data to support funding and programming for

STEM retention and success programs on your

campus, or if you are an administrator who

would like to support or promote such efforts,

then this book has all the data you need to build

a strong case for the work ahead.

Karla Smith Fuller
Stella and Charles Guttman Community College

New York, NY
Karla.fuller@guttman.cuny.com
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Curators: Behind the Scenes of Natural History

Museums. By Lance Grande. 2017. University of

Chicago Press, Chicago, IL. (ISBN: 978-0-226-

19275). Hardcover $35.00.

Have you ever wondered how museum

curators get into the business, what they do day

to day, and how they manage such great collec-

tions of materials? If you answered yes to any

of these questions, then this is the book for

you. Lance Grande takes us on his journey from

humble beginnings to that fateful day when a

friend gave him a preserved fish fossil that began

his love of collections. That gift set him on a path

even he likely could not have anticipated. Sud-

denly the curiosity that had been in him as a

child was reawakened, and he shifted majors to

Geology. From that day forward he was hooked

(so to speak) and began working at the Natural

History Museum in Chicago as a part of his stud-

ies. He knew, after three years of working there,

that his goal was to become curator of the

museum. This book provides some autobio-

graphical account of his pathway, historical tell-

ing of museum milestones, and a candid

introduction to different types of people he has

worked with over the years.

Although this book is an interesting read, and I

would recommend for people interested in a

behind-the-scenes telling of what it means to be a

curator (from lawsuits of T. Rex skeletons to attend-

ing gem shows and carrying home four-pound gold

nuggets), I believe the deeper connection comes

from Lance Grande’s personal narrative. His hum-

ble blue collar origins, which lead to his being a

first-generation college student who worked to sup-

port his own education, can be an inspiration to

students, if they are looking in the right place. In

addition, he tells a story of his interest being

sparked outside the classroom initially, and seeking

out those who could help him identify that passion

rather than waiting for someone to come to him.

His ultimate career path was not even on his radar

when he set out to go to college. Through self-

determination, one fateful fish fossil, and a desire

to know, he wound up in the Geology Department

at the University of Chicago. It is a testament to

finding new paths and new interests and seeking

out those who can help rather than settling for the

known.

Each chapter of the book could be taken

separately as needed, as I think most of the infor-

mation would be of little use to the high school

classroom per se. However, the read is quite

informative, and the author goes into detail on

background data on the many different facets of

his job that would never occur to those without

museum experience. I believe high school stu-

dents would find the stories compelling as a part

of required readings, but as chapters; as a whole,

they may lose interest. College students in the

fields of Biology, Natural History, Geology, and

the like might find the stories more interesting

on a broader level, and the information does lend

itself more to the unseen side of museum

curation.

Overall, I would recommend this book as a

supplement to natural studies.

Dr. Kania Greer
Georgia Southern University

Statesboro, GA
kagreer@georgiasouthern.edu
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Cracking Cancer (DVD; 2017; 44 minutes;
Bullfrog Films; http://www.bullfrogfilms.
com/catalog/crac.html)

Practical applications of genomics can
be seen in Bullfrog Films’ recent release,
Cracking Cancer. The riveting stories of
cancer victims—some who survive, some
who do not—grip viewers as they learn
about the science behind some of the latest
cancer-fighting techniques. In particular,
viewers learn about a British cancer agency
called Personalized OncoGenomics. The
scientists working there carry out clinical
trials on cancer patients in ways unique to
each individual by sequencing the patients’

particular cancers. Honors and advanced
placement students would benefit from
watching this video both in affirming their
understanding of genetics and in generating
new understanding around biotechnologies.

Dr. Janessa Laskin appears on camera to
describe the process by which they identify
treatment for their patients. In short, a biopsy
is made of a patient’s tumor. The sample is
genetically sequenced. DNA from one of
the patient’s normal cells is also sequenced.
The two sequences are then compared, and
the research scientists and doctors look for
mutations that make the two sequences dif-
ferent. They specifically look for mutations
on oncogenes (i.e., genes associated with can-
cer development). By understanding the spe-
cific ways in which the genes are different,
they are able to propose unique treatments.
Some of the treatment is unprecedented, such
as the use of diabetes medication to block a
growth factor.

Not every story has a happy ending.
Viewers will meet survivors, and they will

get to know others who eventually suc-
cumbed to their illness. In some cases, they
will hear the story directly from the deceased
person and find out later that the treatment
failed to work. In that sense Cracking Cancer
offers an authentic look at both the advan-
tages and shortcomings of biotechnology.
But rather than inspire discouragement, this
filmmaymotivate students to consider cancer
research careers. The cast of scientists is as
diverse as the treatments they provide.

While this film could compliment a class-
room lesson, the producers have not devel-
oped curriculum to support that kind of
integration. Educators looking to use the film
in meaningful ways will have to develop their
own film-related activities. Moreover, the sci-
entific content of the film, while not over-
whelming, is better suited for upper-level
high school biology courses.

Remy Dou
ABT Department Editor

Florida International University

redou@fiu.edu
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