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Abstract

The theory and practice of evolutionary tree-thinking is pervasive through many scientific fields and
is a critical component of biological literacy. Many elements of tree-thinking are introduced early in
undergraduate biology education. However, basic concepts are often not revisited/reinforced and are
assumed to have been fully conceptually grasped in upper-level courses and beyond. Here, we present
a project-based activity that we developed to aid upper-level biology students to learn, conceptualize,
and practice tree-thinking. This approach allows them to identify the misconceptions that they may
have about tree-thinking, while reinforcing the theories and concepts that they may have
encountered in introductory courses. It also integrates several pedagogical styles (instructor-led and
student-centered), along with an organismal case study to make concepts concrete and realistic to

students.
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Introduction

Background

The central concept of evolutionary biology is that the diversity of organisms on earth is descended
from common ancestors, and that we are all connected like tips of branches on a single tree of life
(Avise 2006; Baum and Smith 2013; Darwin 1859). Evolutionary relationships, both within or
between groups of organisms, are depicted in evolutionary trees (i.e. phylogenetic trees). Being able
to build, visualize, and interpret evolutionary trees is crucial for developing an accurate
understanding of evolution, organizing biological diversity, and to effectively investigate and
communicate evolutionary phenomena. This practice is known as “tree-thinking” and is a critical
component of biological literacy (Baum and Offner 2008; Baum and Smith 2013; Gregory 2008;
Halverson 2011; Novick and Catley 2016; Novick and Catley 2013; Sandvik 2008). Tree-thinking is an
important component of many undergraduate courses including introductory biology, evolution, and
organismal-based courses, as well as extending into other fields such as medicine, forensics, and
anthropology (Baum and Offner 2008). Undergraduates are typically introduced to concepts of tree-
thinking (e.g., terminology and tree topology, parsimony, trait evolution, relatedness) in introductory
courses and it is often assumed in upper-level courses that this level of instruction is sufficient for

students to interpret evolutionary trees in texts and primary literature. However, research has shown
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that even advanced biology undergraduates still struggle with a range of misconceptions about the
building and interpretation of evolutionary trees (highlighted in Table 1; (Baum et al. 2005; Baum
and Offner 2008; Blacquiere et al. 2020; Dees et al. 2014; Dees and Momsen 2016; Gregory 2008;
Halverson 2011; Lents et al. 2010; Meir et al. 2007; Meisel 2010; Novick and Catley 2013; Sandvik
2008).

In our experience, these misunderstandings stem from several factors including: (1)
significant lengths of time between being introduced to concepts of tree-thinking and revisiting or
applying concepts; (2) commonly misconstrued concepts are not explained thoroughly or clearly
when introducing tree-thinking; and/or (3) a lack of any application (e.g. tree building
practice/interpretation) to reinforce and allow students to fully grasp abstract concepts of tree-
thinking. Misconceptions of tree-thinking can hinder deeper understanding of evolutionary theory
and have an effect on students’ acceptance of the evidence and scientific validity of evolutionary
theory (Gibson and Hoefnagels 2015; Gregory 2008; Meisel 2010). Moreover, misconceptions formed
early in students’ college careers can impact their success in upper-level courses, often leading
students to leave biology majors (Chen X 2013; Cherif A, Adams G, Movahedzadeh F, Martyn MA,
Dunning J. 2014; Ingram and Nelson 2006; McKeachie et al. 2002). Therefore, even slight
misconceptions in either introductory or upper-level courses could have consequences that drive
students to leave the discipline (Heddy and Nadelson 2013; Mead et al. 2015).

Abstract concepts like tree-thinking can be made more intuitive and concrete with the use of
hands-on pedagogical techniques (Brewer and Zabinski 1999). There is considerable evidence that
hands-on activities are more effective than traditional lectures because (1) students become active

participants in their own learning (Alters and Nelson 2002; Freeman et al. 2014; Gardner and Belland
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2012; Hake 1998; Nelson 2008; Smith et al. 2005) and (2) hands-on activities tend to engage students
from historically excluded groups in STEM (Ballen 2020; Ballen et al. 2017; Estrada et al. 2016; Haak
et al. 2011; Theobald et al. 2020). Furthermore, several case studies have shown that tree-building
exercises improve students’ abilities to build, read, and interpret phylogenies, and more broadly,
think about evolution (Eddy et al. 2013). Here, we present a project-based activity for teaching and
reinforcing evolutionary tree building and interpretation. Project-based learning often combines
various pedagogical strategies that use a project(s) as a central component. These projects extend over
a period of time and vary in complexity, actively engaging students in autonomous work and problem
solving, and stimulating critical thinking and decision making (Bell 2010; Berchiolli et al. 2018;
Blumenfeld et al. 1991; Guo et al. 2020; Larmer et al. 2015). The other major component of project-
based learning is instructor feedback at pivotal times during the exercise(s) to aid students in
reflection and recalibration, which ultimately facilitates deep-learning and comprehension of the
major concepts being covered.

The project-based activity that we present spans six-hours across three class periods and
integrates a traditional instructor-lecture to introduce the concepts of tree-thinking and tree
building, student-centered instruction to carry out the activities within the exercise, and a case study
to bring abstract concepts into a novel, real-world framework. Students are asked to work in small
groups to encourage collaboration and discussion throughout the process, which has been shown to
be beneficial and effective in making theory more tangible to students (Allen and Tanner 2005;
Buckberry and Burke da Silva 2012; Freeman et al. 2014; Prince 2004). Our project-based activity
builds on prior work that provides frameworks for teaching tree-thinking (Baum et al. 2005; Baum

and Offner 2008; Meisel 2010) and tree building (Burks and Boles 2007; David 2018; McCullough et


https://paperpile.com/c/33oIoS/OWHd+URMh+s9qq+gdOr+Fr7h+guvi
https://paperpile.com/c/33oIoS/T1L3+YoL5+8rX3+2gxZ+RBpf
https://paperpile.com/c/33oIoS/T1L3+YoL5+8rX3+2gxZ+RBpf
https://paperpile.com/c/33oIoS/WA08
https://paperpile.com/c/33oIoS/EKxU+cPbV+EjAz+PIWS+jS56
https://paperpile.com/c/33oIoS/EKxU+cPbV+EjAz+PIWS+jS56
https://paperpile.com/c/33oIoS/CXsa+eneX+URMh+NhVF
https://paperpile.com/c/33oIoS/CXsa+eneX+URMh+NhVF
https://paperpile.com/c/33oIoS/osFy+BVb9+4vUZ
https://paperpile.com/c/33oIoS/osFy+BVb9+4vUZ
https://paperpile.com/c/33oIoS/jQpV+pMH9+yWTF+Ocju+bmLr+PG08+cnP8

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

al. 2020; Sokal 1983a; Sokal 1983b; Sokal 1983c; Sokal 1983d). Additionally, our project fulfills several
recommendations for best practices in teaching phylogeny (and evolution, in general) more
effectively by making broad use of active learning, directly addressing student misconceptions,
incorporating multimodal instruction, and introducing opportunities for communication and
collaboration (AAAS 2011; Nelson 2008; NGSS Lead States 2013). We designed this project to lay
foundational concepts of tree-thinking, and then reinforce these concepts through hands-on activities
and an engaging case study (herein defined as a teaching tool to show the application of theory and
concepts to real life, biological examples/situations).

Below, we outline our learning goals and objectives for this exercise to assist instructors in
designing comprehensive and meaningful assessment questions. Learning goals are broad and
achievable, though not always measurable, statements of what the exercise is intended to accomplish.
Whereas, learning objectives describe specific and measurable learning outcomes that can be assessed

by the end of the exercise.

Learning Goals
1. Build a foundation in evolutionary tree-thinking including building, interpreting, and
evaluating evolutionary trees.
2. Graphically and verbally represent evolutionary tree-thinking.

3. Build quantitative skills used to create and evaluate phylogenies.

Learning Objectives

1. Build morphological character matrixes and corresponding phylogenies.
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2. Use a real-world case study to construct morphological and genetic character matrixes, along
with corresponding phylogenies.

3. Discuss how taxa differ and are related morphologically and genetically.

4. Build and evaluate phylogenies by implementing basic bioinformatics tools.

5. Apply what they have learned to deeper discussions of tree-thinking, tree building, and

evolution broadly.

Significance of Field Crickets as a Case Study

To allow students to connect abstract concepts of tree-thinking and tree building, we integrated a
case study using field crickets (Order: Orthoptera; Family Gryllidae, Subfamily Gryllinae) . Field
crickets can be found throughout the world and are familiar occupants of backyards in rural,
suburban and urban environments (Byerly et al. in press). Their songs, which males use to attract and
court females, can be heard during warm seasons and they are ubiquitous, though often unnoticed
organisms. This makes field crickets ideal to introduce students to “hidden” biodiversity. Moreover,
cricket species are fairly cryptic - for example many field crickets were considered a single species as
recently as the 1950s (Alexander 1957) and new species have even been described in recent years
(Gray et al. 2020; Weissman and Gray 2019). This makes field crickets an excellent, yet challenging
study system for students to explore the scientific literature, identify key traits that can distinguish
species, and compare different types of evidence for evolutionary relationships (morphology versus
molecular). We introduced field crickets in an introductory presentation (see Instructional Strategy:

Day 1 - Additional File 3) by covering some of their general characteristics (e.g. life history, natural
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history) and the importance of the group taxonomically (e.g. hybridization, poorly understood

evolutionary relationships of some species).

Intended Audience

We developed this project in a small (< 20 student), upper-level (2nd-4th year) undergraduate
evolution course. However, it is flexible enough to be used in advanced high school biology classes,
undergraduate introductory courses for both majors and non-majors, upper-level classes for students

majoring in ecology or evolution, and/or undergraduate laboratories. Based on ideal group sizes for

project-based learning and manageability of work for instructors, we believe that it can be effectively

used in various class sizes ranging from small

(15 students) to medium (< 50) (Bilgin et al. 2015; Chen and Yang 2019; Kanter and

Konstantopoulos 2010; Kooloos et al. 2011; Mahasneh et al. 2018). We have personally observed that
this project can successfully engage students and reinforce conceptual knowledge in exploring and

implementing evolutionary tree building techniques.

Instructional Strategy

In this paper, we present this project-based activity as we have used it. The activities are intended to
span six hours across three class periods, with about two weeks between each class/session (general
timeline included in Figure 1). However, we have included extensions and variations for adapting it
to specific classes depending on the timeframe, comprehension and educational level, and class size.

We have not used all of the variations that we suggest. We simply present what has worked for us
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and what we believe will be the most effective modifications or extensions based on education
literature and our own experiences. We encourage instructors to adjust this project as necessary for
their teaching style, size of class, and availability of time and materials. Here, we describe each part of

the project-based activity in further detail.

Before Class

Before beginning the project-based activity, the instructor(s) should familiarize themselves with the
material, teaching strategy, and learning goals and objectives, making modifications for their class
level and size. We also suggest, if time allows, that instructors conduct an evaluation prior to the
introductory lecture to determine what topics of tree-thinking students could benefit from focusing
on or highlighting (see #1 in Extensions of Activities section). If needed, instructor(s) can modify the
provided worksheets (Additional File 1) or the example introductory lecture (Additional File 2) to
cover specific parts of phylogeny that students find challenging. Instructor(s) should also tell students
in advance to bring laptops to subsequent sessions and to download both MESQUITE (Maddison
2021) and MEGA (Kumar et al. 2008; Tamura et al. 2021) or provide them with the necessary tools
for the exercise (e.g. using a computer lab with pre-downloaded software). The students should
familiarize themselves with the basic concepts of tree-thinking and tree building via their textbook,

instructional videos, or supplemental text.

During Session 1
Prior to the beginning the project-based activity, we presented a lecture (~ 40-50 minutes) that

discussed the basic concepts of tree-thinking (e.g., what evolutionary trees are, how to interpret
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them, character states, homology), while also addressing the misconceptions that students may have
coming into the class. This allowed us to mitigate/alleviate these misconceptions prior to the actual

activity. We have included an example lecture that we used as Additional File 2. The lecture can be
presented in a prior class, or the same day as the following activity - depending on the length of the
class.

We then split the class into small groups (3-5 students each), which could be done by the
students themselves or randomly by the instructor. We gave students the accompanying In-Class and
Out-of-Class Activity 1 (Additional File 1) either in hard copy or as a PDF through Canvas. We
presented the first activity (“trait-to-tree”) using hypothetical organisms (In-Class Activity 1 —see
Additional File 3). Here, we also discussed and walked through how to choose binary character traits
and how to build a character matrix from these traits in the context of their hypothetical organisms.
We then allowed the student groups 15-20 minutes to choose their traits and create their matrices.
After this, we reviewed a brief example of building a phylogeny from a character matrix and then
allowed the students another 15-20 minutes to create their phylogenies from their character matrixes.
An example of a student’s matrix and tree are provided in Figure 2.

After the completion of In-Class Activity 1, we introduced the field cricket case study and
Out-of-Class Activity 1 (see Additional File 3). Students were asked to think about a set of synthesis
questions from the In-Class Activity 1. These questions were designed to enable students to make
connections across concepts that were covered in the pre-activity lecture and the tree-building In-

Class Activity 1.

Out-of-Class Activity
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The out-of-class activity and case study were designed to reinforce the skills that students learned
during the first class. It was intended to be challenging to (1) show students that tree building and
tree-thinking is not always easy, (2) allow students to analyze complex tree-thinking problems, (3)
engage students in the natural history of a particular group of organisms, and (4) give students the
opportunity to practice searching primary literature and online sources. Students were asked once
again to decide on characters (this time they did not have to be binary), code the characters into a
matrix, and then follow a tutorial (Additional File 4) to use the program MESQUITE to build their
phylogenies. We encouraged students to find characters within the primary literature (Gray et al.
2020; Weissman and Gray 2019; specifically, Weissman et al. 1980) and other potential sources
(Orthoptera Species File, http://orthoptera.speciesfile.org/; or Singing Insects of North America,
https://orthsoc.org/sina/). When necessary, we provided students with a character bank (Additional
File 5). Students were also encouraged to work with their groups on this activity outside of class. An

example of a student’s matrix and tree are included in Figure 3a.

During Session 2
For the first quarter of the second session (for us, this was 25-30 minutes out of a 2-hour session) we
discussed the synthesis questions of In-Class Activity 1 and reviewed the student groups’ trees from
Out-of-Class Activity 1. Again, this was used to answer any questions or issues about the out-of-class
activity, reinforce concepts presented in the first session, and mitigate any misconceptions that
students had about the material/activities.

Next, we presented the continuation of the field cricket case study that introduced the use of

molecular data to create phylogenies (In-Class Activity 2 — see Additional File 1). This portion of the
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exercise used a mixture of instructor-guided and student-centered independent work to familiarize
students with common tools for mining genetic data from repositories and creating and interpreting
phylogenies and diversity metrics from genetic data. We presented a very brief introduction (no more
than 15-20 minutes) i to familiarize students with the basic concepts covered in this activity (e.g.,
GenBank, BLAST, DNA barcoding, sequence alignment, pairwise genetic distance, neighbor joining
and other tree building methods — see Additional File 6).

First, we gave student groups the GenBank accession number of one of their ingroup field
cricket species, which they used to find and download the 16S sequence of that cricket through the
GenBank plugin in MEGA. Students then used the BLAST (Altschul et al. 1990) plugin in MEGA to
BLAST against their downloaded 16S sequence and see if they were able to find their other ingroup
taxa provided on the activity sheet. The resulting sequences of their BLAST queries that match their
respective taxa in the activity sheet were then downloaded into their 16S alignment in MEGA. The
students ended up with an alignment file in MEGA of eight field cricket taxa . From their initial
alignment, students then used the CLUSTALW (Thompson et al. 1994) function to align their actual
data. Once their data were aligned, we instructed students on how to export their alignment as a .meg
file that could then be used to analyze the alignment. Students used their newly imported alignment
data to (1) assess conserved versus variable sites in their alignment, (2) create a pairwise genetic
distance matrix and (3) a neighbor joining tree using MEGA. An example of a student's alignment
and tree are included in Figure 3b.

After student groups had finished the activity sheet , we asked them to review their data and
analyses from both the Out-of-Class Activity 1 and In-Class Activity 2 and compare their results for

their character-based and gene-based phylogenies. We also answered questions or concerns that the
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students had. Finally, we asked students to prepare to discuss their data, analyses, and trees, as well as
review and answer the Synthesis and Review questions at the end of the In-Class Activity 2 for the

final session.

During Session 3

Our goal in the final session of this project was for students to discuss their data and trees, think more
deeply about the concepts that we covered in the first session and apply those concepts to the data,
analyses and results they completed throughout the project. First, we asked student groups to briefly
(no more than 5 minutes per group) and informally discuss their results for both their character- and
gene-based trees. After this, we proceeded to go through the Synthesis and Review questions in a
forum style discussion to see how students were thinking about the activities and the data that they
collected and analyzed. Through this discussion we tried to discuss common misconceptions with
tree-thinking and gauge how the activities mitigated these misconceptions by creating a more

concrete foundation to the abstract notion of tree building and tree-thinking.

Implementation Tips for Activity

The exercises within this project-based activity are easy to implement in any style room (e.g. lecture
hall, smaller classroom, teaching laboratory). The only required items for the project are student
laptops and a projector. We recognize that this project, having been designed and implemented over
the course of six hours or class time, may not fit many or most allotted class periods. This is why we
have designed this project as three independent in-class activities and one out-of-class activity, which

allows instructors to utilize all or just a part of the project. Portions of the project can be made into
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out-of-class activities. For example, we created a tutorial for MEGA/In-Class Activity 2 (Additional
File 7) in case instructors wanted to make this another activity to be done out-of-class. However, we
do suggest that the first in-class activityand the discussion of the Synthesis and Review questions be
implemented during class time. We provide further information on how to break the components of
this project down to best fit other styles and lengths of classes in the Variations on Activities section.

We found that students struggled with two parts of this project. The first occurred in both the
In-Class Activity 1 and Out-of-Class Activity when students tried to construct a character matrix and
the tree. Students struggled with how to assign ancestral and derived character states ( “0” versus “1”
).-To address this, we created additional lecture material that used a step-by-step approach to coding
outgroup and ingroup character states using winged insects (Additional File 1) or the hypothetical
organisms from In-Class Activity 1 (Additional File 3) as examples Along with this, students
struggled with the idea of gain and loss of traits. To address this, we mapped trait gain and loss using
the example of winged insects or with the hypothetical organisms (if this issue was brought up while
building the tree during In-Class Activity 1). We also demonstrated how numerous trees could be
generated from a data matrix that may have more trait “steps” on certain trees. This also allowed us to
further discuss the idea that the most parsimonious tree is not always the most evolutionarily
accurate.

The second challenge for students was troubleshooting the bioinformatic tools . The main
problem occurred with trying to BLAST samples through GenBank and/or the GenBank plugin in
MEGA. Oftentimes the function would time out or simply run indefinitely. The first thing we tried
was to simply reload the page or restart the BLAST plugin. Sometimes if there were too many open

windows in the plugin, it would stall or stop working. If the issue continued, we had students (1)
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BLAST the sequence directly through GenBank on their web server or (2) search GenBank (through
the GenBank plugin in MEGA) for the species and gene that they were looking for (e.g., “ Gry/lus
firmus 16S” under a “nucleotide” search). This would bring them to a window of all 16S genes that
they could choose from to upload into their sequence. This second work around does not allow the
students to fill in the BLAST table in the second in-class activity. However, students still got an

understanding of how BLAST and GenBank worked.

Assessment

Finally, we did not grade our students’ assignments for correctness since much of this exercise is
subjective (rubric provided as Additional File 8). Instead, we graded students on (1) the completeness
of the project, (2) their ability to articulate their understanding of the topics covered in the exercise
and (3) their understanding of common misconceptions in tree-thinking and tree building (assessed
during the Synthesis and Review question discussion). Instructors who choose to use this activity as a
whole or in part can be as free or strict with grading as they like and can create grading rubrics as

they see fit.

Variations on Activities
In recognizing that this project was designed for a small class with a two hour class period , we
provide some variations on how best to implement this activity in larger and/or shorter classes.

1. If the class period is shorter (50-80 minutes) and paired with a lab, we suggest carrying out

the introduction lecture prior to the lab and the first in-class and out-of-class activities during
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the lab. The second in-class activity can either be turned into an out-of-class activity or it can
be carried out in a second lab period along with the Synthesis and Review questions.

If the class period is shorter (50-80 minutes) without a lab, we suggest making this a multi-
day activity. The introduction lecture would be given on the first day and the first in-class
activity and introduction to the out-of-class activity on the second day. The second in-class
activity could either be done on a third day or as an out-of-class activity. If it is turned into an
out-of-class activity, we suggest either carrying out the introduction lecture to that material
(Additional File 6) during class or providing a recorded lecture. It is also possible to omit the
first in-class activity and only carry out the activities that include the case study.

If the class size is larger (>40 students) and paired with a lab, groups can be created in
individual lab sections and the activity can be carried out as suggested in #1.

If the class size is larger (>40 students) and not paired with a lab, the project can be either
independent or completed as an out-of-class group project.

For introductory level courses (undergraduate or high school), we suggest using just the first
in-class activity, just the case study, or just the first part of the case study. Instructors could
also provide students with the premade trait list/matrix for the out-of-class activity and/or a

premade sequence alignment for the second in-class activity.

Extensions of Activities

To evaluate students’ comprehension before or after the lesson, instructors can administer the
Basic Tree-Thinking Assessment (Baum et al. 2005), “quiz” portions of The Tree Thinking

tutorial (Novick et al. 2012), or an evaluation of their own making. Instructors can also
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2.

3.

evaluate comprehension during the first lecture using real-time questions via think-pair-
share, clickers, or other methods (we have included examples in Additional File 2).

As a more in-depth follow up to the conclusion or as a replacement to the Synthesis and
Review questions, students can give an oral presentation of their results in which they could
(1) discuss morphological and molecular trees, (2) interpret and compare both methods and
trees, and (3) identify caveats that could have arisen during the case study. This final point is
crucial, especially as a metric to see whether students grasped the exercises and gained a
deeper understanding of tree-thinking. Here, students can discuss the limitations of their
methodology that could have, in turn, affected their results including how altering traits in
their character-based matrix could alter their character-based tree, or how using a different
gene (e.g., nuclear versus mitochondrial) or set of genes could alter their neighbor joining tree
and other genetic distance metrics.

As a more in-depth introduction or follow up to the activity, papers can be assigned that
cover aspects of tree-thinking (Gregory 2008- reading evolutionary trees and misconceptions
of them; Halanych 2004- influence of molecular data on the tree of life; Novick et al. 2012- an
introduction and self-paced tutorial to tree-thinking). These papers can be discussed later in
the course or evaluated for completion and comprehension on exams.

To reinforce other topics from the first lecture (e.g., rotating nodes, monophyly, etc.) students
can be asked to change tree topologies or identify monophyletic/paraphyletic/polyphyletic

groupings from the trees they generated during the case study.

Conclusion
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There is overwhelming evidence that active- and project-based learning are highly effective teaching
strategies when compared to traditional lectures because students become active participants in their
own learning (Alters and Nelson 2002; Ballen 2020; Ballen et al. 2017; Estrada et al. 2016; Freeman et
al. 2014; Gardner and Belland 2012; Haak et al. 2011; Hake 1998; Nelson 2008; Smith et al. 2005;
Theobald et al. 2020). The use of interactive and cooperative styles of teaching engages students in
deeper critical thinking and has been at the forefront of recommended standards for teaching biology
(AAAS 2011; Nelson 2008; NGSS Lead States 2013). The project-based activity presented here
emphasizes the importance of using an integration of both student-centered and instructor-led
techniques, as well as combining hypothetical scenarios with a case study to engage students in the
scientific process. Because the future of biological sciences is becoming strongly associated with
bioinformatics, we used this activity to explore aspects of bioinformatics (e.g., data mining and
alignment, tree building algorithms) and as a pathway to training undergraduates in basic
bioinformatic tools. From student responses and discussion during Session 3 (discussion of Synthesis
and Review questions) it was clear to us that students were thinking more deeply and concretely
about the material compared to when it was first presented, as well as how the material and methods
they learned could be extended and used in many branches of biology (e.g. conservation). We
evaluated the effectiveness of this exercise from student feedback (final question of the Synthesis and
Review questions). A majority of the students found the project useful at “conceptualizing how
evolutionary trees are built and interpreted”, “learning how different data types impact building
evolutionary trees”, and “recognizing how [they were] incorrectly thinking about trees due to their
abstractness.” Students were positive about the project in both the activity evaluation and course

instructor evaluations, and in particular liked the hands-on aspect of the project, group-work, and the
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introduction to bioinformatic tools. This activity is well-aligned with the broader goals of biology
education and has been designed to have students critically think about evolutionary trees from
theory to practice and to have them identify and face misconceptions in their own learning when it
comes to the subject of tree-thinking. After this activity, students should have a deeper

understanding of tree-thinking and evolution, as a whole.
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630  Table 1. Summary of the misconceptions of tree-thinking.

Misconception Description Source

The Great Chain of Evolution has progressed from simpler | Meisel 2010, Gregory 2008,
Being to more advanced organisms Kummer et al. 2016, Schramm

and Schmiemann 2019

Reading across tips Use relative order of tips to make Meisel 2010, Gregory 2008,
conclusions about species relatedness Kummer et al. 2016, Schramm

and Schmiemann 2019

Clade density Species-poor clades are “primitive” Meisel 2010, Schramm and
while species-rich clades are Schmiemann 2019
“advanced”

Node Counting The more nodes that separate species, Meisel 2010, Gregory 2008,
the more distantly related they are Kummer et al. 2016

Main line and side Human evolution forms the main line | Gregory 2008

tracks of the tree, and all other branching

species are side tracks

Similarity vs. Group organisms based on phenotypic | Gregory 2008, Kummer et al.
relatedness similarity rather than relatedness 2016, Schramm and

Schmiemann 2019

Sibling vs. ancestor The common ancestor of two Gregory 2008
contemporary groups is very similar to

one of these two groups

Long branch implies Interpreting a long branch to mean that | Gregory 2008, Schramm and
no change a species is more similar to the root Schmiemann 2019
ancestor than the other contemporary

species

Difference lineage Conflate taxon age with lineage age Gregory 2008, Schramm and
ages for contemporary Schmiemann 2019

species
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Backwards time axes Read time from tips as being oldestan | Gregory 2008
root being youngest
Change only at nodes | Assuming node represents exact Gregory 2008

moment of change
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Figures

Figure 1. Workflow and timeline of project-based activity for upper-level undergraduate evolution

course.
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Figure 2. Example of a student’s character trait list, matrix and tree generated for the first in-class
activity with hypothetical organisms. This student showed both events of (1) trait evolution and then
loss (red) and (2) separate trait evolution across taxa (blue). We used this tree example to discuss these
events (trait gain/loss) with the class since it was often a place where students got stuck or caught up

while making their trees.
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Character List

1: Wings: 0 = absent, 1 = present

2: Feet: 0 = absent, | = present

3: Eyes: 0 = simple, 1 = compound

4: Mouth Parts: 0 = absent. 1 = present

5: Antennae: 0 = short, 1 = long

6: Body: 0 = two parts, | = three parts

7: Body Pattern: 0 = linear, 1 = curved

Character Matrix
Characters
1 2 3 4 5 6 7
0G 0 0 0 0 0 0 0
A 1 1 1 1 1 0 1
:S B 1 0 0 0 1 0 1
s C 1 1 1 1 0 1 1
D 1 0 1 0 0 0 0
E 1 1 1 1 1 1 1

Figure 3. (a) Example character matrix and tree generated in MESQUITE, and (b) example 16S

sequence alignment and the neighbor joining tree generated in MEGA for the field cricket case study.
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