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Abstract

nature of mutation.

We present an inquiry-based curriculum based on the digital evolution platform Avida-ED (http://avida-ed.msu.edu).
We designed an instructional sequence and lab book consisting of an introduction to Avida-ED and a set of three
lessons focused on specific evolutionary concepts. These served to familiarize students with experimental evolution
and Avida-ED. Students then developed independent Avida-ED research projects to test their own questions. Cur-
riculum design and implementation occurred over the course or two semesters, with a pilot implementation in the
first semester, followed by curriculum revision and full implementation in the second semester. The curriculum was
implemented in an undergraduate Introductory Cell and Molecular Biology course at a major research university. Full
implementation of the curriculum in semester two involved the use of Avida-ED mainly in the teaching lab in parallel
with a bacterial antibiotic resistance experimental research stream, allowing students to draw connections between
Avidian digital evolution and the evolution of antibiotic resistance in microbial populations. After carrying out the
introductory exercises, students developed independent Avida-ED projects to test their own research questions, and
presented their data to researchers in the NSF-funded BEACON Center for the Study of Evolution in Action. Preliminary
results of our studies to assess the impacts of an Avida-ED curriculum indicate a positive effect on student learning
of evolutionary concepts, particularly in increasing the level of complexity of student explanations about the random
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Background

Evolution presents a challenging set of concepts and
principles for students to master, with these challenges
amplified due to societal resistance (Nelson 2012). Many
misconceptions about evolutionary principles have been
identified (Alters and Nelson 2002; Gregory 2009), and
many resources are available to teachers as they find ways
to help students understand evolutionary concepts (e.g.,
Understanding Evolution website; Goldsmith 2003; Abra-
ham et al. 2009; White et al. 2013). Despite this abun-
dance of teaching resources, teaching evolution through
an inquiry approach remains somewhat intractable due
to the timeframes typically involved in evolutionary
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and indicate if changes were made.

processes and other difficulties of trying to study evolu-
tion in the laboratory classroom.

Speth et al. (2009) described the use of digital organ-
isms and the digital evolution platform Avida-ED (http://
avida-ed.msu.edu) as a potential way to overcome some
of the difficulties in teaching the dynamic aspects of evo-
lutionary processes. In this paper, we extend the previous
work by presenting an inquiry-based curriculum, based
on Avida-ED, that addresses specific evolution mis-
conceptions held by students. In addition, the curricu-
lum provides a framework for working with students to
design and carry out evolution experiments.

What is Avida-ED?

The research tool Avida is an artificial life platform that
was developed at Cal Tech in the late 1990s, with contin-
ued development at Michigan State University (Ofria and
Wilke 2004). The name, “Avida’, is a Spanish abbreviation
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of artificial life, or “A-life” Many researchers have used
Avida to explore fundamental questions about evolution-
ary processes, including questions that can be difficult
to address using biological organisms (e.g., Lenski et al.
2003; Ofria et al. 2003; Misevic et al. 2006; Elena and San-
juan 2008; Clune et al. 2011; Zaman et al. 2014).

Avida-ED is an adaptation of Avida that turned the
research platform into an education tool (Pennock
2007a). The main objective of this adaptation was to
give students an evolutionary lab bench that produces
research-grade data, allowing them to learn not only
basic evolutionary principles but also the nature and
practices of science. Avida-ED is particularly well suited
for dynamic, visual representations of evolutionary and
scientific processes, providing an easy way for students to
carry out experiments in evolution, without the need for
laboratory space to do so (Speth et al. 2009).

How does Avida-ED work?

An Avidian is a computer program consisting (in the base
case) of a set of 50 computer commands arranged in a
loop, which comprise its “genome”. The Avidian “organ-
ism” used in Avida-ED as the ancestor is programmed to
make a copy of itself when the program is run (Fig. 1a). In
the absence of mutation, Avidians will make perfect cop-
ies of themselves. However, when mutations are intro-
duced, Avidians make imperfect copies of themselves
at some given rate. Thus, when the ancestor is used to
begin a population of Avidians in the virtual Petri dish,
and a mutation rate is set, random variation is introduced
into the resulting Avidian population during replication
(Fig. 1b).

Avidians have a “virtual metabolism” that allows them
to gain extra “energy” (processing power) from resources
in their environment if they evolve the ability to pro-
cess those resources. Details of the system have been
described elsewhere (Ofria and Wilke 2004), but the
basic idea is that through random substitution muta-
tions Avidians evolve the ability to perform Boolean logic
operations on numbers they receive as inputs from the
environment. Simple operations provide a small energy
boost; difficult operations give a larger boost.

Some of these resulting Avidians will have faster meta-
bolic rates (they use data faster) and some of them will
take less time to make copies of themselves (they have a
shorter gestation time'). In either case, they will produce
more offspring per unit time and are thus more fit in the
biological sense. What is important to recognize about
this model is that it is not a simulation, but an instantia-
tion of the causal elements of the evolutionary

! “Gestation time” will be referred to as “generation length” in future itera-
tions of Avida and Avida-ED.
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mechanism (Pennock 2007b). New variations of organ-
isms arise through random changes in organisms’
genomes; these changes are heritable; and they are the
source of differential functionality, leading to natural
selection as organisms compete for space in the virtual
Petri dish (Fig. 1b). The organisms are not prepro-
grammed with regard to how they adapt to their environ-
ment and they are not rewarded by kow they accomplish
a task, but just by the results—evolve to perform a
rewarded function and the resulting boost lets one repli-
cate faster, thus contributing more offspring to the next
generation than other organisms that are not as competi-
tive in that environment. Avida-ED’s graphical represen-
tations of populations of organisms, their genomes, and
their operations allows students to observe evolution in
action and run their own experiments to test evolution-
ary hypotheses.

Avida-ED curriculum development process

We developed and pilot-tested an Avida-ED curriculum
over two semesters in spring semester 2014 in an Intro-
ductory Cell and Molecular Biology course (LB145) fol-
lowed by full implementation in that same course in
fall 2014. We took advantage of the summer months
to evaluate the results of the spring 2014 implementa-
tion and modify the curriculum accordingly, as a part of
our teaching and learning cycle (Elwood and Klenowski
2002).

Spring 2014 represented the formative phase of the
Avida-ED curriculum, with implementation primarily in
the lecture section of LB145. Table 1 shows the timeline
of implementation of Avida-ED in this course. The cur-
riculum in spring 2014 consisted of mini-lectures, dem-
onstrations of and practice with Avida-ED in class, and
assignments that were handed out to students in class
the day that activities occurred. In spring 2014 we took
advantage of a parallel section of LB145 that was being
taught by a different instructor, using essentially the
same curriculum and instructional model, but without
using Avida-ED. This pairing provided us with a quasi-
controlled experimental framework within which we col-
lected data pertaining to student knowledge of various
evolutionary concepts.

We reviewed and improved the spring 2014 imple-
mentation over the summer. Among the major changes
made was pairing Avida-ED with a wet lab curriculum in
which student teams isolated antibiotic resistant bacteria
from different soil environments and characterized them
in the teaching lab (Luckie et al. 2013). This change was
motivated by Johnson’s (2012) study showing that pair-
ing Avida-ED with a wet lab in a high school AP Biology
course appeared to strengthen students’ abilities to draw
connections between the Avidians (digital organisms)
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Fig. 1 Representative Avida-ED individual and population. a The circular genome of a replicating Avidian individual. Each fetter in the circular
sequence represents an individual command from the set of 26 commands. Each command may randomly mutate to some other command dur-
ing replication (e.g, the purple g in the incomplete offspring genome) and new sequences of commands may produce rewardable functions.

b The Avida-ED virtual Petri dish shows a population of Avidians. Colors indicate properties of organisms (e.g., fitness, metabolic rate, etc.). A selected
organism (here, in pink with a white square border) can be saved or put into an organism viewer to see its genome

and biological organisms, particularly bacteria. In addi-
tion, we implemented “best practices” for Avida-ED iden-
tified by Lark (2014), including implementing Avida-ED
over the entire semester (long duration), having one of
us (JS) carry out the actual implementation (high level of
instructor expertise), scaffolding the implementation via
a set of guided introductory exercises, and implementing
Avida-ED in the lab in a way that was tied to the course
curriculum.

We developed an Avida-ED Lab Book (Additional
file 1) for fall 2014 consisting of an introduction to Avida-
ED, three introductory exercises targeting specific stu-
dent misconceptions about evolutionary processes,
and an independent research piece in which students
used Avida-ED to answer a research question that they
devised. The introductory exercises were drawn from
a set individual exercises that had been developed pre-
viously and made available on the Avida-ED web site
(http://avida-ed.msu.edu).

The Avida-ED curriculum and its implementation

in fall 2014

Educational context

The curriculum was implemented in an Introductory Cell
and Molecular Biology course (LB145) in a residential
college on the campus of a major Research I University
comprised mainly of students majoring in the natural sci-
ences. Students typically take this introductory five-credit

course in year 2 of their 4-year program (first-year chem-
istry is prerequisite). The course consists mainly of sub-
urban and rural Michigan students, with approximately
10 % of the students coming from traditionally under-
represented groups in the sciences. The students enter
the class with a range of biology backgrounds and math
preparedness. LB145 is taken by science majors (mainly
Human Biology and Physiology), and includes many pre-
professional students.

In the pilot implementation in spring 2014, there were
100 students in the lecture section, which was divided
into five lab sections of 20 students each. The lecture was
taught by the instructor (JS), while the labs were taught
either by the instructor (one section) or one of two grad-
uate teaching assistants, each assisted by two undergrad-
uate learning assistants. Fall enrollment in the lecture
section of LB145 was 39 students, divided again into two
lab sections of 19-20 students each. Both lab sections
were taught by the instructor, assisted by two undergrad-
uate learning assistants in each case.

The Avida-ED lab book

The Avida-ED Lab Book (Additional file 1) represents the
core component of the curriculum. The lab book begins
with an introduction to Avida-ED, including Zimmer’s
(2005) Discover article, “Testing Darwin’, which describes
digital organisms and how they are being used to study
fundamental evolutionary processes (note: not included
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in Additional file 1), and a tutorial that takes students
through the fundamentals of the use of the Avida-ED
program. The introductory lesson is followed by three
exercises (Exercises 1-3), each geared towards address-
ing particular learning goals with respect to evolutionary
principles. These exercises not only serve to provide a
scaffold for student learning about evolutionary princi-
ples, but also allow students to gain more familiarity with
the Avida-ED platform. The Avida-ED Lab Book con-
cludes with a description of and guide to an Independent
Research Project, in which students worked in research
teams to design and carry out their own experiments
using Avida-ED.

Avida-ED Lab Book Exercise 1 and the Independ-
ent Investigation Exercise are modifications of exercises
of the same name, while Exercise 2 is a modification of
the exercise titled “Exploring Selection and Fitness’, all
originally produced by two of us (RTP and AL). Complete
materials for these original lessons are available under
the Curriculum link at http://avida-ed.msu.edu.

Elements of implementation
The full Avida-ED curriculum that was implemented in
the fall 2014 Introductory Cell and Molecular Biology
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course consisted of classroom instruction in both the lec-
ture hall and laboratory classroom, including background
about digital evolution in general and Avida-ED in par-
ticular as an experimental model system. A summary of
the implementation of Avida-ED in LB145 in fall 2014 is
shown in Table 1. Activities primarily focused on the set
of introductory exercises in The Avida-ED Lab Book that
student teams completed, and an independent investi-
gation in which student teams designed and carried out
their own experiments using Avida-ED.

Introduction to Avida-ED/introductory lesson

Avida-ED was introduced in a lab session via a mini-lec-
ture (approx. 15-20 min) followed by the assignment of
the Introductory Lesson and Tutorial in The Avida-ED
Lab Book. Students worked together in lab teams, which
were chosen at the beginning of the semester using the
Team-Maker program included in Purdue University’s
CATME package (http://catme.org). The Introductory
Lesson and Tutorial was modified from the “Introduc-
tion to Digital Evolution Handout & Tutorial” written
by Johnson et al. (2009) for the Teach Engineering Cur-
riculum for K12 Teachers (teachengineering.org). Stu-
dents used this introductory activity to gain familiarity

Table 1 Timeline of activities and assessments associated with implementation of Avida-ED in LB145 S14 and LB145 F14

Spring 2014 Fall 2014

Week Activities/assessments Location  Week Activities/assessments Location

Week 1 Week 1

Week 2 Week 2

Week 3 Week 3 Lab book distributed; introduction to Avida-ED, Lab
including lecture/video/demo and tutorial;
Ab" question (pre-test)

Week 4 Week 4 Introductory exercise quiz due; exercise 1 assigned  Lab

Week 5 Week 5 Exercise 1 group data explored; exercise Lecture/lab
2 assigned; exercise 2 data explored;
Avida-ED/clam case tie-in

Week 6 Week 6 Exercise 3 assigned; guidelines and expectations for ~ Lab
proposal distributed

Week 7 Week 7 Demonstration of the proposal presentation; Lab
rubric for proposal and presentation distributed

Week 8 Introduction to Avida-ED, including lecture/  Lecture Week 8 Student proposal presentations Lab

video/demo and tutorial

Week 9 Tutorial assignment Lecture Week 9 Feedback on proposals; poster guidelines and Lab
expectations distributed, with the scoring rubric

Week 10 Mini-lecture Lecture Week 10 Avida-ED research Lab

Week 11 Week 11 Avida-ED research Lab

Week 12 Exam questions Lecture Week 12 Avida-ED research; Ab" question (post-test) Lab

Week 13 In class activity Lecture Week 13 Poster presentations in the BEACON center; N/A
peer evaluation of posters

Week 14 Activity debrief; Ab" question Lecture Week 14

Week 15 Avida-ED user’s survey Lecture Week 15 Avida-ED user’s survey Lecture

Week 16 Exam questions Lecture Week 16
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with Avida-ED and the concept of Avidians, the Avida-
ED program, and the user interface. They also read the
article by Zimmer (2005), which introduced digital evo-
lution research and helped students think about parallels
between digital organisms and biological organisms.

Avida-ED exercises 1-3

Exercises 1-3 each were introduced briefly in a lab ses-
sion (approx. 10 min) and time was built into the lab
schedule to allow students to work on these exercises
with members of the teaching team present to provide
direction and feedback. Students then worked individu-
ally outside of class on these three exercises, each of
which required students to contribute their data to the
pooled class data via Survey Monkey. The course instruc-
tor (JS) monitored and summarized the data for presen-
tation and discussion in both the lecture section and the
lab sections of the course. These pooled class data pro-
vided a powerful visual representation of the processes
playing out in the Avida-ED program. Each exercise also
had an associated ungraded quiz consisting of a set of
free response-type questions pertaining to the exercise.
Students were required to submit individual responses to
these questions through the Desire2Learn course man-
agement system.

Avida-ED exercise 1: understanding the introduction
of genetic variations by random mutation The pri-
mary learning goal for students in Exercise 1 was to be
able to explain what it means to say that mutations occur
at random. Students often carry the mistaken impres-
sion that evolution itself is random (Garvin-Doxas and
Klymkowsky 2008; Mead and Scott 2010b). Exercise 1
addressed this point by showing that while mutations
occur at random, natural selection itself is not random.
We also explored the concept of a mutation rate, which
provided the opportunity to discuss central tendencies
and dispersion about a mean.

Students began Exercise 1 by replicating the “@ances-
tor” Avidian in the organism viewer with a 10 % muta-
tion rate applied. Students were asked to predict how
many mutations they expected to see, and then recorded
how many they actually observed. Students compared
their initial results with those obtained by a classmate.
Students were also asked to explore how their muta-
tions were distributed as a function of position within
the Avidian “genome” and to record the locations of
each of the mutations that they observed. In this way, we
illustrated the point that, in theory, every location in a
genome is subject to mutation, even though not all muta-
tions will survive to appear in later generations.

The students universally agreed that they expected to
observe five mutations in the 50 positions of the Avidian
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genome when the organism replicated with a 10 % muta-
tion rate. However, the actual pooled class data shared
with the students (Fig. 2a) clearly showed that not eve-
ryone observed five mutations in each run, as students
often mistakenly expect; individual runs varied any-
where from one to 13 mutations. On the other hand,
the mean number of mutations was 4.88, very close to
and not significantly different from the expected value
of 5.00 (1-sample, 2-tailed t test; t = — 0.5163, df = 80;
p = 0.607). (Note: All reported statistical analyses were
performed in R version 3.2.3; R Core Team 2013) This
allowed students to better see how randomness applies in
practice. Students were also able to see visually that the
474 mutations they observed as a class were distributed
across the Avidian genome, with each of the 50 positions
in the Avidian genome experiencing at least one muta-
tion event (pooled student class data shown in Fig. 2b).

Avida-ED exercise 2: exploring fitness, functions, and selec-
tion The primary learning goal for students in Exercise
2 was to be able to explain what it means to say that a
trait has increased in frequency or has gone to fixation
in a population. The difficulty of thinking in terms of
populations instead of individuals is a recurring impedi-
ment to student understanding of evolutionary principles
and processes (Bishop and Anderson 1990; Shtulman
2006; Gregory 2009), and one of the strongest features of
Avida-ED is its ability to provide a dynamic visual repre-
sentation of population-level processes. In Exercise 2, an
individual Avidian is saved that can perform a particular
function (the logic function, NOT). This organism is then
separately put into environments either with or without
the resource for that function (notose), which allows stu-
dents to see how selection affects a trait when it provides
a reproductive advantage.

Students began the exercise by evolving an Avidian
population starting with “@ancestor’, a simple self-rep-
licator ancestor. After sufficient time passed (typically
100-200 updates), students located and isolated an indi-
vidual Avidian that had evolved the ability to perform
the logic function NOT. This individual was used to seed
two subsequent independent Avida-ED runs (i.e., it was
the ancestor in these runs). In the first of these two sub-
sequent runs, there was no resource in the environment
for the ability to perform NOT, which meant that there
was no reward for performing NOT. After 2000 updates,
students recorded the frequency in the population of
individuals able to perform NOT (phenotype frequency).
In the second run, the metabolic resource notose was
included in the environment, which provided an energy
reward to an organism if it performed NOT. Once again,
after 2000 updates, students recorded the frequency in
the population of individuals able to perform NOT.
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Pooled data were collected (Fig. 3) and used in class to
test the hypothesis that there was no difference in phe-
notype frequency (i.e., ability to perform NOT) between
runs occurring under the two sets of conditions. Use of
the actual class data allowed students to see that, as a
whole, when the not phenotype was rewarded in the envi-
ronment (notose was present), its frequency increased
in the population over time. Notably, while most of the
students obtained clear results in line with the aggregate
data (28/32), some students had no data or ambiguous
results. Particularly in these cases, being able to see and
discuss the data obtained by peers, and to see the overall
trend, was extremely valuable.

Avida-ED exercise 3—exploring mutations and selection:
pre-adaptive or post-adaptive? One enduring miscon-
ception students hold is that evolutionary processes are
forward looking and that events occur in anticipation
of some future need (Mead and Scott 2010a). Thus, the
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Fig. 3 Class data for Exercise 2 generated using Avida-ED. The
frequency of NOT in the Avidian population after a set number

of updates is plotted for each student’s pair of trials, first with no
reward for being able to perform NOT (light blue bars) and then with
a reward for NOT (dark red bars). Overall, the data show that when
NOT is rewarded, the trait goes to higher frequency and has a higher
probability of persisting in an Avidian population. Importantly, not all
students observed this outcome in their individual trials

primary learning objective in Exercise 3 is for students to
demonstrate that they understand that mutations are ran-
dom and do not occur simply because they are needed.
Avida-ED provides a unique and direct way to test this
evolutionary principle.

Students again begin the exercise by seeding a popu-
lation with the @ancestor, making sure that all rewards
are turned off (and thus, that the ability to perform a
logic function does not confer a selective advantage).
Students then begin their Avida-ED run, and stop the
run when the first individual appears in the population
that can perform the logic function NOT. Students then
record the update at which this event occurred. Next,
students repeat the exercise, but now set the initial envi-
ronmental conditions such that the ability to perform
NOT is rewarded (notose is present in the “medium”).
Once again, the run is stopped when the first individual
appears in the population that can perform NOT, and
students record the update at which this event occurred.

When Exercise 3 was introduced with a clicker ques-
tion, 65 % of the students who responded indicated that
they expected the mutation to occur sooner when it was
rewarded. However, the actual aggregated data shown
in class (Fig. 4) provided students with a different view.
Almost all students had the function NOT occur in their
populations more quickly under one condition or the
other. However, the pooled data showed that there was
no difference in the time to first appearance for a muta-
tion in populations with or without reward (2-tailed
binomial test, p = 0.541).
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Fig. 4 Class data for Exercise 3 generated using Avida-ED. The
number of updates to the first appearance of NOT is plotted for each
student’s pair of trials, first when no reward is present for being able
to perform NOT (light blue bars) and then when there is a reward pre-
sent for being able to perform NOT (dark red bars). In some instances,
NOT appeared more quickly when there was a reward and, in other
instances, NOT appeared more quickly when there wasn't a reward
for it. Statistical analysis using a t test on the class data showed no
difference in the time to first appearance of NOT in the presence or
absence of reward

Independent research investigation—experimental evolution
project with evolving digital organisms

Lark (2014) showed that students do better when they
have substantial time and scaffolding to make sense of
what they see in Avida-ED. After the students had com-
pleted the three preliminary exercises, and had time to
explore the data they had generated as a class, the student
teams were challenged to come up with a research ques-
tion of their own to test using Avida-ED. This independ-
ent investigation component of the curriculum provided
a way for students to do science and think like biologists,
and we incorporated into these investigations all of the
elements described by Thornton (1972) as adapted by
Sundberg and Moncada (1994). Students were told that
the purpose of the exercise was to engage in investiga-
tion, students consulted with teaching team members to
formulate problems and investigatory procedures, stu-
dents were provided ample time to repeat and/or modify
experiments, and students prepared and presented both
written and oral reports describing their work.

The Independent Investigations consisted of an initial
exercise in which students worked within their research
teams to write a research proposal that included a
description of their research question, framed the ques-
tion as a formal hypothesis to be tested, described the
experimental design (including descriptions of relevant
variables, what data they would collect, and how many
replicates they would carry out), and stated a prediction
of their expected outcomes if indeed their hypothesis was
true. Teams then presented their proposals to the entire
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class with each team member explaining one part of it.
The Guidelines and Expectations for the Proposal are
included as Additional file 2, and a sample presentation
slide set from one of the research teams is included as
Additional file 3.

Student teams carried out their experiments in the
teaching lab over the following 3—-4 weeks. During this
time, the teaching team met regularly with the student
teams to check on progress, go over preliminary data,
and suggest directions for next steps, much as would
happen in an actual research laboratory. Students were
also counseled with respect to how to organize their data
within spreadsheets, and summarize their data in fig-
ures and tables that could be used in their poster pres-
entations. How to organize the data collected during the
experiments proved to be one of the biggest challenges
faced by the teams, prompting one student to com-
ment that, “I've never had so much data before!” A sam-
ple Excel file generated by a student team is included as
Additional file 4.

Students put together their research posters using a
set of guidelines and expectations that were distributed
and discussed in the lab (Additional file 5). Preliminary
drafts of the posters were discussed during a lab session
and formal feedback provided for each group. During
the Poster Presentation Session at the BEACON Center,
each research team of four students was divided into two
teams of two, and each team of two presented their team’s
poster and fielded questions about their research. A sam-
ple poster from one of the research teams is included as
Additional file 6.

The Avida-ED Independent Research Project allowed
students to engage in authentic science practices (“do sci-
ence”), thus addressing a number of our science process
skills objectives. Students worked in teams to brainstorm
ideas, ask questions, develop hypotheses, design experi-
mental plans, conduct experiments and collect data, ana-
lyze data, and write results for presentation to peers and
experts. Students were given time to think about their
projects and feedback was provided by the teaching team
both informally in conversations in the planning stage
and formally in response to their proposal presentations.
All of these elements provided practice for our students
doing the kinds of things that scientists do when they
conduct research.

Initial assessment of student learning

Preliminary assessment of student learning using Avida-ED
In both spring semester 2014 and fall semester 2014,
students using Avida-ED were given an assessment
item asking them to “Explain how a microbial population
evolves resistance to the effects of an antibiotic” In spring
2014, a quasi-experimental protocol was employed and
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“Explain how a microbial population evolves resistance to the effects of an antibiotic” Responses were assessed for the presence of concepts
identified using content analysis. Significance of differences within categories was assessed using Chi squared tests. **p < 0.01; *p < 0.05. Effect sizes
reported as odds-ratios per Maher et al. (2013)

responses from students in the Avida-ED classroom
(n = 100) were compared to responses from students
not using Avida-ED (control; n = 87). We collected all
data following Michigan State University Institutional
Review Board guidelines, IRB #i040365. Preliminary
analysis of these data, using content analysis (Weber
1990) to identify emerging themes and the frequency of
their occurrence in the student responses, indicated that
the students in the Avida-ED classroom more frequently
mentioned the key concepts “random mutation” (t test;
p < 0.01) and “DNA or gene” (t test; p < 0.05) in response
to the prompt than did the students in the classroom that
did not use Avida-ED (Fig. 5). The Avida-ED students
also used the naive ideas of intentionality and teleology
less often in their responses than did the students in the
non-Avida-ED class (t test; p < 0.01).

In fall semester 2014, we employed a pre-/post-test
design using the same question for the Avida-ED class-
room (n = 39). In this case, the resulting text responses
were used as an input file for the EvoGrader application
(Moharreri et al. 2014). A higher proportion of the stu-
dents displayed “Pure Scientific” reasoning in the post-
test (Fig. 6a) and students in the post-tests strengthened
connections between core concepts and mentioned fewer
naive ideas (Fig. 6b).

Students affective response to the Avida-ED curriculum
Student affective responses to the Avida-ED curricular
materials were assessed at the end of the semester in both

spring 2014 and fall 2014 using an Avida-ED User’s Sur-
vey (Additional file 7). Overall, student response to the
Avida-ED implementation was better in fall 2014 (full
implementation) than it was in spring 2014 pilot imple-
mentation. Evidence in support of this claim was obtained
from the item in the User’s Survey asking students which
category best describes their overall enjoyment of Avida-
ED (Fig. 7). In fall 2014, the percentage of students who
“loved” Avida-ED increased by approximately tenfold,
while the number who “hated it” decreased to zero. These
results are consistent with the findings of Lark (2014),
who found a positive correlation between the use of best
practices in the implementation of Avida-ED and positive
student affective responses.

Discussion

In this paper, we have described the development of
an Avida-ED course curriculum that was implemented
in an Introductory Cell and Molecular Biology course
(LB145) taught by one of us (JS) over two semesters
(spring 2014 and fall 2014). The pilot implementation
in spring 2014 occurred mainly in the lecture hall and
required students to work on assignments outside of
class, without a lot of guidance or support. This is likely
the explanation for the dramatic increase in affective
response from spring 2014 to fall 2014 (Fig. 6), when the
curriculum was better constructed to incorporate many
of the best practices for Avida-ED implementation iden-
tified by Lark (2014).
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Fig. 6 EvoGrader analysis of student explanations of the evolution of antibiotic resistance in a microbial population. a Pie charts show percent-
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frequency of the appearance of core concepts and naive concepts, as well as the number of connections made between them
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Full implementation of the Avida-ED curriculum as
described here may not be possible for others in their
own courses, especially if learning objectives are differ-
ent from our own. However, we encourage instructors
to adapt and use whichever parts of the curriculum they
might find useful, depending on the learning outcomes
desired. The different parts of the curriculum can be
adapted for use in isolation, and we encourage those who
adopt Avida-ED to start with the Lab Book included here
and create something new for their own use. This is the
intent of the Creative Commons license under which the
Lab Book was produced.

Possible curricular modifications and extensions
One modification that practitioners might find useful
would be to reverse the order of Exercises 2 and 3. By
doing Exercise 3 first, students will have already evolved
an Avidian that can perform the logic function not, which
is required for Exercise 2, prior to the beginning of this
exercise. The original ordering of Exercises 2 and 3 will
be fine for those with adequate time, but the modification
will save time for those who need it.

Also, a number of additional curricular materials are
available at the Avida-ED website (http://avida-ed.msu.
edu), including three additional Avida-ED exercises
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Fig. 7 Results of Avida-ED user’s survey of student enjoyment of
Avida-ED. Students in both spring 2014 and fall 2014 were asked to
indicate which of five categories best described their overall enjoy-
ment of Avida-ED. Values shown on the y-axis are the percentage of
responses (spring 2014, n = 90; fall 2014, n = 38)

previously developed in conjunction with the Avida-ED
Curriculum Development Group: “Exploring the Effects
of Mutation Rate on Individuals’, a lesson based on the
Fukushima nuclear disaster (Lark et al. 2014); “From
Genotype to Phenotype: Understanding the Introduction
of Phenotypic Variations”; and “Evolving TCE Biodegrad-
ers” Student handouts are provided at the website for
each of these exercises, as are web links to more complete
curricular materials.

Conclusions and future directions

Evolution presents a challenging set of ideas and con-
cepts for students to master, with students regularly
incorporating naive and scientific concepts simultane-
ously (Nehm and Ha 2011). Our data indicate that using
Avida-ED helps students understand the role of muta-
tion, and may minimize student use of naive concepts.
Thus, Avida-ED appears to hold great promise as a tool
that students can use to learn evolutionary principles
and to carry out scientific investigations of evolutionary
processes.

Additional files

Additional file 1. The Avida-ED lab book. Pdf of the lab book used in fall
2014 (minus the Zimmer Discover article).

Additional file 2. Avida-ED independent research project proposal
guidelines and expectations.

Additional file 3. Student Work showing the slide set presented by one
student team during their oral proposal presentation.

Additional file 4. Excel file generated by the same student team during
their Avida-ED independent investigation.

Additional file 5. Avida-ED poster guidelines and expectations.

Additional file 6. Sample student poster that was presented at the
BEACON Center in Nov. 2014.

Additional file 7. Avida-ED user’s survey.
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