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Abstract

A core competency identified in Vision and Change for undergraduate biology students is the Ability to Apply the Process
of Science. Here, we describe a three-week laboratory module for students in an Introductory Cell and Molecular Biology
course. The goal of our module is to introduce students to the critical scientific process skill of metacognition early in
their undergraduate careers, which is not only important for scientific research, but also for learning new concepts and
other types of problem solving. To achieve this, our laboratory module engages students in the investigation of a biological
research question while specifically and explicitly prompting students to practice the metacognition regularly employed
by scientists. In our research module, students gather information, generate hypotheses, evaluate the utility of different
experimental approaches in testing their hypotheses, planning experiments, and analyzing data. In-class and take-home
activities prompt students to actively reflect on the information they use to design their experiments and to draw their
conclusions. The module has been implemented several times in recent academic years, with two or three concurrent
sections of the course taking part each academic quarter. Student evaluations and interviews suggest that this module
provides a meaningful introduction to metacognition as it is used in scientific problem solving. Here we present the
pedagogical structure of our laboratory module, which could be adapted to engage students in investigating a wide variety
of research questions.
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Learning Goal(s) Learning Objective(s)

Students will Students will be able to

e participate in science and scientific thinking early in their evaluate the strengths and weaknesses of data.

undergraduate studies. employ prior knowledge in formulating a biological research
e design experiments, including choosing appropriate controls. question or hypothesis.
® engage in metacognition during the process of scientific problem distinguish a research question from a testable hypothesis.

solving. recognize that the following are essential elements in experimental
design: identifying gaps in prior knowledge, picking an appropriate
approach (ex. experimental tools and controls) for testing a
hypothesis, and reproducibility and repeatability.
identify appropriate experimental tools, approaches and controls to
use in testing a hypothesis.
accurately explain why an experimental approach they have
selected is a good choice for testing a particular hypothesis.
discuss whether experimental outcomes support or fail to support a
particular hypothesis, and in the case of the latter, discuss possible
reasons why.
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INTRODUCTION

Laboratory courses are often celebrated as hands-on, active
learning opportunities. However, many introductory laboratory
courses are based on “cookie-cutter” protocols that merely
ask students to follow directions, without requiring them to
engage thoughtfully with the experiments or observations
that they are making. According to the AAAS Vision and
Change report (1), the Ability to Apply the Process of Science
involves “posing problems, generating hypotheses, designing
experiments, observing nature, testing hypotheses, interpreting
and evaluating data, and determining how to follow up on
the findings” (1). These skills require metacognition, which
is the act of critically thinking about one’s own thinking (2).
Metacognition involves knowledge of how one learns as
well as regulation of behaviors that help one learn (3); the
latter is particularly crucial for success in scientific research.
Moreover, strong metacognitive skills can lead to deeper
and longer lasting learning with broader utility in everyday
problem-solving (4-6). Because student engagement of
metacognitive skills is not often explicitly incorporated into
undergraduate courses, despite their importance to learning
and the scientific process, we designed a laboratory module
that blends a research experience with metacognitive training
and implemented it in the last three weeks of an existing ten-
week, quarter-long course for introductory biology students.

How is metacognition used in the process of learning
and scientific research?

The scientific process involves the critical evaluation of
information and tools, continuous monitoring of progress,
adjustment of strategies (if necessary), and reflection on
results--all of which depend on metacognitive regulation (3,7).
Critical thinking about ongoing thought processes allows
scientists to assess, evaluate, plan, monitor and apply, and
reflect at every stage of the scientific process. These actions are
also invoked during active learning (4) and can be prompted
in a student research laboratory setting (Table 1) (2,7).

Why train introductory undergraduate students in
metacognitive practices?

If students are to succeed in advanced laboratory courses,
and in research outside of coursework, they need to learn and
practice problem-solving skills that are critical to the process
of science (1,4). While it often takes years for scientists to
internalize and apply metacognitive skills with proficiency,
students who are able to reflect on their own activities (“Am
| using the correct pipette? Will my action contaminate
a sample?”) and are able to direct or re-direct their actions
(“What is the best next step? How do these data change
how I look at this problem?) will have the greatest chance of
success in the laboratory (8-10). Yet students who are early in
their undergraduate careers are likely to be less able to use
metacognitive regulation, even if they have metacognitive
knowledge (3). Because metacognition is important for all
learning, building these skills may be particularly beneficial for
early-career students, regardless of their scientific ambitions.
Thus, in order to better prepare students for upper division
coursework, the scientific workforce, and greater success in
graduate school, metacognitive regulation--including self-
reflection and self-direction--should be a part of early scientific
training (11,12).
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Our module introduces research and metacognitive training
to students in their second academic quarter of a Biology
curriculum, laying the foundation for continued growth as
these students move through college (13). Notably, research
experiences--including short, embedded experiences in
laboratory courses similar to the short research experience
described here--increase student retention in STEM fields
and positively affect student psychosocial outcomes (9,14-
16). However, many undergraduate students do not have
access to research opportunities (12). By including research
in an introductory course, we can ensure that our students
participate in at least one research project during their college
careers.

Overview of the Module

This research module balances the freedom of scientific
research with the logistical constraints of an existing course.
Here, we provide a framework for meaningful experimental
design, experimentation, and analysis at the Introductory level
that can run during part of an academic quarter (Supporting
File S1). Most significantly, throughout our module, we
provide prompts to encourage students to self-reflect (“Where
have you seen these genes before? How did you come to
your conclusion?”) and to self-direct (“What tools will be
the best for testing your hypothesis? What would a result of
X mean with respect to your hypothesis?”) during laboratory
section discussions, worksheets, and/or homework exercises.
Through the processes described in Table 1, students can
generate, revise, and test their own hypotheses. We stress
that although the detailed module laid out here describes a
specific research topic investigated by students (i.e., control
of DNA replication in the model eukaryote, Tetrahymena
thermophila), the pedagogical framework of our module
could be adapted to accommodate any experimental research
question. Tetrahymena thermophila is a student-friendly
model eukaryote that has enabled numerous foundational
discoveries in molecular cell biology (17,18). As a test of the
generalizability of our module, we recently used the same
framework to engage students in a place-based research
project centered in WWU'’s backyard, the Bellingham Bay
(materials are available upon request). To facilitate adaptation
of our module’s framework (Supporting File S1) for other topics
of interest, we have included both our detailed Tetrahymena-
focused materials (Supporting Files S2 and S3), as well as
subject-independent versions of our lab manuals and pre-lab
lecture presentations (Supporting Files S4-S6 ) that could be
adapted to a variety of biological topics.

Intended Audience

This laboratory module was designed for Introductory Cell
and Molecular Biology students, at the freshman or sophomore
level. At Western Washington University (WWU), this course
serves pre-majors in Biology, is a prerequisite for related majors
(kinesiology, behavioral neuroscience, biochemistry, etc.),
and can be used to fulfill part of the General Undergraduate
Requirement.  Prerequisites for Introductory Cell and
Molecular Biology at WWU include the previous introductory
biology course (including some inquiry-based laboratories)
and two quarters of general chemistry (limited inquiry-based
laboratories). The module is designed to be incorporated into a
lecture-and-laboratory course, though it could be reconfigured
to a laboratory-only course by introducing more content into
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the prelab lectures if need be. At WWU, the lecture portion of
this course (up to 96 students per lecture section) is taught in
concurrent sections by several faculty every academic quarter,
while laboratory sessions (24 students each) are led by Master’s
level graduate student Teaching Assistants (GTAs).

Required Learning Time

This module takes place over the course of three 3-hour
laboratory sessions (Weeks 1-3). Included in these sessions
are pre-laboratory lectures and discussions. Additionally,
during lecture sessions, students receive a brief (15-30 min)
introduction to the relevant molecular pathway under study
prior to the need for this information in lab. Students working
alone or in small groups are given the option to complete the
assigned worksheets and reflections as out-of-class work.

Prerequisite Student Knowledge

To engage most successfully with this module, students
should have knowledge relevant to the biological question
under study. For example, in the implementation of the
module described in detail here, our students examined the
impact of overexpression of a DNA replication regulator in
a model eukaryotic organism, Tetrahymena thermophila.
Through lecture sessions prior to the module, the students
were introduced to the general roles that proteins play in cells,
how DNA sequence relates to protein sequence, structure,
expression levels, and function, and the use of model organisms
in research. Students also needed working knowledge of light
microscopy and pipetting techniques, which were introduced
in laboratory sessions prior to beginning this three-week
module.

Prerequisite Teacher Knowledge

Laboratory instructors need a working knowledge of the
tools and concepts required for answering the biological
question under study. For example, in our implementation
of this module, laboratory instructors needed experience
working with the students’ light microscopes and familiarity
with web-based gene-analysis tools. For the Tetrahymena
DNA replication module, our instructors also had a clear
understanding of cell cycle progression, regulation, and
checkpoints, and familiarity with aseptic technique in handling
cell cultures. Detailed lab manuals and preparation protocols,
along with a list of needed equipment and materials, have
been included here to facilitate instructor implementation
of a Tetrahymena module (Supporting Files S2: Laboratory
Manual and S3: Tetrahymena protocols); the Tetrahymena
educational community can also provide practical knowledge
of both Tetrahymena protocols and the implementation of
lab modules in undergraduate classrooms (http:/faculty.jsd.
claremont.edu/ewiley/). To best support student engagement
in metacognition, instructors should have training in student-
centered teaching practices and the role of metacognition in
long-term learning. For introductions to metacognitive training
in the biology classroom, as well as its limits, please see the
following references: (3,4,19).

SCIENTIFIC TEACHING THEMES

Active learning

Our 3-week module embedded in a quarter long course
connects introductory lecture material with a laboratory
experience, and begins training students in self-reflective
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inquiry that will enhance their metacognition (Supporting
File S1). Below, we outline two major facets of our module
that rely on active learning: drawing on previous knowledge
to tackle new problems and practice with self-reflection and
metacognition.

1) Drawing on previous knowledge

In order to reconnect students with content that they
have encountered previously, the laboratory “pre-lab”
sessions should use familiar images and vocabulary. For our
Tetrahymena DNA replication-focused module, the slide(s)
that introduce the genes of interest are shared between lecture
instructors and the laboratory instructors (Supporting File
S7: Tetrahymena Replication Model). The slide is important
for implementation of our module because the “alphabet
soup” of gene names and gene products is overwhelming
and seemingly trivial out of context. Discussion of the
basic mechanisms of gene expression and transmission (the
“Central Dogma”) uses terminology and imagery that students
were previously exposed to in the classroom component
of this course. While Week 1 (DNA sequence analysis and
Bioinformatics) requires students to use new technology to
interact with familiar concepts, Week 2 (Introduction to the
experimental system) asks students to draw on their existing
knowledge of technology (e.g. light microscopes) acquired in
earlier laboratory sessions in order to address a new scientific
question. Using these scaffolds, students must connect their
prior knowledge to their current laboratory experience in

order to engage and revise conceptual models.

2) Self-reflection and metacognitive practice

Our Lesson includes activities that require metacognitive
practices, but do not directly ask students to reflect on their own
metacognition. To prompt students to self-reflect, worksheets
provide opportunities for students to address their thinking and
changes in mindset post-hoc. During the laboratory sessions,
discussions and other activities require cooperation and
collaborative thinking by pairs of students. In order to provide
students with a platform to describe their ideas and self-
reflection on difficulties, laboratory instructors facilitate group
discussions surrounding previous data, hypothesis generation,
choices in experimental design (controls, experimental assays,
etc.), and evaluation of data with respect to the individual and
to the group.

To facilitate large group discussions, and in order to prevent
any one student being put “on-the-spot”, we employ think-
pair-share strategies throughout the laboratory modules,
especially in Weeks 2 and 3. Students initially brainstorm
hypotheses, expected results, and ideal experimental designs.
Once student pairs have had time to come to a decision, or
have solidified their points of confusion, they are asked to
share out, either verbally, or by drawing on the chalkboard.
In groups, or as a class, students then reflect on their answers,
discuss alternatives, and redirect their thinking or planning to
address novel or conflicting points of view.

Assessment

Laboratory instructors used the following assessments to
determine whether students were engaging in self-reflection:
laboratory worksheets (addressing content, but also in-
laboratory metacognitive practices), in-class discussions and
on-the-board reporting of hypotheses and expected results,
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and questions on homework that ask for individual reflections
on decision making and previous knowledge. Questions on
the final laboratory practical exam assessed whether students
had learned how to use instrumentation correctly. To assess
content knowledge, some classroom instructors used exam
questions on their final exams. These questions assessed
whether students were able to describe (very briefly) their
data and conclusions that might be drawn from it. Findings
on the success of the module in terms of student impacts are
discussed briefly in the Teaching Discussion and at length in a
separate manuscript (26).

Inclusive teaching
ThedemographicsofstudentsenrolledinWWU’s Introductory

Cell and Molecular Biology course from Spring 2015-Winter
2018 included: 30% first-generation college students (defined
as having two parents who did not complete college), 71% low-
income FAFSA applicants, and 16.4% students who identify as
belonging to a traditionally underserved racial minority group
(Hispanic/Latinx, African American/Black, Native American/
Alaskan Native, Native Hawaiian/Other Pacific Islander, or
Filipino/Hmong/Vietnamese). It is known that many students,
especially those from the groups listed above, leave science
not because they lack the potential to succeed, but because
they do not identify with those in the scientific community or
view themselves as capable of success as scientists (12,20). By
infusing explicit practice with metacognition in the context of
a research module, we aim to have all of our students become
aware of their engagement as legitimate scientists with diverse
experiences and points of view.

To increase the sense that a scientist identity is achievable
by our students, we explicitly connect metacognitive
processes that are critical for science (listed in Table 1) to
the laboratory and metacognitive module activities that the
students engage in. Moreover, the opportunity to engage in
a true scientific struggle allows students to reframe difficult
moments in science as a natural part of doing real science
rather than a referendum on their own potential as scientists,
potentially increasing student development of a growth
mindset towards science. In our implementation of this
module as a Tetrahymena-focused research project, we were
also able to introduce relevant preliminary data that had been
obtained by another undergraduate student researcher (21). In
sum, students can make the connection that research can be
difficult, that previous research can be improved upon, and
that they can be the ones to improve upon it.

The structure of this module requires the equal participation
of all students, with evidence of their involvement collected
in the form of various assessments, including worksheets and
participation in class discussions. Students are given time to
process concepts and organize their own thoughts through take-
home work or in small-group explorations before being asked
to report out to the class or to complete hands-on laboratory
activities. This provides students with the opportunity to fully
participate in and bolster their confidence for in-class work.
The metacognitive prompts and assigned homework are
designed to be inclusive of diverse points of view, allowing
for a variety of possible answers (see Supporting Files S8-
S10). Finally, we emphasize the importance and strength
of a diverse community to making scientific progress in our
module. Student pairs must draw on each other’s strengths to
accomplish several distinct tasks, from collecting information

CourseSource | WWW.Coursesource.org

in silico to execution of laboratory protocols to reflecting on
their experiences and decision-making.

LESSON PLAN

Our laboratory module integrates into a lecture and
laboratory combination course (Introduction to Cell and
Molecular Biology) and includes pre-lab lectures, laboratory
practice, and discussions (Table 2). The biological question
investigated by students in our implementation of this module
is how the cell cycle is regulated. We used the single-cell ciliate
organism Tetrahymena thermophila because it is a relatively
inexpensive eukaryotic cell model system and is conducive
to simple microscopy and genetic manipulation (17). Through
a collaboration with the Ciliate Genome Consortium, we
obtained a strain of Tetrahymena that can overexpress the
protein Cdt1 fused to Yellow Fluorescent Protein (YFP).
Because CDTT1 is required for licensing origins of replication
(preparing them for the initiation of DNA replication during
S-phase) (22), it likely plays a central role in cell-cycle control
in Tetrahymena; preliminary data obtained by a student in a
course taught by a CGC member supported this possibility
(www.suprdb.org/index.php/searchDetails/geneName/cdt1).
As noted above in the Overview of our module, we have also
included more general materials for instructor use (Supporting
files S4-S6) that could be adapted to address research questions
that differ from the Tetrahymena-focused one we used in the
implementation we describe here in detail.

Over the module’s three lab sessions, students combined
their existing scientific and technical knowledge with
Tetrahymena-specific experimental assays to develop and
address an unanswered scientific question using the CDT1
overexpression strain (Table 2). Our laboratory sections met
one time per week, as described below. Sessions could be
run more often, though time should be allotted to ensure
that students can finish the accompanying worksheets. All
laboratory sessions began with a 10-15 minute pre-laboratory
presentation (given as a PowerPoint slideshow) and discussion
(prompted by phrases, questions, or data in the PowerPoint)
led by the laboratory section GTA. Students worked as pairs
in the laboratory and followed their laboratory work with a
post-laboratory activity or homework assignment completed
outside of class. Our students participated in the module at
the end of the academic term, in part so that they could apply
skills in using a light microscope and micropipetting acquired
in prior weeks. However, the module could be implemented
wherever it fits best with existing curriculum (provided students
are given at least an introduction to the use of micropipettors
and light microscopes), so we describe the timeline in terms of
first, second, and third weeks of the module.

Week 1 (Lab)

The pre-laboratory 1 presentation includes a review of the
Central Dogma, the genetic code, and potential impacts of
gene mutation on a gene product (Table 2, Supporting Files
S7 and S11). Students are also introduced to gene analysis
bioinformatics tools accessible online (Clustal W, EXPASY, Blast
and Pfam) in the presentation (Supporting File S11). During the
laboratory session students explore the structure and functions
of provided “unknown” human gene sequences (CDT1 and its
partner proteins, Supporting File S7) using bioinformatics tools
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(Supporting File S8); student work here is guided by explicit
direction in their lab manual (Supporting File S12) as well as by
hands-on support from their lab instructors. Loss-of-function
mutations in any one of the genes that encode these proteins
result in the human genetic disorder Meier-Gorlin syndrome
(22-24), so sequence files containing these gene variants are
also included for student analysis (Supporting File S13). To
directly engage student metacognition in preparation for the
next two laboratory sessions, students complete a worksheet
which contains questions that require students to assess their
existing knowledge about the genes they have examined and to
evaluate how their previous knowledge informs their ability to
make an experimental prediction (Supporting File S8, Table 1
- Assessing and Evaluating). For example, students are asked to
make a prediction for how overexpression of a Cdt1 homolog
might impact a Tetrahymena cell and then answer the question
“What makes you think that?” Students are also prompted to
reflect on the utility of specific bioinformatics tools that they
used in lab and the value of research performed in model
organisms rather than humans. To further lay the foundation
for hypothesis generation and experimental planning in Weeks
2 and 3, students use the Tetrahymena genome database (25)
to identify and explore the potential functions of Tetrahymena
homologs of the human genes they examined. As an optional
assignment, students can be asked to formally present their
sequence analysis data in the form of a scientific figure
(Supporting File S14); as part of this assignment, students are
again asked to reflect on the value and motivation for their
analysis, while also making an experimental prediction. With
up to 12 pairs of students working in one laboratory section,
at least two groups can be assigned to (or choose) each gene,
so that students can compare their findings, and, in essence,
replicate each other’s findings.

Week 2 (Lab)

The pre-laboratory presentation focuses on Tetrahymena as
a research model organism and a review of DNA replication
and the cell cycle (Table 2, Supporting File S15). The pre-
laboratory discussion actively engages students in assessing,
evaluating and the early stages of planning (Table 1 - Assessing,
Evaluating, Planning) by having them brainstorm what types
of experiments could be done in Tetrahymena to study the
function of genes of interest. Specifically, in a manner guided
by the instructor, students share their initial predictions for the
biological impact of overexpression of one of those genes,
CDT1 in Tetrahymena, given what they know about DNA
replication control and Cdtl protein function (Supporting
File S7). In principle, instructors could choose any genes in a
pathway for which there are Tetrahymena strains that have been
modified to overproduce the encoded protein; we recommend
exploring a single gene and collecting data in aggregate as a
class. As a class, students also assess and evaluate the findings
and strengths and weaknesses of preliminary data obtained
on CDT1 overexpressing Tetrahymena cells. These data are
publicly available at on a database of student-generated data
set up by the Ciliate Genomics Consortium (www.suprdb.org/
index.php/searchDetails/geneName/cdt1). Discussion points
can include: importance of reproducibility, sample size and
complementary methods of experimental analysis in being
able to draw conclusions about biological pathways from
scientific studies.
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Finally, in preparation for Week 3, the Week 2 laboratory
activities encourage mastery of gross phenotypic and
behavioral observations, cell counting, nuclear staining, cell
imaging, and taking measurements of cell and nuclear size
using live and fixed wild-type Tetrahymena (Supporting File
S2). These activities lay the foundation for students to engage
in scientific planning (Table 1 - Planning), as it builds their
knowledge of the experimental tools that they will have
at their disposal for Week 3 to test the hypotheses that they
have identified in Week 2. To engage students in scientific
planning further, students complete a worksheet following
the laboratory session that requires reflection on the nature
and quality of data they obtained from the experimental
assays they had learned in Week 2 (Supporting File S9). As
students begin to connect an initial hypothesis for how CDT1
overexpression might impact Tetrahymena cells to assays that
they could use to test their hypothesis, they must assess the
specific strengths and weaknesses of different experimental
approaches. Additional metacognitive prompts are included
to encourage students to explicitly assess what knowledge or
information they used to refine their hypotheses, their level
of confidence in their decision making, and what types of
information might boost their confidence (Table 1 - Applying
and Monitoring, Reflecting).

Week 3 (Lab)

The pre-laboratory presentation centers on what is involved
in building a testable hypothesis, including the initial research
question, a prediction for outcomes of an experimental test,
and what variables must be considered (Table 2, Supporting File
$16). Though engagement with the pre-laboratory discussion,
students refine their research questions, establish hypotheses
for testable outcomes of CDT1 overexpression, and plan the
protocols to test their hypotheses, based on the experimental
assays they learned and reflected on in Week 2 (Table 1 -
Assessing, Evaluating, Planning). After implementing their
plans in lab, students enter their raw data into spreadsheets,
which are compiled by the GTAs, and outside of class, students
prepare data reports (Supporting File S10). As part of their data
reports, students include a discussion of whether the data
supported or failed to support their hypotheses and why they
have made the conclusions that they have (Table 1 - Applying
and Monitoring, Reflecting). Students are also prompted in the
data reportassignment to reflect on the impact data aggregation
made to their confidence in their conclusions compared to the
individual measurements students made with their laboratory
partners and the preliminary data originally obtained by others.
This prompt is aimed at solidifying concepts of reproducibility
and sample size in the scientific process.

TEACHING DISCUSSION
Summary Highlights of our Structure

Our research module introduces the process of science to
students through a collaborative research project that depends
on activities designed to directly evoke and build the following
metacognitive skills: accessing prior knowledge, hypotheses
generation, refinement and revision, and reflection on
outcomes. These activities implicitly direct students to assess,
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evaluate, plan, monitor, reflect, and share throughout the
three-week scaffolded research project. In this way, students
engage fully in the metacognition that scientists actively use in
the course of research.

Because our module targets introductory students, we hope
that providing this framework encourages students to further
strengthen their own identities as scientists and members of
the scientific community. Students are encouraged to think
about how their data fits in (or doesn’t) with previous results,
and how their data compares to that of their immediate peers.
In our implementation, by drawing on student-generated
preliminary data from another university, students also
experience the scientific process as a community effort and an
evolving process. In this way, they experience first-hand how
data and data interpretation can change current models of cell
biology in particular, and of scientific theory in general.

Conclusions from Assessments of our Module

Our module has three overarching learning goals: 1) to
introduce the process of science and scientific thinking to
students who are early in their science careers, 2) to guide
students to explore how experimental design fits into the
process of science, and 3) to lead students to value the use of
metacognition in the process of scientific research. One type of
impact assessment performed was to ask for feedback about the
laboratory module itself through open-ended “exit questions”
at the end of the module (26). Student responses often
included statements that show value placed on metacognition
in the research experience (Table 3). For example, students
reported “figuring out” methods, “think[ing] about what we
were doing,” and getting familiar with instruments and “how
I could use them.” While no student directly stated that they
were using metacognition, many of them referred to the
metacognitive processes shown in Table 1.

Furthermore, we interviewed students after their
Introductory Cell and Molecular Biology experiences as part
of a formal focus group study. Students repeatedly reported
that laboratory experiences are more engaging when they are
asked to make choices in their experimental design, even if
these are very simple choices (such as choosing which two
of three conditions to compare). Providing students with
choice gives them a sense of agency in the laboratory, and
if justifications for a choice are required, may cause students
to reflect more thoughtfully on their decisions. These types of
responses suggest that our learning goals may have indeed
been achieved through this module.

Considerations for the Future

Our experiences and preliminary data point towards
the importance of opportunities for choice and revision
to most effectively engage students in the laboratory (26).
Some laboratory sections brainstormed possible follow-up
experiments which ranged from technical troubleshooting to
testing new hypotheses and why such experiments might be
warranted. In our focus group discussions, students reported
that being allowed to make bad choices but then to revise
their decisions in a subsequent laboratory session would
provide strong learning opportunities. While our module didn’t
provide students with the opportunity for revision due to time
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constraints, future modules that allow students to implement
their follow-up experiments would allow students to engage
more deeply with the iterative metacognitive processes that are
integral to research. If time allowed, it could be beneficial to
design an entire fourth and fifth week of the module dedicated
to troubleshooting, building a class-wide data set, and data
analysis.

Because the in-class discussion component of our module
is important, laboratory instructors should be well-versed in
student-centered teaching and learning techniques to best
support student-driven decision-making and metacognition. In
our implementation, we relied on graduate teaching assistants
to lead the laboratory module. Based on our experience, we
highly recommend that training for teaching assistants include
an introduction to metacognition and the role it plays in
the scientific process and long-term learning. It may also be
beneficial for laboratory and classroom instructors to explicitly
discuss the parallels between principles of self-directed
learning and the process of science.

Our module aims to be inclusive of diverse students by
engaging students in explicit metacognitive practice so that
they can identify as scientists, soliciting individual student
perspectives through diverse activities and assignments, and
emphasizing the power of collective data in science. We
envision expanding this module to include exposure to the
work of scientists of diverse backgrounds, engaging students
in a reflection on what this means for who can become a
scientist.

Adaptations for other Institutions and Projects

Our three-week module provides a framework for explicitly
engaging Introductory Biology students in the metacognitive
practices regularly employed in science. Because the
framework for our module is built around introducing students
to the process of science, this framework is highly adaptable;
we describe a few possible adaptations and ideas for finding
new research questions below.

As mentioned in the Overview above, we recently tested
the adaptability of this module to other research topics by
piloting a place-based research project, looking at the effects
of low-light culturing on algae samples from Bellingham
Bay. To facilitate the adoption of the framework of this
module by other instructors with specific research interests,
please see the subject-independent “generic” templates of
our materials (Supporting files S4-S6). Instructors who are
interested in adapting our module for research organisms
other than Tetrahymena can use the Bioinformatics worksheet
(Supporting file S6).

Tetrahymena thermophila are relatively simple organisms to
grow, maintain, and visualize with simple light microscropy,
making them an ideal model organism for introducing students
to research. The protocols that are included in this article are
generally simple, of low cost and non-toxic (Supporting Files
S2 and S3). For instructors hoping to find other transgenic
Tetrahymena genes that can be overexpressed or knocked
out to use in a similar experiment, we suggest browsing the
SUPRdb  website  (http://suprdb.org/index.php/experiment/
showall) as a starting place (27). SUPRdb is a clearinghouse
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for unpublished results from the Tetrahymena community,
many of which were generated by undergraduates. Therefore,
an added bonus to building on findings reported on SUPRdb is
that students can be introduced to the fact that undergraduates
are capable of generating new knowledge and that science is,
at its heart, a collaborative endeavor. We also have benefitted
from a partnership with the Ciliate Genomics Consortium
for finding strains and discussing protocols (http:/faculty.
jsd.claremont.edu/ewiley/). Similar partnerships with other
professional societies or research groups can also be fruitful
sources of un- or under-characterized research organisms and
strains.

SUPPORTING MATERIALS

* S1. Short Research Module - Overview figure of different
implementations

e S2. Short Research Module - Laboratory Manual

* S3. Short Research Module - Tetrahymena protocols

e S4. Short Research Module - Generic Prelabs (bundled)

e S5. Short Research Module - Generic Laboratory Manual

* S6. Short Research Module - Generic worksheets

e S7. Short Research Module - DNA Replication Slide

e S8. Short Research Module - Week 1 worksheet

® S9. Short Research Module - Week 2 worksheet

* S10. Short Research Module - Week 3 figure assignment

* S11. Short Research Module - Week 1 Prelab lecture

* 5S12. Short Research Module - Week 1 Sequence analysis
manual

e S13. Short Research Module - Gene Sequences and
mutations

* S14. Short Research Module - Sequence analysis figure
assignment

¢ S15. Short Research Module - Week 2 Prelab lecture

* S16. Short Research Module - Week 3 Prelab lecture
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Table 1. Metacognitive processes used by self-regulated learners as applied in scientific research. Processes are
adapted from How Learning Works, Ambrose 2010.

Assessing Identifying existing knowledge and defining gaps
®  “What are the strengths and shortcomings of previous studies?”
Evaluating Framing gaps in knowledge as a question or prediction
e “What is a testable hypothesis for your research question? What prior knowledge did you use to formulate this?”
Planning Selecting appropriate experimental tool, technique or approach to address knowledge gap; Recognizing the utility and
limits of a tool or skill.
*  “What tools will you use to test your hypothesis? Why did you choose these?”
Applying and As experimental approach is implemented, actively reflecting on level of understanding, and discerning uncertainty in
Monitoring data
e “How will you know if your methods are working?”
Reflecting Drawing conclusions and identifying strengths and shortcomings in logic or approach along with next steps
e “What conclusions can you draw from this data? Are you confident in your conclusions? Why or why not?”
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Table 2. Short Research

Module - Teaching Timeline

Lab Week 1 - DNA sequence analysis and Bioinformatics

(S14)

Pre-laboratory lecture Students reacquaint themselves with [ 20 minutes Students should be shown the figure that describes DNA
the Central Dogma and features of replication (S7).
DNA sequences.

In-lab work Using the laboratory manual (S12) | 2 hours e Students work on computers in lab, or at home to
as a guide, students determine complete Week 1 worksheet (S8).
which of four replication-licensing * No software apart from an internet browser and a text
genes they have been assigned, and editing program is required to complete this session.
identify what mutation is present in ¢ Gene sequences (Wild-type and mutant) are found in
their mutant sequence. s13.. ) )

* Mutations in the genes are linked to Meier-Gorlan
syndrome.
Optional homework Students create their own figure 1 hour

Lab Week 2 - Introduction to a model system, laboratory techniques, and hypothesis building

Pre-laboratory lecture Students learn about Tetrahymena 30 minutes e Students should be shown the figure that describes
thermophila, CDT1 and its binding DNA replication (S7)
partners, and techniques to be used e Students brainstorm initial hypotheses based on Week
in the lab. 1 findings and prior knowledge of the cell cycle and

DNA replication.

In-lab work Students work with Tetrahymena 2 hours o All Tetrahymena in the Week 1 are wild-type.
to analyze live and fixed cells. The e Students record data directly in the laboratory manual
laboratory manual is S2. document.

e Counting cells using the hemacytometer takes less
time that measuring cells on the microscope. Having
backup discussion material or alternative activities may
be helpful if students have to share equipment.

Out of class work Students reflect on their work 1 hour e Students will encounter practical and metacognitive
through the Week 2 worksheet (S9) questions.

e Students should formulate working hypotheses to bring
to the next laboratory session.

Lab Week 3 - Students use a model system for mutational analysis

Pre-laboratory lecture Students reflect on the hypotheses 35 minutes e Students should be shown the figure that describes
that they generated in the Week 2 DNA replication (S7)
worksheet (S9). e Students works as groups to refine their hypotheses.
Students define a testable o Studgqts decide on control and experimental
hypothesis, and design experiments conditions . . . . .

P N gn &b e Based on their experiences in the previous session,
and experimental workflows to test students determine the most efficient way(s) t llect
A y(s) to collec
that hypothesis. data.

e Instructors should ensure that the rationales behind
student choices are solid.

In-lab work Students work with Tetrahymena 1.5-2 hours e Wild-type and mutant cells are available for this week.
to analyze live and fixed cells. The e Students record data directly in the laboratory manual
laboratory manual is S2. document and on an excel spreadsheet so that class

data can be compiled.

Out of class work Students reflect on and present their | 1 hour e Instructors should compile and distribute the class-
data as a figure (S10) wide data so that students can compare their group’s

data to those of the entire class.

e Statistical analyses (ANOVA followed by T-test) can
be used for individual group data and for the class
compiled data, and act as good points for discussion
of reproducibility and N.
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Table 3. Student responses to questions about the authentic research module

Did you enjoy the
structure of the last
laboratories?

| liked how we were actively
involved in forming hypotheses and
figuring out the best ways to test
them.*

I liked the concept of doing
research in a laboratory class.
I've seen this work in other
schools. You should do this in an
upper level class!

I like feeling prepared for wk9 [Week 2 of
Module] by practicing in wk8 [Week 3 of
Module]. I also liked feeling more involved
in what we were observing by having to sit
down and think about what we were doing
and why we were doing it.*

Did this laboratory
change or reinforce
your understanding
of how research

in science is
conducted?

| really got to understand to how
to set up a testable hypothesis and
then test it. | was familiar with the
instruments we used and how |
could use them to get data.*

Yes, because we tested someone
else’s experiment to see if we
could get the same results.*

It changed my preconception that research
has to be extremely complex.

*Statements that suggest that the student valued metacognition in their research experience.
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