& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Alex L. Deal,
Wake Forest University, United States

REVIEWED BY
Maurice H. T. Ling,

Temasek Polytechnic, Singapore
C. Titus Brown,

UC Davis, United States

*CORRESPONDENCE
Aeisha Thomas
thomasa@crown.edu

These authors have contributed equally to
this work and share senior authorship

RECEIVED 01 February 2024
ACCEPTED 23 May 2024
PUBLISHED 09 April 2025

CITATION

Thomas A, Davis D, Faue J and Kicker S (2025)
Learning from feces: a case study teaching
microbiome analysis.

Front. Educ. 9:1380117.

doi: 10.3389/feduc.2024.1380117

COPYRIGHT

© 2025 Thomas, Davis, Faue and Kicker. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Education

Frontiers in Education

TYPE Curriculum, Instruction, and
Pedagogy

PUBLISHED 09 April 2025

pol 10.3389/feduc.2024.1380117

Learning from feces: a case study
teaching microbiome analysis

Aeisha Thomas*!, Debra Davis?, Jasmine Faue! and
Sierra Kicker?!

!Department of Biological and Health Sciences, Crown College, St. Bonifacius, MN, United States,
2Department of Biology, Wingate University, Wingate, NC, United States

Microbiome data is increasingly important in health and environmental research.
This data can be used to teach students both microbiology content as well as
bioinformatics competencies. A narrative case study, Learning from Feces:
the Effects of Antibiotics on Gut Microbiomes, was developed where publicly
available human gut microbiome data from infants treated with antibiotics is
analyzed using the student-accessible, user-friendly DNA Subway Purple line.
Students, through this case study, learn about microbiome analysis including
how to choose samples and process sequence data through a pipeline and
finally interpret and explain the biological relevance of this data. This case study
was successfully implemented in Microbiology courses for both majors and
non-majors as a multi-step module on microbiomes. This manuscript presents
the case development process that includes undergraduate authors, learning
objectives, teaching materials and the results of implementation. Reflections on
the implementation in two different courses are shared with notes for future
users. It is hoped that this case will be effective in student learning and helpful
for other instructors, especially those with limited bioinformatics training and
the time and financial resources required for a full wet lab.
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Introduction

The human microbiome is most heavily studied because of its role in human health, and
disease, and usefulness in diagnosis, prognosis and development of treatments (Reviewed in
Gilbert et al., 2018; Cullen et al., 2020). However, notably microbiomes associated with soil and
plants are also of great interest for their role in the sustainability and production of crops in the
face of climate change (Reviewed in Compant et al., 2019; Dubey et al., 2019). Introducing
microbiomes in the classroom is therefore crucial to keeping undergraduates informed of current
research methods. Further, microbiomes provide an opportunity to teach both a range of biology
content and bioinformatics skills [Reviewed in Muth and Caplan (2020)]. Unfortunately,
completing the steps involved in microbiome research requires funding unavailable to some and
analysis requires bioinformatics skills that are often beyond those trained in biological disciplines
including instructors [Williams et al. (2019), Reviewed in Muth and Caplan (2020)]. Thus,
inexpensive resources accessible to instructors inexperienced in microbiome analysis that engage
different levels of students are valuable. To address this need and in response to this call for case
studies, we developed a microbiome analysis case study “Learning from Feces: The Effects of
Antibiotics on the Gut Microbiome,” where students are guided through analysis of publicly
available research-level microbiome data from the paper by Yassour et al. (2016) using the
web-based DNA Subway purple line (DNA Subway, 2024). This case study was co-authored by
two undergraduate students and their instructor who were experienced in using the purple line
for microbiome analysis and an instructor new to all aspects of the case study who implemented
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it in two different class contexts. The goal was to create a case study that
was engaging and accessible to students, easy for an instructor unfamiliar
with microbiome analysis to implement and that addressed learning
objectives grounded in published curricular frameworks relevant to the
specific courses. Herein we describe the case study development process,
the case, curricular alignment, implementation, learning outcome results
and a discussion to help others use the case with their students.

Since microbiome analysis is now a major part of Microbiology
research it follows that many instructors have used it to varying degrees in
undergraduate research [Reviewed in Muth and Caplan (2020)]. Muth and
Caplan (2020) collated 26 articles describing diverse approaches to
undergraduate research with microbiomes as well as the possible resulting
data science skills and content learning gains. Despite these advantages of
microbiome research in the classroom and the desire for of data science
skills at the undergraduate level [e.g., BioSkills by Clemmons et al. (2020)],
some instructors report poor preparation (Williams et al., 2019). The DNA
Learning Center at Cold Spring Harbor Laboratory addresses this gap,
through workshops that provide training and support for instructors to
involve students in microbiome work. This group uses DNA Subway; a free,
publicly available, web-based workspace to analyze different types of
sequence data that was developed by the DNA Learning Center for the
Cyverse (formerly iPlant Collaborative; DNA Subway, 2024). The purple
line provides a student-friendly QIIME 2-based pipeline to analyze
microbiome data where students can use their own or imported data to
learn as they do analysis (DNA Subway b, 2024). There is published
curriculum such as that by Zelaya et al. (2022) where the purple line is used
as a tool for analyzing your own or public datasets. We add to available
curricular material with this narrative-based case study approach.

While the most authentic route would be to actually have students
employ the scientific method, create their own original research questions,
conduct wet lab work, and generate their own dataset, high throughput
sequencing can be quite expensive for some budgets and time a possible
constraint tied to a case study can be an effective, time-saving and cost-
saving strategy (Muth and Caplan, 2020; Robertson et al., 2021). In case-
based learning, the student drives learning more than the instructor
(Allchin, 2013) and this approach has been shown to be better at teaching
(Bonney, 2015), even though this may not always be the case (Rhodes et al.,
2020). Smith and Murphy (1998) discuss that case studies can be used in
varying types of class contexts (e.g., lecture or lab) and assessments (e.g.,
report, exam) to engage students. In our case study, students learn and do
microbiome analysis as they follow along with Dr. Jones, a fictional
pediatrician doing her own analysis. Dr. Jones is concerned about the effect
of antibiotics on her young patients since treatment is known to instigate
resistance in bacteria which results in loss of life when medicines fail to
protect individuals from the detrimental effects of infectious agents
(Ventola, 2015). Understanding the impact of repeated antibiotic treatments
on the gut microbiome, especially at the initial stage of human development
outside of the womb, can provide much insight into the onset of chronic
illnesses and disorders that plague humans (Yassour et al., 2016). After
reading the article by Yassour et al. (2016), Natural history of the infant gut
microbiome and impact of antibiotic treatment on bacterial strain diversity
and stability, Dr. Jones chooses to learn how to do the analysis herself by
practicing with data from the paper. She chooses data from the larger
dataset discussed in the article (Yassour et al,, 2016) and completes the
purple line steps over the course of a week around her clinical duties. The
narrative format works well for this multi-step process and to model a
scientist’s approach (Allchin, 2013) as students similarly choose or are
assigned patient data from the same study and are guided to complete the
pipeline on the purple line alongside Dr. Jones.
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The case study was tailored for 2 different courses (majors and
non-majors) where antibiotic resistance is covered with related but
different goals, reflecting the different types of questions and analysis
that can be tackled using this method. Students therefore learn about
choosing data that aligns with a research question, processing
sequence data through a pipeline, data quality, cleaning data and
different types of analysis depending on the research question.
Students finally interpret their results and present it either as an
infographic or short report depending on the course.

Case study development process

The initial prompt for this case was encouragement of AT while
attending a Research Experiences in Microbiome Network (REMNET)
workshop to develop a case study for this call. Prioritizing student interest
in designing microbiome teaching activities was one of the concepts
introduced at the workshop. Student authorship of case studies does occur
[e.g., Riley et al. (2021)] and is thought to increase student learning
(Escartin et al., 2015). Our reasoning was that two student co-authors who
had done microbiome analysis for independent research would be assets
in developing material that their peers would find engaging and
understandable. Although the two faculty authors worked alongside the
students and made final decisions, as detailed in Figure 1, the student
authors were extensively involved in the case development process. High-
throughput Discovery Science & Inquiry-based Case Studies for Today’s
Students (HITS) network workshop materials [Updated materials from
2021 and 2022 HITS workshops orignally described in
Robertson et al. (2021) and QUBES b (2024)] were helpful in case study
development. The final case materials with minor editing are presented in
the Supplementary material. The Learning Management System (LMS;
Canvas by Instructure®) version of the introduction to the case study
(Supplementary material) included a picture (Science Translational
Medicine cover page, volume 8 number 343, https://www.science.org/toc/
stm/8/343) which is not a part of the published case study materials. The
technical instructions included in the case (Supplementary material) are
heavily based on the DNA Subway Manual (DNA Subway b, 2024) as they
were essentially supplemented to explain concepts and help guide students.
As the four co-authors developed the case together the instructor who was
new to microbiome analysis learned the analysis process which partially
simulated how we hope this case study is used. Our ultimate goal is to
flatten the learning curve by providing sound comprehensive simplified
curricular materials such that microbiome analysis is accessible to more
instructors and thus their students.

Pedagogical frameworks, learning
objectives, pacing, and alignment

A modified backward design approach (Wiggins and McTighe, 2005)
was used since our starting point was our larger aim of using a case study
to teach microbiomes using DNA Subway (Figure 1). Muth and Caplan
(2020) highlight curricular frameworks applicable to teaching microbiomes:
ASM Undergraduate Microbiology Curriculum Guidelines (American
Society for Microbiology, 2012) and the Bioinformatics Core Competencies
(Wilson Sayres et al., 2018). There are others such as BioSkills (Clemmons
etal,, 2020), BioCore (Brownell et al., 2014), Coursesource Bioinformatics
Learning Framework (Rosenwald et al., 2016), Bioinformatics core
competencies (Welch et al., 2014), ASM Allied Health Undergraduate
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Data analysis and
Dataset

Learning Objectives
and Assessments

Case Writing

Student authors chose to use familiar DNA Subway Purple
line data analysis method instead of learning a new one

Student authors chose to use publicly available instead of
previous data

There was overlap in the datasets chosen by the two
student authors. DIABIMMUNE (microbiomedb.org)
seemed easier to access.

Novice Implementing Instructor was recruited and chose
antibiotic data from DIABIMMUNE (microbiomedb.org
and diabimmune broadinstitute.org) based on relevance to

Instructors identified curricular frameworks that may be
relevant to undergraduate microbiome analysis case study

vant Microbiome steps fromMu!h&Caphn s
(2020) a.l:gnmentB l\;‘:ntl; ASMUGcg‘mde (American e
Microbiology) and formatics
al. 2018) frameworks Compe(cm 202%§W§M
lh(Nom:nMcKAy 2013) and mn(qubm;bmp

Instructors chose learning objectives and
formative assessment questions that followed the process
of microbiome analysis and summative assessments.
(infographics for non majors and short report for majors)

Instructors reviewed final learning objectives
CALMS Acronym (POGIL, 2023)

Troubleshooting due to data access issues resolved with
help from DNA Subway and paper authors (Yassour et al
2016)

Case story premise developed by one of the student authors

Case development including adapting the DNA Subway
manual for students and final pacing was done by students
and instructors

Impl i revised ial after trial run and
for logistics of class

courses.

FIGURE 1

Outline of the case development process. Steps involved in making choices on datasets, learning objectives and assessments and creating the case
itself are included and although chronological order is suggested, this was not always the case.

Curriculum Guidelines (Norman-McKay, 2018) and HITS (QUBES, 2024).
Some of these were helpful as the instructors determined final learning
objectives. The instructors found ASM Allied Health Undergraduate
Curriculum Guidelines (Norman-McKay, 2018) and Muth and Caplan’s
(2020) stepwise process and alignment of the microbiome research process
steps to the ASM Undergraduate Microbiology Curriculum Guidelines
(American Society for Microbiology, 2012) and the Bioinformatics Core
Competencies (Wilson Sayres et al, 2018) particularly valuable.
We determined that most of the steps listed (Muth and Caplan, 2020) could
be accomplished in a case study. The only step that could not
be accomplished was “DNA/RNA Isolation” however we were still able to
include aspects of the “sample selection” and “sequencing” steps due to the
large size of the dataset from Yassour et al. (2016) with multiple microbiome
samples per patient and having access to the sequence data. Because the
goal was a case study where students would complete the steps in
microbiome analysis, the learning objectives and formative assessment
questions were developed to parallel the process used by the DNA Subway
purple line, as indicated in Table 1. Learning objectives are similar to other
curriculum (e.g. LO1 “Define a microbiome” is also used by Lentz et al,,
2017). The case was broken down into days of the week to align with Dr.
Jones as she walked through the steps in her work week. We think this
strategy helps to keep steps in order while recognizing the need to run some
of the steps overnight since processing times for some steps can be long.
Since we knew that a non-majors and a science majors class would be our
first implementations, that also informed our choice of learning objectives
and that the summative assessment would be an infographic and short
report accordingly since these are activities that the instructor had used in
these types of classes. Students should have mastered the assumed
prerequisite knowledge: (1) Basic understanding of what a microbiome is
and (2) Identification of organisms using DNA sequences of biomarker
genes, e.g., 16S. The students should then be able to navigate this case as
shown in the alignment (Table 1) of the final learning objectives, activities
with suggested modality and case study assessment.
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Implementation

In Summer 2023 the Learning from Feces Case Study was designed
and subsequently implemented in the Fall semester at Wingate University,
a small comprehensive liberal arts institution in Wingate, North Carolina.
Implementation occurred over a two-week period in one section each of
two courses with face to face modality: Microbe Hunters - Antibiotic
Discovery Course (BIO 105) and Microbiology (BIO 320). These courses
were taught by the same instructor and are Course Undergraduate Research
Experiences with the Tiny Earth (TE) curriculum implemented in the
laboratory portion (Tiny Earth, 2024). The TE curriculum (Tiny Earth,
2024) is a student sourcing initiative focused on antibiotic discovery in
response to the antibiotic resistance global health crisis; students mine soil
samples in search of novel antibiotic producing bacteria. With this focus,
the student populations were considered to be well suited for the case study
reviewing bacterial populations in infants treated with a multitude of
antibiotic therapies from Yassour et al. (2016). The summative assignments,
infographic and short report, as typical scientific formats were assessed
using standard rubrics that were not original to the instructor and were
modified for this implementation (SCTL, 2014; TET, 2014) and so are not
included in the case study materials. The student responses were evaluated
for this manuscript to focus on the learning objectives.

Bio 105 microbe hunters — antibiotic
discovery course

General education course for non-science
majors

After the add/drop period there were 5 students enrolled in this
non-majors course, BIO 105 (one student subsequently withdrew after
the case study was implemented), a lecture/laboratory hybrid tailored
for non-science majors who are fulfilling their general education credit.
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TABLE 1 Case study activities with time estimates for each ‘day’ in Dr. Jones’ workflow.

Learning objectives

LO1. Define microbiome
LO2. Recognize how sample choice in
microbiome studies addresses research

question

Case day activity with suggested time/modality

Monday morning: introduction

20-30 min

Case study Introduction and metadata table (DIABIMMUNE website) review.

Provide instructions to join DNA subway and obtain username.

Read and/or discuss research study, review metadata table, write research question and choose samples
to answer this research question.

Non-majors: in class activity

Majors: Begin activity in class, require students to read the article and answer questions in a homework

assignment

Case study assessment questions
Include questions in classroom
activities and/or HW

Q1. What is a microbiome?

*Note this question was asked again at the end of the study to assess any changes in student
understanding.

Q2. Given the set of samples in the downloaded metadata table, which samples should Dr.

Jones choose to address her question? Explain your rationale.

*Monday afternoon

30-40 min

Randomly assign patient(s).

Obtain demographic data from metadata table on DIABIMMUNE website.
Data upload in DNA Subway Purple line and Demultiplex step.

Non-majors and majors: in class activity

LO3. Assess sequence quality using DNA
Subway de-multiplexing step

Tuesday morning

10 min

Conduct quality control Step 1 (DADA2).
Non-majors: in class activity

Majors: HW activity

Q3. Why is it important to trim the poor-quality sequence(s) before analysis?

Wednesday afternoon

5 min

Set up Alpha rarefaction (the process may have to run overnight)
Non-majors: in class activity

Majors: HW activity

LO4. Assess the species
diversity within the samples through

rarefaction analyses

Thursday

15 min

Review alpha diversity results (Shannon diversity and Faith PD).
Set up core metrics (the process may have to run overnight).
Non-Majors: in class

Majors: HW activity

Q4. What does your diversity look like? Write 1-2 sentences explaining your results

(Continued)
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TABLE 1 (Continued)

Learning objectives

LO5. Discuss beta diversity via analysis of
Emperor and taxonomic diversity plots to
explain data trends

LO6. Identify limitations to the proposed
study with respect to sample size and
randomization

LO?7. (upper level/majors course only)
Determine which diversity measurement is

appropriate to answer scientific research

Case day activity with suggested time/modality

*Friday and Conclusion

50 min

Discuss generated beta diversity graphs.

Use class example (created by instructor) to help students understand what information they are to
glean from the different analyses and data outputs.

Non-majors: In class discussion followed by homework with guiding data analysis questions A - H

Majors: in class discussion followed by HW assignment

Case study assessment questions
Include questions in classroom
activities and/or HW

Guiding questions for data analysis -

After looking at a patient’s microbiome before and after taking antibiotics:

A. Were there changes in the patient’s microbiome?

B. If so, was there more or less diversity in the microbiome of the patient after receiving
antibiotics?

C. What is one taxonomic group of the patient’s microbiome that changed after receiving
antibiotics?

D. What are some potential changes that could result in the patient’s health due to this

taxonomic group’s change?

Communicate conclusions of data analysis to patients and/or physicians

Nonmajors and Majors: summative assessments

questions E. What are some of the implications of these potential microbiome shifts?
E Could the implications of microbiome changes affect a patient’s future health?
G. Can our conclusions be applied more broadly? What are limitations to the conclusions?
H. What is a microbiome?

All LOs Weekend Non-majors: infographic for Dr. Jones to share with her patients and colleagues

Majors: short report for Dr. Jones’ colleagues; answers to guiding data analysis questions
were incorporated in this assignment

Students were given two weeks to complete final assignments.

Modalities and activities for non-majors and majors courses are outlined and aligned with learning objectives and assessment questions. It should be noted that timing is based on the assignment of 1 patient per student and the more patients that are assigned to a
student, the longer some steps will take to execute or set up (case day highlighted with *) and in some cases the longer the process will take to run in the DNA Subway platform, i.e., overnight.
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The course met twice a week for 3 h and was primarily focused on the
TE curriculum; there were weeks in which students were immersed in
laboratory work and others when a lecture/lab hybrid format was
employed. Prior to implementing the Learning from Feces case study,
students were introduced to the concept of microbiomes and the use of
DNA gene sequences as taxonomic biomarkers. When the case study
was implemented, 3 partial class sessions were utilized over varying
times depending on the progress of the case study steps (see Table 1 -
pacing and Supplementary material). At first, to meet LOI (Table 1)
students were required to individually complete the pre-knowledge
assessment which was one question “What is a microbiome?” Once this
was completed, they were required to read the case study introduction
(Supplementary material) in the Learning Management System (LMS;
Canvas by Instructure®). Prior to the class meeting, students were not
required to read the research study (Yassour et al., 2016) however, they
were provided with a summary and explanation of the primary figures
followed by a class discussion and the pre-work in-class assignment was
administered. This assignment gave students the opportunity to provide
us with consent to use their assignment submissions for case study
evaluation, consider the experimental design and create their DNA
Subway/Cyverse account.

Three patients were then randomly assigned to each student from
the DIABIMMUNE pool of 20 that received 9 or more antibiotic
treatments over their first 3 years of life (Yassour et al., 2016). Once
patients were assigned the students completed the Monday afternoon
instructions of the case study (Supplementary material) where they
collected demographic data, identified corresponding 16S gene sequence
files in the DNA Subway platform for the first (BEG), midpoint (MID)
and final (END) antibiotic treatments of each patient and sorted via
demultiplexing. In the next class meeting Tuesday morning and
Wednesday steps for data validation and diversity analyses were executed
(Supplementary material). Students were instructed to follow and
complete Thursday instructions (Supplementary material) to set up core
metric analyses (Beta and Alpha diversity) before the next class when
data analysis (Supplementary material) was to be conducted. The
diversity measurements (Beta and Alpha parameters), operational
taxonomic units frequency (OTU) bar charts, and Unweighted Unifracs
Emperor plots were evaluated by students, with the instructor’s
assistance, and a post-analysis homework was assigned. The final
assignment was an Infographic summarizing their findings and
providing recommendations for an audience of hypothetical parents of
patients and medical professionals. To help students with this assignment
infographic examples from the Centers of Disease Control were provided.

Bio 320 microbiology

Advanced biology elective course for science
majors

There were 14 students enrolled in BIO 320, an elective course for
students in the science majors. The laboratory class meetings were twice a
week, 1.5 h/meeting and also primarily focused on the TE curriculum,
however there is a stand-alone lecture portion in this course. The lecture
genetics module was introduced earlier than usual in the semester to help
students understand the basis of the research study and microbiomes. To
implement the case study; 2.5 laboratory class sessions were used (Table 1)
and in the first session students were required to complete the
pre-knowledge assessment (as in the non-majors course) and read the
introduction in the LMS module. Students were assigned pre-work
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homework which included all the same questions as administered to the
non-majors course, however they were required to read the research article
by Yassour et al. and additional questions were included that related to the
experimental design of the research study and all panels in Figure 1 of the
article (Yassour et al., 2016).

In the next class meeting students were randomly assigned one
patient of the same pool of 20 described earlier and directed to
conduct the Monday afternoon (Supplementary material) instructions
of the case study. All other steps, Tuesday through Friday
(Supplementary material), were completed as homework and students
uploaded their resulting patient diversity data to a group folder so that
the gut microbiomes from all 14 patients together could be analyzed
in the classroom for later comparison with the data of individual
patients. The post analysis assignment was a short report that focused
on describing the findings of the diversity data analysis of the patient
at each of the 3 stages described previously, BEG, MID and END, with
recommendations for hypothetical physicians.

Results

Wingate University Institutional Research Review Board reviewed
and exempted the procedures for data collection and participant
recruitment (Protocol #DD080323). All students enrolled in both
courses (majors and non-majors) provided consent for their
assignment submissions to be included in the assessment of the case
study implementation. The execution of the case study was quite the
success as students in both courses followed the written instructions
easily and there were only a few questions, mostly regarding errors
that were not preempted which are included in Teacher Notes
(Supplementary material).

Case study learning objectives were assessed using qualitative
data from assignment submissions. The participants’ ability to define
microbiomes (LOI) was evaluated by comparing the pre-knowledge
assessment and the post analysis assignments. The initial responses
of the non-major students were either accurate or focused primarily
on bacteria as the organisms of a microbiome; this was likely due to
the previous discussions in the class prior to case study
implementation. The post-analysis responses defined microbiomes
using all microbial types (archaea, bacteria, fungi, protists and
viruses), referred to the ecosystems and/or environments where they
exist, and some students even discussed the possibility of harmful
organisms being present. The responses of all the science major
students pre-knowledge assessment defined microbiomes as
containing all microorganisms in a particular environment; this
common thread is likely due to the definition provided in lecture
material. In the post-analysis assignments, microbiome definitions
were focused on bacterial isolates and intestinal/gut environments.
This information was to be included in the background section of the
short report and it is assumed that since the data being analyzed was
solely of bacterial origin the students focused on this microbial type.

Infographics were created by 4 non-science major students, they
were engaging and visually appealing; however in regards to meeting
LO5 (discussing beta and alpha diversity in the gut microbiomes over
the course of multiple antibiotic treatments across their 3 patients
each) there was great variability in their abilities to do so. The
objective of the post-analysis homework was to address these
concepts and provide feedback for students that they could use to
create infographics that effectively communicated their findings.
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discussion, were scored out of a possible 25 points.

Il BACKGROUND [H RESULTS [ DISCUSSION

Box plot of scores earned in each section of the majors course (BIO 320) short report assignment, n = 13. Each section, background, results and

Consequently, all students were able to discuss what the Faith
Phylogenetic Diversity (Faith PD) and Shannon Diversity index
values suggested was the impact of antibiotics on the diversity of their
developing gut microbiomes. In regard to beta diversity analyses
using Unweighted Unifracs Emperor plots, only one student correctly
discussed this outcome. Students were able to successfully identify
taxonomic groups that were significantly impacted by antibiotic use
but struggled to connect the implications of the identified group on
patient health and future microbiomes. Only one student understood
the concept of potential limitations of the study regarding sample size
and randomization (LO6), however none attempted to include this in
their infographic (likely a space issue) despite receiving feedback in
their post-analysis homework assignment.

There was variability in the short report submissions of the majors
course and 13 students completed the assignment. The average score
was 81 and 54% of the submissions earned a grade in the range of
79-70%; it seemed their greatest challenge was fitting their findings
into a 3-page document. Students either really understood their
findings and excelled in the assignment, or had a difficult time,
however they all understood the objective of the activity (background,
Figure 2). Students could explain alpha diversity results (Shannon
diversity and Faith PD; LO5) while identifying taxonomic groups that
were impacted over time (Results, Figure 2), however relating this to
antibiotic use was somewhat more challenging (Discussion, Figure 2).
The results section of the report had the widest variability in scores as
shown in Figure 2. The median line of the box and whiskers plot for
results is quite high and close to the upper quartile and maximum, and
the interquartile range is larger than that of the background or
discussion sections. Students who understood their alpha and beta
diversity results chose representative figures well (LO7) and were able
to communicate what the data was suggesting was the effect of the
antibiotics on the developing gut microbiome (LO5). Those students
who did not understand the outcomes of their analyses were unable
to effectively communicate this information and earned lower scores.
The background section had the lowest scores overall and a wider
range based on the minimum and maximum quartiles even though
its median line was close to the value of that in the discussion box
(Figure 2). In comparison to the non-majors group, the science majors
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were able to more effectively communicate in the discussion section
how the use of the data of 1 patient was limiting as in some cases the
data trends were completely different from the data provided when all
14 patients were compiled (LO6). The non-majors, however, did not
review data analysis output of all of their patients combined.

Discussion

Overall, the students in both non-majors and science majors courses
were able to comprehend the concept of the impact of antibiotic use on
developing microbiomes, while some learning objectives were met at
varying levels of success. Additionally; at the end of the semester it was clear
that they reflected on this experience in their TE data analysis
communications; TE is the antibiotic discovery student sourcing initiative
that was also being run in parallel on both courses. For both sets of students,
recognizing that antibiotic use had a significant impact on the human
microbiome influenced their understanding of how the global crisis of
antibiotic resistance developed and had a greater impression on their newly
developed opinions of antibiotic use. This case also provides an opportunity
for students to go from raw data to conclusions, use actual patient data and
to gain a more authentic perspective on the scientific process.

One consideration is that while students were able to use alpha diversity
indices to explain the data trends they were not as skilled in using the
Emperor and OTU (taxonomic) diversity plots to describe the changes
occurring within the microbiome at the end of the case study. In retrospect,
this is likely a reflection of the skill set of the instructor and for science
major students the limitations of using the dataset of only one patient. In
the non-majors course, students used the data of 3 patients and were able
to compare their data and draw more effective conclusions, the Emperor
plots were more informative and the changes in the OTU plots were visibly
more clear. This type of limit to calculations was also encountered by Zelaya
etal. (2022) using a different microbiome analysis platform indicating that
this is not uncommon. For the science majors course, the instructor did
compile the data output for all 14 patients, but they were only able to show
the Shannon Diversity and Faith PD data as the Emperor and OTU plots
would require them running their own DNA Subway analyses of the
randomly chosen patients. At the point in the implementation when this
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was realized, there was not enough time to do this. In addition, for students
the identification of changes in individual groups was a bit more difficult to
discern because the instructor and students were learning how to navigate
DNA Subway together. While the instructor did conduct trials in the
months leading up to the case study implementation, they were still a
novice user of the platform and was learning tricks to manipulate the data
from the more tech-savvy students in their classroom.

It is important to note that this case study is relatively easy to follow and
implement. The implementing instructor had a very limited skill set and
while well-versed in the subject matter of microbiology had never used a
case study to teach concepts in their courses, taught a bioinformatics
module or course, or used DNA Subway for any purpose prior to developing
and implementing this case study. The recommendations in the Teaching
Notes (Supplementary material) are written from their perspective with the
intention of assisting other instructors with limited skill sets prepare and
effectively execute the case study in their classrooms. In summary, it is
imperative that instructors familiarize themselves with the 16S DNA
sequence data and the steps of the DNA Subway analysis
(Supplementary material) prior to implementing the case study. When this
case study is used again the instructor will of course be more experienced
with the DNA Subway platform, however it is recommended that novice
users similarly run the analysis themselves ahead of time not only so they
are familiar but also to provide a comparison dataset to walk through the
data analysis process with students. This will reduce student anxiety in
analyzing the abundance of data that is produced and help the instructor
more effectively realize the learning objectives. Two formats were used in
this implementation and while the 3 patient model allowed for comparison
and clearly provided a more robust data set, depending on the number of
students in a course, time available to conduct the case study and the
expertise of the instructor, this may not always be possible. It is
recommended that instructors tailor the learning objectives and output to
be analyzed based on their course parameters and experience. When the
students’ data analysis resulted in unexpected results, we returned to the
demographic information of the patient(s) and looked at the number of
antibiotic treatments, antibiotics used at each stage (in some cases it was the
same) and the changes in the taxonomy charts to explain a lack of diversity
values or inconclusive results. Regarding your student population you will
want to confirm whether there are students under 18 in your course and
how you will acquire parental permission for them to use DNA Subway.
Pacing steps are outlined (Table 1) based on the experience with the two
courses (majors and non-majors). Further guidance is included in the
Teaching Notes (Supplementary material) including descriptions of unusual
examples and additional suggestions to help others with implementation.

This case can be used as a standalone introduction to microbiome
analysis, even with non-majors as modeled here, provided students have
been exposed to basic microbiology concepts. Instructors who may want
other case studies on microbiomes for students can use the National Center
for Case Study Teaching in Science Collection (2024) which also has
resources on case study teaching (https://www.nsta.org/case-studies). There
is also published curriculum that skips the pipeline and permits simple
analyses (Lentz et al,, 2017) that AT has used with students as an
introduction before using the purple line. Zelaya et al. (2022) have
curriculum using the purple line and another analysis platform with
students. These instructions were written using the expertly written DNA
Subway Manual (DNA Subway b, 2024) with supplements to assist students
and instructors navigate the steps of the analysis and is another great
resource. Finally, the review by Muth and Caplan (2020) cites many
examples of microbiomes in education beyond the analysis, and cost-saving
approaches which others may find helpful.
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In summary, our hope is that in this case study and its supporting
materials, we have streamlined microbiome analysis so that it can
be used with minimum instructor preparation and training.
We further hope that the narrative case study approach with the heavy
influence of our student authors will help engage students as they
learn by doing, and see the value of this type of analysis, as
demonstrated in their own reflections, on real research-level data.
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