TOOLS, TECHNIQUES, AND STRATEGIES
FORTEACHING IN A REAL-WORLD
CONTEXT.WITH MICROBIOLOGY

EDITED BY: Davida Smyth, Nichole A. Broderick, Laura Bowater and
Carlos C. Goller
PUBLISHED IN: Frontiers in Microbiology
#) g 3 B 7 ( T 3
% .‘j Ty \,'(4.',,
ty 1.9 .1.71’._({ )\

,frontiers Research Topics


https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/journals/microbiology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-760-6
DOI 10.3389/978-2-88971-760-6

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Microbiology

1 November 2021 | Microbiology in a Real-World Context


https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/

Topic Editors:

Davida Smyth, Texas AGM University San Antonio, United States
Nichole A. Broderick, Johns Hopkins University, United States
Laura Bowater, University of East Anglia, United Kingdom
Carlos C. Goller, North Carolina State University, United States

Citation: Smyth, D., Broderick, N. A, Bowater, L., Goller, C. C., eds. (2021).
Tools, Techniques, and Strategies for Teaching in a Real-World Context With
Microbiology. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-760-6

Frontiers in Microbiology 2 November 2021 | Microbiology in a Real-World Context


https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/journals/microbiology
http://doi.org/10.3389/978-2-88971-760-6

Table of Contents

06

10

21

26

36

51

62

73

89

96

104

116

Editorial: Research Topic Tools, Techniques, and Strategies for Teaching in
a Real-World Context With Microbiology
Claire L. Gordy, Melissa V. Ramirez, Micah Vandegrift and Carlos C. Goller

The Bean Beetle Microbiome Project: A Course-Based Undergraduate
Research Experience in Microbiology

Anna J. Zelaya, Nicole M. Gerardo, Lawrence S. Blumer and

Christopher W. Beck

MicroMundo Upside Down: Targeted Searching for Antibiotics-Producing
Bacteria From Soil With Reverse Antibiosis Approaches

Maria Alvarado, Pilar Clemente-Casares, Diego A. Moreno and

Piet W. J. de Groot

There’re CRISPRs in My Yogurt: A Discovery-Based CURE at the
Intersection of Industrial Food Production and the Human Microbiome
Katherine L. Petrie

Tackling Real-World Environmental Paper Pollution: A Problem-Based
Microbiology Lesson About Carbon Assimilation

Jackie E. Shay, Ruth Solis and Marcos E. Garcia-Ojeda

Combining Microbial Culturing With Mathematical Modeling in an
Introductory Course-Based Undergraduate Research Experience

Robert E. Furrow, Hyunsoo G. Kim, Samah M. R. Abdelrazek,

Katherine Dahlhausen, Andrew I. Yao, Jonathan A. Eisen, Mark S. Goldman,
John G. Albeck and Marc T. Facciotti

Microbiomes for All

Theodore R. Muth and Avrom J. Caplan

Implementation of Antibiotic Discovery by Student Crowdsourcing in the
Valencian Community Through a Service Learning Strategy

Sergi Maicas, Belén Fouz, Angela Figas-Segura, Jesus Zueco,

Hortensia Rico, Alfonso Navarro, Ester Carbo, Jaume Segura-Garcia and
Elena G. Biosca

Using Metabolic Engineering to Connect Molecular Biology Techniques to
Societal Challenges

Claire L. Gordy and Carlos C. Goller

Evaluation of the Impact of the Tiny Earth Project on the Knowledge
About Antibiotics of Pre-university Students in the Province of Valencia
on Three Different School Years (2017—-2020)

Jose |. Bueso-Bordils , Beatriz Suay-Garcia , Carolina Galiana-Rosello,
Elisa Marco-Crespo and Maria-Teresa Pérez-Gracia

Propelling a Course-Based Undergraduate Research Experience Using an
Open-Access Online Undergraduate Research Journal

Evelyn Sun, Marcia L. Graves and David C. Oliver

The Human Microbiome as a Focus of Antibiotic Discovery: Neisseria
mucosa Displays Activity Against Neisseria gonorrhoeae

Ellen L. Aho, Jenie M. Ogle and Anna M. Finck

Frontiers in Microbiology

3 November 2021 | Microbiology in a Real-World Context


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles

124

131

141

151

161

167

176

190

198

203

214

Bringing Real-World Microbiology Experiences to Undergraduate
Students in Resource-Limited Environments

Y. Aparna, K. Anuradha, Ch. Jyothi, K. Sri Manjari and Anil Kumar Challa
Loop-Mediated Isothermal Amplification (LAMP) as a Rapid, Affordable
and Effective Tool to Involve Students in Undergraduate Research
Andrew V. Nguyen, Amos Orlofsky, Kaylynn Pubill, Mangala Tawde,
Gaozhen Li, Diana Mata, Oscar Bermudes, Miguel Fernandez,

Jonathan Santana, Woochul Kim, Enzon Chimbay, Yeeun Kim,

Trieu Nguyen, Malcolm Fox, Janelly Eralte, Molly Metz, Davida S. Smyth,
Caterina Panzeca and Mazhar I. Khan

Is Community Relevance Enough? Civic and Science Identity Impact of
Microbiology CUREs Focused on Community Environmental Justice
Sarah J. Adkins-Jablonsky, Rob Akscyn, Brad C. Bennett, Qutia Roberts and
J. Jeffrey Morris

Analysis of Microbial Water Contamination, Soil Microbial Community
Structure, and Soil Respiration in a Collaborative First-Year Students as
Scholars Program (SAS)

Leah T. Stiemsma, Stephen D. Davis and Jay L. Brewster

Broader Impacts for Ecologists: Biological Soil Crust as a Model System
for Education

Akasha M. Faist, Anita J. Antoninka, Nichole N. Barger, Matthew A. Bowker,
V. Bala Chaudhary, Caroline A. Havrilla, Elisabeth Huber-Sannwald,

Sasha C. Reed and Bettina Weber

A Culturally Responsive Curricular Revision to Improve Engagement and
Learning in an Undergraduate Microbiology Lab Course

Karla S. Fuller and Camila Torres Rivera

Students’ Experiences of Working With a Socio-Scientific Issues-Based
Curriculum Unit Using Role-Playing to Negotiate Antibiotic Resistance
Konstantin J. Sagmeister, Christoph W. Schinagl, Suzanne Kapelari and
Pamela Vrabl

Combating Antimicrobial Resistance Through Student-Driven Research
and Environmental Surveillance

Erica R. Fuhrmeister, Jennifer R. Larson, Adam J. Kleinschmit,

James E. Kirby, Amy J. Pickering and Carol A. Bascom-Slack

Blogging as a Tool for Real-Time Learning in Medical Microbiology
Charmaine Lloyd

Real-World Ethical Dilemmas in Laboratory Safety for Microbiology
Under-Resourced and Outreach Teaching

Beverly L. Smith-Keiling

Genomics of Environmental Salmonella: Engaging Students in the
Microbiology and Bioinformatics of Foodborne Pathogens

Noah A. Greenman, Sophie K. Jurgensen, Charles P. Holmes Il

Curtis J. Kapsak, Raechel E. Davis, William M. Maza, Desiree Edemba,
Bethany A. Esser, Selena M. Hise, Tara N. Keen, Hunter G. Larson,
Dominique J. Lockwood, Brian Wang, Joseph A. Harsh and

James B. Herrick

Frontiers in Microbiology

4 November 2021 | Microbiology in a Real-World Context


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles

231 Implementation of a Service-Learning Project Focused on Handwashing
and Vaccinations Within an Undergraduate Microbiology Laboratory
Course
Beth A. Potter

236 Service-Learning, Movies, and Infectious Diseases: Implementation of an
Active Educational Program in Microbiology as a Tool for Engagement in
Social Justice
M. Linares, N. Lépez-Ejeda, P. Alvarez, E. Culebras, E. Diaz, M.T. Garcia,

C. Majano, M. L. Morales, A. Rodriguez-Garcia, |. Rodriguez-Avial,
C. L. Utrilla, M V. Valenzuela and M. J. Valderrama

246 Student Outcomes From a Large-Enrollment Introductory Course-Based
Undergraduate Research Experience on Soil Microbiomes
Stanley M. Lo and Bryan D. Le

Frontiers in Microbiology 5 November 2021 | Microbiology in a Real-World Context


https://www.frontiersin.org/research-topics/11825/tools-techniques-and-strategies-for-teaching-in-a-real-world-context-with-microbiology#articles
https://www.frontiersin.org/journals/microbiology

1' frontiers
in Microbiology

EDITORIAL
published: 13 October 2021
doi: 10.3389/fmicb.2021.755500

OPEN ACCESS

Edited by:
George Tsiamis,
University of Patras, Greece

Reviewed by:
Vassiliki Karapapa,
Municipality of Agrinio, Greece

*Correspondence:
Carlos C. Goller
ccgoller@ncsu.edu

Specialty section:

This article was submitted to
Systems Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 09 August 2021
Accepted: 16 September 2021
Published: 13 October 2021

Citation:

Gordy CL, Ramirez MV, Vandegrift M
and Goller CC (2021) Editorial:
Research Topic Tools, Techniques,
and Strategies for Teaching in a
Real-World Context With Microbiology.
Front. Microbiol. 12:7565500.

doi: 10.3389/fmicb.2021.755500

Check for
updates

Editorial: Research Topic Tools,
Techniques, and Strategies for
Teaching in a Real-World Context
With Microbiology

Claire L. Gordy', Melissa V. Ramirez’, Micah Vandegrift? and Carlos C. Goller3*

! Department of Biological Sciences, North Carolina State University, Raleigh, NC, United States, 2 NC State University
Libraries, North Carolina State University, Raleigh, NC, United States, ° Biotechnology Program (BIT), North Carolina State
University, Raleigh, NC, United States

Keywords: microbiology, bioinformatics, educational studies, open education, undergraduate learning, sharing,
quantitative skills

Editorial on the Research Topic

Research Topic Tools, Techniques, and Strategies for Teaching in a Real-World Context
With Microbiology

The COVID-19 pandemic has emphasized the importance of teaching microbiology in a way
that motivates learners to address global challenges and allows participants to practice skills that
can be used to harness the power of the microbes around and within us. This themed issue on
“Tools, Techniques, and Strategies for Teaching in a Real-World Context with Microbiology”
includes twenty-five articles written by authors from around the world that describe innovative
approaches for contextualizing microbiology and the impacts of these approaches on student
learning (Figure 1).

Of these articles, fourteen describe lab-based courses in which learners are engaged in
inquiry-based learning or Course-Based (Undergraduate) Research Experiences (CUREs/CREs)
(Adkins-Jablonsky et al.; Alvarado et al; Bueso-Bordils et al; Furrow et al.; Gordy and Goller;
Maicas et al.; Petrie; Stiemsma et al.; Sun et al; Zelaya et al.; Fuhrmeister et al.; Fuller and
Torres Rivera; Greenman et al; Lo and Le). The learners in these courses range from first-year
undergraduates to Ph.D. students, and the institutions at which they are enrolled include research-
intensive (R1) universities, primarily undergraduate institutions (PUIs), and minority-serving
institutions (MSIs) in multiple countries.

For example, crowdsourced and highly collaborative initiatives such as Tiny Earth offer
instructors across the globe frameworks for engaging student researchers in the process of
antibiotic discovery and raising awareness of the challenges of emerging antibiotic resistance.
In this themed issue, Maicas et al. and Bueso-Bordils et al. describe adaptations of Tiny Earth
in Spain. Alvarado et al. offer new improvements to the Tiny Earth curriculum that promise
new discoveries and service-learning opportunities for participants, Aho et al. describe a CURE
in which learners identified non-pathogenic Neisseria strains with antimicrobial activity against
Neisseria gonorrhoeae, and Fuhrmeister et al. report a novel CURE that complements the focus of
Tiny Earth on antibiotic discovery by engaging learners in environmental antimicrobial resistance
surveillance. While each of these initiatives focus on the global challenge of antibiotic resistance,
they each take a different approach, providing valuable insight and options for instructors
interested in implementing a Tiny Earth course or incorporating aspects of antibiotic discovery
and/or antimicrobial resistance surveillance into existing lab courses.
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Real-World
Microbiology in
the Classroom
In this issue, authors

from around the world
share educational
resources, lessons, and
approaches for
engaging learners in
real-world microbiology

considerations.

Course-based Research

;Ommunity Connections

Contributing to Projects

Interdisciplinary Topics

Democratizing Access

FIGURE 1 | Real-world microbiology in the classroom. In this issue, authors from around the world share educational resources, lessons, and approaches for
engaging learners in real-world microbiology considerations. Course-based research experiences challenge learners, foster ownership of projects, and inspire
discovery. Community connections can be fostered among students, with different institutions and instructors, and with the community. Participants and educators
can contribute to projects through crowdsourcing, adapting resources and projects, and innovating and improving the student experience and research
methodologies. Interdisciplinary topics in this issue include antimicrobial resistance, sustainability, and surveillance and bioremediation using microorganisms. With the
vision of democratizing access, educators and students can share broadly, connect with stakeholder communities, and reflect on who is left out.
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Empowering students to discover the origin of antibiotics
and the prevalence of antibiotic resistance prepares new
researchers in fundamental wet-lab and bioinformatics skills.
Equally important, science communication training equips
students to share their findings and research experiences and
reflect on the process of scientific discovery. Lloyd describes
how blogging activities kindle intrinsic motivation in learners
in a medical microbiology course. Linares et al. report a
collaborative service learning project in which students and
faculty work in interdisciplinary teams to engage marginalized
communities in Madrid by developing educational outreach
activities using movies related to specific infectious diseases that
community members indicate they would like to understand
better. Sagmeister et al. describe the use of role playing activities
to address antibiotic resistance and societal issues. These articles
share useful experience and ways to encourage instructors to
make courses more dynamic and connected to the public.

Beyond antibiotic resistance, authors report courses engaging
students through the connection of microbiological concepts
to multiple other topics with clear impacts on human health.

Potter’s students contribute to a service-learning project in which
they educate their peers on handwashing and vaccination. Fuller
and Torres Rivera’s students interview family members to learn
about traditional home remedies used within their family, and
then test the efficacy of these remedies in preventing the growth
of various microbes. Both of these innovative approaches allow
learners to ground their scientific learning in their own lived
experiences, by allowing students to connect that learning to the
health habits of their campus community or to their family’s
traditions and culture.

Another topic with clear real-world relevance and
opportunities for students to practice cutting-edge techniques
is the microbiome, the genomic potential of microbial
communities. The microbiome was once a complex concept
that was only mentioned in a few upper-division courses. Now,
however, metagenomics has been democratized through a series
of educational initiatives such as the Bean Beetle Microbiome
Project (Zelaya et al.). Through careful assessment of the impact
of exposing students to inquiry-based learning of microbiome
communities, this and other projects have highlighted the
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opportunities to engage students in the creation and analysis
of microbiome datasets. The potential of microbiome-focused
CUREs for lower-level undergraduate courses is further
demonstrated by both Lo and Le and Stiemsma et al. Lo and Le
report that a novel soil microbiome CURE conducted in large-
enrollment introductory biology courses resulted in increased
research skills as well as self-efficacy, while Stiemsma et al. report
that a first-year Students as Scholars course in which learners
investigated the relationship between soil salinity in coastal
watershed regions and coliform contamination of water resulted
in increased confidence and persistence in STEM. In addition
to these descriptions of novel microbiome-focused CUREs,
Muth and Caplan review educational microbiome resources that
have been published. Available resources now include lessons,
activities, and entire courses that can be adapted for a variety of
different contexts. To increase relevance, established protocols
can now be adapted to specific environments or samples that will
resonate with students.

Learners in many of these microbiome-focused CUREs
gain hands-on experience in environmental sampling, Next
Generation Sequencing technologies, and analysis of data sets
with environmental relevance. Several other articles in this issue
engage learners in connecting microbiology to sustainability
and environmental justice through lab-based research and
classroom activities. Adkins-Jablonsky et al. report outcomes
from three CUREs focused on heavy metal pollution at three
different institutions. Gordy and Goller describe a CRE in
which undergraduate and graduate learners collaborate to
create products sustainably in yeast and explore the social,
environmental, and ethical implications of metabolic engineering
strategies used to produce foods, medicines, and fuels in yeast
through case studies. Shay et al. share a problem-based classroom
activity that brings together biochemical and microbiological
concepts through which learners address the roles of microbes
in degrading paper waste. The scientific concepts addressed in
these three articles differ; yet learners in all of these courses
gain an understanding of how microorganisms function in
the environment and can be used to remediate environmental
damage or create products in a sustainable manner.

Another emerging theme in the articles in this issue—both
those engaging learners in microbiome research and others—is
food microbiology. Petrie’s students sequence natural CRISPR
arrays in lactic acid bacteria in yogurt, while Gordy and
Goller’s students produce beta carotene in yeast and learn
about the technology used to produce the Impossible Burger
through a case study-based approach. Greenman et al.’s students
focus on foodborne pathogens by isolating and characterizing
environmental Salmonella enterica from stream sediments and
poultry litter.

Sharing instructional materials and the results of educational
studies through this issue and other publications helps build
lesson plans and curricula for instructors to adapt and improve.
Sharing protocols (e.g., Tiny Earth) (Bueso-Bordils et al.; Maicas
et al.) and datasets (Zelaya et al.) lowers the barriers for more
institutions to implement similar authentic research activities.
Evaluating the impact of tools, techniques, and strategies
deployed at different institutions will enrich our understanding

of pedagogical choices, student engagement, and instructor needs
while increasing student research output.

Beyond instructors sharing their educational materials, Sun
et al. describe how they empower students to share their work
in an open access online undergraduate research journal that
increases access to research while providing fundamental skills
to participants, such as scientific writing and peer review. In this
way, students can also drive sharing and encourage others to use
and build on their findings.

As we consider the rich learning experiences described in
the articles in this themed issue as well as those reported in
other venues, it is always important to ask, who is being left
out? Are there barriers preventing the widespread adoption of
these initiatives? Are marginalized populations unable to take full
advantage of these resources? If so, how do we include real-world
microbiology context in their educational experiences?

Several articles in this issue address some of the barriers
that prevent learners and instructors at many institutions from
benefiting from the rich educational experiences and activities
reported throughout the issue. For example, Nguyen et al
describe a laboratory method that can be used to identify
microorganisms in teaching environments that lack access to
PCR, and Faist et al. describe the biocrust model system, an
accessible and portable ecosystem that can be used to teach
concepts ranging from microbial evolution and ecology to
structure and function in a range of classroom settings and types
of institutions. Smith-Keiling, along with Aparna et al., directly
discuss barriers that prevent adoption of inquiry-based labs
and CUREs/CREs at resource-limited institutions. Smith-Keiling
addresses biosafety challenges that are common in many teaching
labs, while Aparna et al. describe an approach for introducing
real-world microbiology techniques in environments where
learners are typically not exposed to these skills. These innovative
approaches will each help to make real-world microbiology
classroom experiences available to more students.

Beyond institutional resource limitations that impact
instructors’ ability to implement CUREs/CREs, we must begin
to consider structural and systemic barriers that disparately
impact the access of certain groups of students to real-
world microbiology experience. The classroom—be it the
lecture hall, the lab, or the online space—is not the only
option for contextualizing real-world microbiology practices.
Professional experiences such as internships and research
opportunities for credit are transformative experiences for
participants. Unfortunately, these opportunities are not available
to all students due to eligibility requirements, funding, and
institutional limitations. For example, many opportunities
for independent undergraduate research experiences funded
by US federal funding agencies exclude students who are
undocumented or DACA recipients. Other students meet federal
eligibility rules but not the selection criteria set by individual
research experience for undergraduates (REU) programs. In
particular, students who have not followed a traditional path,
who may have had a rocky start to their undergraduate career
but who show passion and promise, will not rise to the top
of the candidate pool when criteria include GPA and other
traditional metrics.
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Editorial: Microbiology in a Real-World Context

To create undergraduate research experiences that are open
and accessible to all students, educators and institutions must
think outside the usual framework and funding sources.
Those interested in developing open and accessible research
opportunities can draw on the virtual tools and connections
developed out of pandemic-driven necessity to create experiences
that blur institutional boundaries, allowing learners and mentors
to interact and collaborate regardless of location. Open science
and open educational practices can allow for more access to the
guides that instructors can then use to mentor students both in
person and virtually.

While creating virtual research experiences is less expensive
than residential REUs, funding for student stipends is critical:
unpaid research internships serve to consolidate valuable
research experiences among those who can afford to work for
free. Thus, PIs must seek out agencies and foundations that
are able to fund student stipends regardless of factors such as
immigration status. For example, Code for Science and Society’s
Virtual Event Fund (Virtual Event Grants, 2020) has provided
funding for MORE (Mentored, Open Research Experiences), a
pilot online undergraduate research experience through which
students receive training in open data science practices focused
on microbiome analysis and other genomic research skills, carry
out mentored research projects, and receive a stipend. This
approach of creating open, online resources to train learners in
skills necessary for real-world microbiology research can be used
not only to support cross-institutional undergraduate research
programs, but also to further disseminate the innovative courses
and activities published in this issue and to increase the number
of learners who can benefit from them.
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Course-based undergraduate research experiences (CUREs) are an effective means of
transforming the learning and teaching of science by involving students in the scientific
process. The potential importance of the microbiome in shaping both environmental
health and disease makes investigations of microbiomes an excellent teaching tool for
undergraduate microbiology. Here, we present a CURE based on the microbiome of the
bean beetle (Callosobruchus maculatus), a model system for undergraduate laboratory
education. Despite the extensive research literature on bean beetles, little is known
about their microbiome, making them an ideal system for a discovery-based CURE.
In the CURE, students acquire microbiological technical skills by characterizing both
culturable and unculturable members of the beetle gut-microbial community. Students
plate beetle gut homogenates on different media, describe the colonies that are formed
to estimate taxonomic diversity, extract DNA from colonies of interest, PCR amplify
the16S rRNA gene for Sanger sequencing, and use the NCBI-nBLAST database to
taxonomically classify sequences. Additionally, students extract total DNA from beetle
gut homogenates for high-throughput paired-end sequencing and perform biocinformatic
and statistical analyses of bacterial communities using a combination of open-access
data processing software. Each activity allows students to engage with studies of
microbiomes in a real-world context, to apply concepts and laboratory techniques to
investigate either student or faculty-driven research questions, and to gain valuable
experiences working with large high-throughput datasets. The CURE is designed such
that it can be implemented over either 6-weeks (half semester) or 12-weeks (full
semester), allowing for flexibility within the curriculum. Furthermore, student-generated
data from the CURE (including bacterial colony phenotypic data, full-length 16S rRNA
gene sequences from cultured isolates, and bacterial community sequences from gut
homogenates) has been compiled in a continuously curated open-access database
on the Bean Beetle Microbiome Project website, facilitating the generation of broader
research questions across laboratory classrooms.

Keywords: scientific teaching, undergraduate education, course-based undergraduate research, insect
microbiomes, 16S rRNA gene sequencing, microbial community analysis
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INTRODUCTION

In recent years, course-based undergraduate research experiences
(CURESs) have gained widespread attention as being effective
alternatives to “cookbook” style teaching approaches in science,
technology, engineering and mathematics (STEM) (Corwin
Auchincloss et al., 2014). CUREs allow students to actively
participate in the scientific process, experience discovery, do
broadly relevant work, practice collaboration, and build on
their growing knowledge and experience via iteration (Corwin
Auchincloss et al., 2014). By modifying the formal curriculum
to integrate an authentic research experience into the classroom,
CUREs are able to offer a greater number of students the
educational benefits of traditional research experiences (i.e.,
internships or apprenticeships in faculty research labs) (National
Academies of Sciences, Engineering, and Medicine, 2017).
These benefits include greater scientific self-efficacy, improved
critical thinking skills, increased grades, increased interest in
science careers, and higher graduation and retention rates
(Lopatto, 2004; Seymour et al., 2004; Corwin et al., 2015a;
Staub et al., 2016).

Interdisciplinary research on microbiomes, or the collection
of microorganisms and their genes within a given environment,
has uncovered the vast diversity and complexity of the microbial
world. Microorganisms and their activities are essential for
maintaining both human and environmental health (Timmis
et al,, 2019). In both plants and animals (including humans),
microbes assist in the breakdown and absorption of essential
nutrients and minerals (Nicholson et al., 2005; van der Heijden
et al., 2008) and the development of immunity (Béckhed et al.,
2012). Environmental microbes residing in soil and water recycle
nutrients on a global scale (Chapelle, 2000), degrade and
transform toxins (Anderson and Lovley, 1997), and contribute
toward the removal of greenhouse gases from the atmosphere
(Mitchell et al., 2010). Given their broad relevance in shaping
the health of our world, microbiomes provide an excellent
and engaging topic for undergraduate students and ample
opportunities for discovery-based research (Wang, 2017).

Despite the educational potential for laboratory classrooms,
microbiome research can be challenging. Many biological
systems are highly complex, involving a diverse array of microbes
with confounding variation both within and between populations
(Spor et al,, 2011; Linnenbrink et al., 2013; Goodrich et al,
2014). Disentangling the many genetic and environmental
factors shaping this variation is challenging, particularly in
organisms that are not easy to control experimentally. Many
insect species have served, and continue to serve, as tractable
systems for studying the potential factors that shape host-
microbe associations (Engel and Moran, 2013; Douglas, 2019).
Insect microbiomes tend to be simpler than their vertebrate
microbiome counterparts (Wong et al., 2011; Hammer et al,
2017). Additionally, insects can be reared under controlled,
laboratory conditions in large numbers, facilitating precise
manipulation of environmental factors that may influence
microbial associations.

Bean beetles (Callosobruchus maculatus) are a tractable insect
model system that has been used widely in inquiry-based

laboratory education. Bean beetles are inexpensive, commercially
available, reproduce rapidly and in large numbers, develop
quickly, and are easy to rear and maintain in a classroom
environment (Beck and Blumer, 2007). Bean beetles also have
broad global relevance, as they are a stored-product pest of
dried beans and cause significant economic damage world-
wide (Tuda et al, 2006). Although bean beetles have been
extensively studied in a wide range of biological disciplines
(Beck and Blumer, 2007), very little is known about their
microbiome, making them an ideal system for a discovery-
based CURE in microbiology. Bean beetles are easily amenable
to microbiome experimentation, allowing student researchers
to manipulate factors that might affect gut bacteria in
ways that would not be possible with vertebrates or other
insect model systems.

The Bean Beetle Microbiome Project is a large-scale,
multi-year STEM-Education research collaboration with the
overarching goal of understanding the role of student autonomy
in using scientific practices in a discovery CURE for students
across diverse institutions. Here, we present and describe the
course materials developed for the Bean Beetle Microbiome
CURE that can serve as an inquiry-based course curriculum
for undergraduate microbiology laboratories. We also present
preliminary survey data from upper-level undergraduates at
three different institutions who participated in the first set
of implementations of the BBMP-CURE during the Fall
2019 academic term. In the BBMP-CURE, students integrate
microbiological, molecular, and bioinformatic techniques to
characterize both culturable and unculturable members of the
beetle gut-microbial community. We discuss how the CURE
can be implemented in either 6-week (half semester) or 12-
week (full semester) versions, allowing flexibility within the
curriculum. The 6-week format can also be implemented by
instructors within institutions that follow the quarter-system.
Depending on the research interests of the faculty, many
aspects of the CURE outlined below can be easily modified
such that students and instructors can take greater ownership
of the research questions asked, methods used, and overall
research experience. Student-generated data may contribute to
ongoing faculty research that subsequently leads to publications.
Additionally, faculty have the option of sharing their classroom
data within a curated open-access database on the Bean
Beetle Microbiome Project website, facilitating the generation
of broader research questions across laboratory classrooms
and institutions.

MATERIALS AND EQUIPMENT

Learning Objectives

The activities below are designed for students to expand on
laboratory skills that they may have practiced in previous
introductory laboratory courses (e.g., pipetting, culturing
bacteria, and record keeping). However, activities can be
easily amended for an introductory class such that basic
laboratory skills can be introduced at the time of or prior to
performing the activity.
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The overall learning objectives for the CURE are for students
to be able to:

(1) Describe the impact of microbes on our living planet and
their host environments.

(2) Sample and  compare
(microbiomes).

(3) Formulate testable hypotheses to address a research
question and design an experiment to test the hypotheses.

(4) Identify and apply the microbiological, molecular, and
bioinformatic techniques used to study microbiome data.

(5) Analyze 16S rRNA gene sequence data with common
techniques used in microbiome research.

(6) Interpret  figures  generated  from
sequence data.

(7) Communicate findings to peers via oral or poster
presentations and scientific writing (report).

microbial  communities

microbiome

To facilitate project ownership, an additional learning
objective may be for students to “Discuss and pose a meaningful
research question that builds on prior research.” Learning
objectives can be modified and amended by the faculty based
on the specific research questions asked. Published example
rubrics for evaluating student presentations are available (e.g.,
Kishbaugh et al., 2012).

Beetle Rearing and Maintenance

A living culture of bean beetles may be purchased from Carolina
Biological Supply Company (Burlington, NC, United States, item
number 144180) or Ward’s Science (Rochester, NY, United States,
item number 470163-616). Beetles are easily maintained on
a countertop in small jars or containers with dried beans
(Figure 1). Bean beetles prefer and grow best on black-eyed
peas (Vigna unguiculata unguiculata); however, beetles grow well
on at least eight different bean hosts (see Laboratory Methods
at beanbeetles.org), and beans chosen can vary based on the
experimental questions to be addressed. Female beetles glue
their eggs to the surface of beans. Approximately 8-10 days
after oviposition, the beetle larva “hatches” from the egg by
burrowing from the egg into the bean, where the developing
larva feeds off the bean endosperm. When stored at 25-30°C and
developed on black-eyed peas, an adult beetle emerges from the
host bean after approximately 25-35 days and becomes sexually
mature 24-36 h after emergence. Larval development times
may vary depending on host-bean species and environmental
conditions (e.g., incubating temperature and humidity). Adult
beetles do not eat or drink liquid water, and adults live for
approximately 10-14 days. Currently, no U.S. federally mandated
permits or requirements are needed to house and use bean
beetles for educational or research purposes. Individual U.S. State
Department of Agriculture requirements remain in force. The
authors advise that educators verify with their home institutions
to ensure that no local or institutional requirements exist.

While rearing beetles for classroom activities, it is important
to plan accordingly to synchronize emergence times with
experiments. Beetle cultures should be grown for a few months in
consistent laboratory conditions on the same bean species so as

to accurately predict emergence times. Additionally, maintaining
replicate lines (on the same bean-host) that have alternating
emergence periods can ensure a consistent supply of adult beetles.
More details on working with bean beetles can be found at https:
/Iwww.beanbeetles.org/handbook/.

Equipment, Supplies, and Reagents

A current list of all equipment, supplies, and reagents used
in the different modules of this CURE can be downloaded at
https://www.beanbeetles.org/new_website/wp-content/uploads/
2019/08/Combined-Equipment-and-Supplies-List-1.pdf.  The
CURE is designed to use common laboratory equipment available
in general microbiology and molecular biology laboratories.

For the bioinformatic analysis portion of the CURE, we
designed the activities to utilize free, web-based software
that does not require advanced computer science skills
(e.g., command-line usage or coding skills). Access to a
computer lab would facilitate the implementation of the
bioinformatical analysis activities; however, students also may
use their personal laptop computers while accessing a university
internet connection. Alternatively, bioinformatic analysis may
be designated as outside laboratory assignments, allowing
students more flexibility to access the technology (computer,
internet-connection) necessary to complete the analysis. For
example, in Spring 2020, we conducted bioinformatic analyses
with undergraduate students in a completely on-line distance
learning format.

For taxonomic identification of isolated colonies from beetle
gut-homogenates, The Basic Local Alignment Search Tool
(BLAST)' is used to identify closest bacterial relatives. For
whole community microbiome analysis, spreadsheets containing
metadata are created in either Microsoft Excel (Office 365,
2019) or Google Sheets. Bioinformatic analyses are conducted
using DNA Subway, which was developed by the DNA
Learning Center at Cold Spring Harbor Laboratory. It is a
streamlined, classroom-friendly version of the popular QIIME2
microbiome bioinformatics software (Bolyen et al.,, 2019) and
is available via CyVerse?, a free-to-use cyber-infrastructure
funded by the National Science Foundation that provides
computational resources to researchers and educators nationwide
(Goffetal., 2011; Merchant et al., 2016). Detailed protocols for all
bioinformatics activities are available at https://www.beanbeetles
and https://org/microbiome/resources-for-online-teaching/.

DNA Sequencing

The lessons presented here make use of both Sanger and Next-
Generation Sequencing technology in order to provide students a
greater breadth of understanding of the tools available to study
both cultivable and non-cultivable bacteria at the genetic level
(single colony/species vs. whole communities). Currently, the
cost for 16S V4 Miseq amplicon sequencing ranges from $55
to $85/sample depending on the number of samples in a single
run and whether you use a commercial or academic institution
sequencing facility. A meaningful microbiome experiment will

Thttp://blast.ncbi.nlm.nih.gov/
Zhttps://www.cyverse.org
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mung beans.

FIGURE 1 | Maintaining bean beetles in the laboratory classroom. Adult (A-male, B-female) beetles range from about 2—4 mm in length. Beetles cultures can be
maintained in a variety of containers filled with dried beans. (C) Small round plastic container with lid. (D) Plastic bin with lid, holes have been drilled into the lid and
lined with filter mesh to allow for gas circulation. (E) Petri dishes of various sizes filled with either adzuki beans or black-eyed peas. (F) A large glass jar filled with

likely require a minimum of five samples in each of two
treatments, or a total of 10 samples, so whole community
sequencing will cost between $550 and $850/class. The cost
of NGS-technology can be prohibitive (Wang, 2017). Colleges
and universities that cannot secure funding for 16S whole
community sequencing may wish to use sample data sets
available at https://www.beanbeetles.org/microbiome/resources-
for-online-teaching/. As this CURE also incorporates Sanger
sequencing of cultivable bacteria, instructors have the option
of performing a proxy for the whole community analysis
(from NGS technology) with a class-wide Sanger sequencing
dataset as a lower-cost alternative (see Student handout on
community analysis of colony-based sequence data for this
alternate activity).

Classroom Size and Considerations

The CURE outline below was designed for a laboratory course
meeting once a week for a minimum of 3 h. The outlined
materials and procedures can accommodate a laboratory of
24 students. Activities were designed for students to work as
collaborative teams (e.g., 6 groups of 4 students each). Notably,
while the BBMP-CURE was originally designed for hands-on
laboratory instruction, much of the components, particularly the
modules relating to sequence and community analysis, can be
performed in fully virtual-classroom formats.

Student and Instructor Handouts

All handouts for each laboratory session can be found at
https://www.beanbeetles.org/workshops/curriculum- materials/.
Instructor handouts provide additional information for
preparation of materials. Student handouts provide step-by-step
protocols for activities to be carried out for each lesson.

METHODS

The BBMP-CURE has the flexibility of being carried out
in either full or half-semester implementations. Both full-
and half-semester timelines can be found in Supplementary
Tables S1,S2, respectively. The timelines also contain a list
of handouts and instructional materials related to weekly
activities. These materials can also be found at https://www.
beanbeetles.org/workshops/curriculum-materials/. Timelines are
constructed assuming a laboratory course that meets once
a week for at least 3 h. All protocols and sample datasets
can be downloaded at https://www.beanbeetles.org/microbiome/
resources-for-online-teaching/.

Full-Semester Implementations

The first class period serves as an introduction to microbiome
research in general. The introduction includes a discussion of
how insect microbiomes can be used as research models. An
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introduction into bean beetles as the model organism provides
information on bean beetle ecology, sex-based identification, life-
cycle, and agricultural impact. Additionally, students are asked to
read published studies relating to bean beetles and microbiome
research in various biological systems. Background reading can
be assigned as either as a pre-lab or in-class assignments (see
suggested reading materials).

The introductory lecture and reading assignments provides
the background information and context to facilitate
the development of a research question, hypothesis, and
experimental design, including identification of control versus
experimental groups. The BBMP-CURE uses a guided-inquiry
approach to guide students through these initial stages of the
project. The research question to be studied is either provided
by the instructor (faculty-driven research question), or it is
generated by the students themselves through an iterative
process of discussion and feedback. Regardless of how the
research question is generated (either by the students or by the
instructor), students are expected to predict the outcome of the
study (generate a hypothesis), as well as to design and conduct
the experiment to test their hypothesis, including identifying
the control versus experimental groups. Instructors may choose
to structure a more faculty-driven or student-driven approach.
The approach taken may depend on student level (e.g., freshman
versus senior), course type (e.g., introductory vs. advanced
courses), or course objectives. Additionally, the instructor may
choose to have students formulate their research question(s)
based on class consensus, or alternatively, if the budget permits,
different groups may choose to answer different questions.
Example research questions that have been generated by students
of the BBMP-CURE using a guided-inquiry approach can be
found in Supplementary Table S3.

By week 2, students and instructors have agreed upon
the research question(s) to be investigated. Subsequently,
students extract DNA from beetle gut homogenates for whole-
community sequencing. The timing of DNA extraction depends
on the nature of the experiment being conducted. Comparisons
of microbiomes from individuals taken from mass cultures
(for example, comparing the microbiomes of males and
female beetles) may be performed as early as week 2 or
3 if those cultures were previously established. However, a
manipulation experiment will require three weeks or longer for
the development and emergence of adults (for example, the effect
of a host shift on the microbiome community). In classroom
settings, waiting for adult emergence is necessary, as larvae are
embedded in beans and may be hard for students to successfully
isolate without contamination. The steps outlined below describe
DNA extraction using the Qiagen DNeasy Blood and Tissue Kit.
Qiagen DNeasy Blood and Tissue kit was chosen for this module
based on previous literature that demonstrates its successful
retrieval of insect-microbiome DNA (Furgeson et al., 2018).

DNA is extracted using a modified protocol for the
purification of total DNA from insects (see both Instructor
and Student Handouts on DNA extraction for the full semester
implementation®). Prior to extraction, live adult beetles must

Shttps://www.beanbeetles.org/workshops/curriculum- materials/

first be transferred to a small sterile container (e.g., Petri-dish
or microcentrifuge tube) and sacrificed by freezing (—20°C)
for a brief period of time (e.g., 3-min). Students can perform
the freezing step, or alternatively instructors may sacrifice the
beetles before the start of the class session. Once students receive
their sacrificed beetles, they should record relevant specimen
information (e.g., host diet, sex, age, etc.) prior to surface
sterilization. Then, surface-sterilized beetles are transferred to a
1.5 mL microcentrifuge tube containing 180 uL of Buffer ATL.
Using a sterile disposable pestle, beetles are crushed to release
microbial cells from the beetle gut. The extracted DNA can
be quantified (e.g., with a Nanodrop), and stored at —20°C
until sequencing.

It is not uncommon for students to extract insufficient DNA
on their first attempt. Therefore, week 3 of the full-semester
implementation has been designated as an iteration day, allowing
students the opportunity for a second attempt at DNA extraction.
Students can repeat unsuccessful extractions, or students who
successfully extracted sufficient DNA in week 2 can use the time
to isolate DNA from an individual from another treatment group
to increase sample size. Alternatively students who do not need
to repeat an extraction can proceed to culture bacteria from gut
homogenates (see below).

The DNA extraction step is ideally performed early in the
semester (week 3) in order to provide ample time for sequencing
to be performed. Although typical turnaround times for paired-
end whole community sequencing can vary, we have allotted
~4 weeks from the time the DNA is sent out to retrieval of
sequence data for community analysis.

Once DNA extractions have been performed, students initiate
culture-based analysis of microbes isolated from beetle gut-
homogenates. Beetles are surface sterilized and transferred to
a 1.5 mL microcentrifuge tube containing 500 uL of 0.9%
sterile saline solution. Each beetle is crushed with a sterile
pestle and cell-homogenates are serially diluted and plated on
different solid-media to obtain bacterial cultures from the beetle
microbiome. The current module outlines the use of a general
growth media (nutrient agar) as well as the use of selective
media for Gram-positive (phenyl-ethyl alcohol) and Gram-
negative (eosin-methylene blue) bacteria. Students allow their
plates to grow at room temperature (25°C) until the following
class period. However, the instructors may opt to utilize any
number of general or selective medias to appropriately pursue
the specific research question being addressed by their students.
Additionally, initial growth in liquid cultures can be used to
pursue questions related to physiological or metabolic capabilities
of the beetle microbiome.

The following class period (week 4), students check the
growth of their microbial cultures. They observe and record
the phenotypic characteristics of grown colonies. Using a
colony-based PCR approach, students then amplify DNA
from specific colonies of interest for taxonomic identification
via Sanger sequencing of the 16S rRNA gene (see both
Instructor and Student Handouts on colony-based PCR). Here
it is important to save students plates, as the following
week will allow for iteration (a second attempt at PCR
for any groups who do not obtain a successful amplified

Frontiers in Microbiology | www.frontiersin.org

September 2020 | Volume 11 | Article 577621


https://www.beanbeetles.org/workshops/curriculum-materials/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zelaya et al.

The Bean Beetle Microbiome Project

product). Additionally, students who took advantage of the
iteration for DNA extraction in week 3 may catch-up this
week by crushing beetles and plating the gut-homogenates
onto solid-media.

In week 5, students who performed colony-based PCR in week
4 visualize their amplified products using gel electrophoresis.
Additionally, week 5 can serve as an iteration day for students
who may still need to catch up (either they need to perform
colony-based PCR on their isolates for the first time, or their
PCRs did not yield enough DNA and they need to redo their
PCR). All successfully amplified DNA products should then be
sent out for Sanger sequencing.

As Sanger-sequencing turn around is typically fast (~24-
48 h), students should have their Sanger-sequence data by the
following class period (see Student Handout on BLAST analysis
of sequencing data). Students use the NCBI-nBLAST database
to taxonomically classify the colony-based PCR sequences, and
create a taxonomy table of the bacterial genera identified
in the microbiomes of the beetles in their experiment. This
class session serves as an introduction to bioinformatics tools
and computational software to compare genetic sequences
for taxonomic relatedness. The concepts learned in these
sessions will continue to be built upon as they proceed
through the semester.

In week 7, students are introduced to community analysis.
They are first introduced to this concept by performing
community analysis on the phenotypic data that they previously
collected on microbes isolated on solid-media. They connect
the phenotypic data from week 4 with the colony-based PCR
sequence data from Sanger sequencing. They calculate alpha-
diversity statistics based on the taxonomy table of different
taxa identified from the colony-based PCR sequence data
and determine similarities and differences in diversity between
samples (Blumer and Beck, 2020). The worksheet for these
activities can be downloaded in the course materials for week 7
of the full semester.

By week 8, the whole community (paired-end) sequence data
should be available. These data permit students to expand on the
community analysis by identifying bacterial taxa in the whole-
community dataset using DNA Subway. Weeks 9 through 13 are
then reserved for bioinformatic analysis of microbial community
sequence data. Since this is the most challenging technical aspect
of the CURE, several sessions are allotted to complete this
activity. Multiple options are available here to cater to varying
degrees of experience and pre-requisite knowledge of students
and instructor. These include community analysis using the R
Statistical Package, spreadsheets in Excel or Google Sheets, or
the free web-based Shiny App ranacapa (Kandlikar et al., 2018).
Alternatively, the semester can be modified such that activities are
assigned as outside classwork (homework), allowing for greater
flexibility of the curriculum.

In the final week, students develop their scientific
communication skills by presenting their results. Instructors
may choose presentation methods to match their course
learning objectives (scientific abstract, full scientific report,
seminar style presentation, poster presentation). Undergraduates
may also take advantage of opportunities to present research

outside of the classroom at their home institutions (for
example, a departmental undergraduate research symposium or
college-wide science symposium).

Half-Semester Implementations

Similar to the full-semester implementation, the first class period
for the half-semester implementation serves as an introduction
to insect microbiomes in general and bean beetles as the model
organism. Additionally, the research question and experimental
design should be discussed and agreed upon during the first
class session. However, the introduction period is shortened
such that students initiate their research project in the first
class period. Once students and instructors agreed on the
research question(s) to be investigated, students are provided
with their specimen beetles and follow surface sterilization and
homogenization steps to plate beetle-gut homogenates onto
general and selective media.

The following class period (Week 2), students check the
growth of their microbial cultures, observe and record the
morphological characteristics of grown colonies, and perform
colony-based PCR on their isolated colonies for taxonomic
identification via Sanger sequencing (see both Instructor
and Student Handouts on colony-based PCR for the half-
semester implementation®). Again, all plates can be saved
for the following week in case students require an iteration
day. Finally, students obtain a fresh collection of beetles to
perform total DNA extraction for whole-community sequencing
using the Qiagen DNeasy Blood and Tissue Kit. Completing
DNA extraction may require students to perform laboratory
work outside of scheduled class time, or for someone to
perform these extractions after students initiate the process
by grinding a beetle in Buffer ATL (see both Instructor and
Student Handouts on DNA extraction for the half-semester
implementation?).

In week 3, students perform gel-electrophoresis on their
amplified DNA (see Instructor handouts on electrophoresis).
Typically, electrophoresis can be completed in about 1 h,
at which point any groups that did not successfully amplify
DNA may elect to re-do their PCR on a picked colony.
Then, successfully amplified DNA products may be sent out
for Sanger sequencing. In a typical 3-h laboratory course,
students would have enough time to run a gel and re-do
PCR for any unsuccessful amplifications. However, running
a gel on the second PCR attempt to confirm amplification
may require students to perform laboratory work outside of
scheduled class time.

The following class periods (weeks 4, 5, and 6), students
begin the bioinformatic analyses. They use the NCBI-nBLAST
database to taxonomically classify sequences (see Student
handout on BLAST analysis of sequencing data), perform
community analysis on phenotype and colony-based PCR
sequence data (see student handout on community analysis of
phenotype data), and perform community analysis of their whole
microbiome sequencing data (see handouts corresponding to
community analysis of sequencing data for week 6 of the half-
semester implementation). The half-semester implementation
allows insufficient time for students to learn to use DNA Subway
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to create a taxonomy table for subsequent community ecology
analysis. Therefore, it is necessary for the instructor or teaching
assistant to perform the data processing in DNA Subway and
present students with the resulting taxonomy table for analysis.
As in the full-semester implementations, students can present
their results in the final week of the project in either the written
or oral formats suggested above.

ANTICIPATED RESULTS AND
DISCUSSION

Timmis et al. (2019) recently argued that microbiology literacy
is one of the most important skills society will need to
solve 21 century problems. Before long, novel therapies on
microbiome technology will become widely available (Surana,
2019). However, misconceptions and misinformation persists
(Ma et al,, 2018). Undergraduate university courses represent an
excellent opportunity to introduce students of microbiology to
the exciting and topically relevant field of microbiome research,
as they represent the future leaders and global citizens that will
be best equipped to dispel misconceptions and raise microbial
literacy among the general public.

While still in its early stages, microbiome research has grown
rapidly and garnered the attention of both scientists and non-
scientists alike, providing an excellent and engaging topic area
for undergraduate research experiences. Inquiry-based activities
for student microbiome research have previously been developed
for aquatic ecosystems (Boomer et al, 2002; Gibbens et al,
2015; Agate et al,, 2016), soil (Martinez-Vaz et al., 2015; Finer
et al., 2016; Rahman et al., 2016), public spaces (Muth and
McEntee, 2014; Weber and Werth, 2015), and the human
microbiome (Wang et al., 2015; Debelius et al., 2016; Garbarino
and Mason, 2016; Lentz et al., 2017; Weber et al., 2018). Here we
present a CURE using the bean beetle (Callosobruchus maculatus)
as a model animal system for undergraduate microbiology
laboratory courses.

The Bean Beetle Microbiome CURE is aimed to provide
students with an authentic research experience as part of
the course curriculum that enables them to develop skills
related to the scientific process. Studies have shown that
research experiences provide students with a greater sense
of autonomy and ownership of their projects (Lopatto, 2003;
Hanauer et al., 2012), which also leads to additional educational
benefits, such as increased intention to pursue science careers.
When research experiences are incorporated as part of the
course curriculum, there are different inquiry-based approaches
that can be used, each with its own set of expectations
for both instructor and student (D’Avanzo, 1996; Colburn,
2000; Buck et al., 2008; Weaver et al, 2008). Faculty who
would like to implement the CURE presented here in their
laboratory classrooms may choose the degree of student
involvement for deciding the research question and what inquiry-
based approach to use. The novelty and relevance of the
question addressed may depend on several factors, including
the educational level of the student (e.g., introductory vs.

advanced) as well as the level to which the research design is
guided by faculty.

An important component of our current research on
the BBMP-CURE is the level of student autonomy, or the
level of responsibility, related to the development of the
research question addressed. Our approach provides two levels
of autonomy that we categorize as either low-autonomy
(faculty-driven questions) or high-autonomy (student-driven
questions). While we hypothesize that a greater level of
student autonomy will have a positive effect on student
outcomes, it is anticipated that students will strengthen their
science-process skills regardless of the level of autonomy
chosen, as they analyze the results of their experiments,
draw conclusions, connect their research to the broader
literature, and communicate their results. Our ongoing research
based on assessments of survey data for past and future
implementations of the BBMP-CURE will be used to test
this hypothesis.

In the fall and spring semesters of the 2019-2020 academic
year, a total of 10 faculty participants from six different
institutions (most of which were minority-serving institutions)
implemented the BBMP-CURE (Supplementary Figure S1A).
Due to the interdisciplinary nature of the CURE, it was
successfully implemented in undergraduate laboratories
of various life-science disciplines and student class-levels
(Supplementary Figures S1B,C). Students who participated
in the BBMP-CURE were asked to respond to questions from
the Persistence in the Sciences Survey (PITS) (Hanauer et al,
2016) and the Laboratory Course Assessment Survey (LCAS)
(Corwin et al., 2015b). As our study did not include a “traditional
lab” control, we included two previously published studies
that used these same instruments to assess inquiry-based
versus traditional laboratory instruction as benchmarks for
comparison (Corwin et al., 2015b; Hanauer et al., 2017). Our
preliminary student survey data on the LCAS (Supplementary
Table S4) shows that students rated the BBMP-CURE highly
on the Discovery and Relevance scale (28.2 £ 6.3 Full-
Semester/Low Autonomy; 28.88 =+ 1.81 Full-Semester/High
Autonomy; 23.5 £ 11.83 Half-Semester/Low Autonomy),
suggesting that students perceived that the activities they
performed could lead to discovery of something new and
were of interest to the scientific community. Additionally,
results of the PITS survey (Supplementary Table S5) showed
students scored highly on questions pertaining to science-
identity (3.8 £ 0.8 Full-Semester/Low Autonomy; 4.04 £ 0.77
Full-Semester/High Autonomy; 4.4 £ 0.69 Half-Semester/Low
Autonomy), scientific community values (4.9 + 0.9 Full-
Semester/Low Autonomy; 5.11 £ 0.59 Full-Semester/High
Autonomy; 5.13 £ 0.88 Half-Semester/Low Autonomy),
project ownership of content (4.0 £ 0.6 Full-Semester/Low
Autonomy; 3.92 £ 0.6 Full-Semester/High Autonomy;
0.88 £ 5.13 Half-Semester/Low Autonomy), and emotional
project ownership (3.8 £ 0.6 Full-Semester/Low Autonomy;
3.78 £+ 0.89 Full-Semester/High Autonomy; 4.12 + 0.6
Half-Semester/Low Autonomy). While these preliminary
results are promising, additional data collected from future
implementations of this CURE will allow for a more thorough
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analysis to evaluate the impact of the BBMP-CURE on
student outcomes.

Despite the reported educational benefits of CUREs,
challenges to their implementation persist (Spell et al., 2014;
Cooper and Brownell, 2018). Logistical hurdles and lack
of time to develop new laboratory research experiences are
often cited as barriers that faculty face when considering
a CURE (Spell et al, 2014; Shortlidge et al., 2016). The
difficulties can be especially prominent for faculty members
who work within primarily undergraduate institutions with
limited access to research personnel and resources. The
Bean Beetle Microbiome CURE overcomes these barriers as
it is flexible, scalable, and utilizes supplies and techniques
common for microbiology and biology classrooms. All
protocols for the above modules are freely available at https:
/Iwww.beanbeetles.org/workshops/curriculum-materials/ ~ and
https://www.beanbeetles.org/microbiome/resources-for-online-
teaching/. Additionally, many of these protocols are also
available in the Proceedings of the Association for Biology
Laboratory Education, with detailed Instructor Notes and
implementation guidance (Cole et al., 2018; Blumer and Beck,
2020), although the protocols presented here (and available on
our website) offer revised and updated methods and notes based
on participant feedback. The CURE has been designed such that
educators have the freedom and flexibility to modify activities
within the CURE to implement methods and techniques
related to their own research interests. For example, during
the cultivation of beetle-gut microbiome isolates, activities
may be introduced that allow students to perform classical
microbiological and microscopic analyses, such as differential
staining (e.g., Gram-stain, acid-fast stain, endospore stain, etc.),
hemocytometer-based microscopic cell counts of bacteria, and
any number of physiological and metabolic assays. Additionally,
the potential exists for students to conduct research that aligns
with the independent research interests of the faculty. Thus,
faculty have the opportunity to replicate studies from previous
implementations, allowing future students to build on the
findings from previous semesters, which can lead to more
publishable work (LoSchiavo, 2018). Students and educators may
take advantage of the current database of information on isolated
microbes that is available on the Bean Beetle Microbiome Project
website (beanbeetles.org), facilitating the generation of broader
research questions across laboratory classrooms. Research on
the bean beetle microbiome can be further facilitated by the
open sharing of student-collected data. Currently, over 490
isolates are publicly available in the colony-based sequence
and taxonomy databases at www.beanbeetles.org, and faculty
are encouraged to submit their student-collected data to the
database. While these data are publicly available, faculty who
implement this CURE maintain ownership of the data collected
by their students.

Another challenge of CUREs is that the authentic nature
of the research means that, like with all research, students
likely will carry out procedures that do not work in the
first attempt. Research is inherently an iterative process
where scientists must navigate scientific challenges, persevere
through difficulties, and cope with failure (Henry et al,

2019). It has been argued that, for a research experience
to be authentic, opportunities for iteration must be included
(Corwin Auchincloss et al., 2014), as they allow for students
to develop cognitive and emotional ownership of their work
(Corwin et al., 2018). In the full-semester implementation of the
Bean Beetle Microbiome CURE, iteration for procedures that
commonly require multiple attempts (e.g., DNA extraction, PCR
amplification) is built-in to the course schedule. A limitation
of the half-semester implementation is that, due to the reduced
time for completing the project, many iterative opportunities
are not feasible.

The most significant barrier to incorporating microbiome
research for undergraduate education is the cost associated with
next-generation sequencing (NGS) (Hartman et al., 2016). This
CURE outlines the use of the Illumina MiSeq System for paired-
end sequencing of the beetle-gut microbiome. As NGS is now
a relatively common technology, educators may have access to
this or other sequencing platforms via their home universities
at “in-house” costs, or may collaborate with colleagues who
have access to NGS technology. Additionally, academic and
commercial sequencing centers are available throughout the
country that provide sequencing services and relatively low per-
sample costs. The turn-around time for sequencing and data
retrieval may vary, and educators interested in performing the
NGS portion of this CURE should plan accordingly such that
students have enough time to analyze data. Some sequencing
centers provide data analysis for an additional cost, which may
be of interest to educators whose desired learning outcomes are
related to data interpretation as opposed to data processing.
Additionally, the CURE is designed such that if NGS cost is
prohibitive, a proxy for community analysis can be performed
with phenotypic data of cultured isolates on solid media and
colony-based PCR sequence data. Extensive sample datasets for
both types of data are available in our open-access databases
(Beanbeetles.org).

Other challenges may arise in the sessions dedicated to
sequence data analysis using computational methods. Depending
on the classroom set up, certain technical difficulties may
arise (e.g., slow/unreliable internet connections, students
who do not own personal laptops, students with different
levels of familiarity with computers or spreadsheets).
A teaching assistant or peer-mentor who can move around
freely to aid students who may be struggling can be a
valuable asset for these laboratory sessions. Additionally,
access to university computational resources (e.g., computer
labs) may alleviate some of the challenges of performing
computational analysis in the laboratory classroom. For
the DNA Subway portion of the bioinformatic analysis,
students are encouraged to work in groups such that only one
computer per group is logged on to the server to perform
the metagenomic analysis, thereby reducing demands on
the server that might prolong time to completion of the
analysis. Alternatively, faculty may opt to have students
perform the analyses as outside classwork so that students
can have ample time to complete the analyses. Written
and video tutorials are available to facilitate students’
independent remote learning®. This option also allows
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for class time to instead be dedicated to interpretation of
graphs and data.

Finally, while the BBMP-CURE was originally designed for
hands-on laboratory instruction, the global outbreak of COVID-
19 has significantly altered current instructional programs. It is
uncertain when and to what extent opportunities for in-person
instruction will become available again for all undergraduates.
The current situation facing universities underscores the need
for quality classroom activities that can be performed in online
and virtual formats. The work presented here adds value to
the current state of instruction by providing easy-to-implement
modules with access to our online-database of isolate and
whole-community sequence datasets, which allows for virtual
implementation of many aspects of this CURE.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Emory University Institutional Review Board
(IRB00113934). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AZ vperformed literature review, created handouts and
instructional materials, and wrote and edited majority of the
manuscript. NG, LB, and CB created handouts and instructional
materials and wrote and edited the manuscript.

REFERENCES

Agate, L., Beam, D., Bucci, C., Dukashin, Y., Jo'Beh, R., O’Brien, K,, et al. (2016).
The search for violacein-producing microbes to combat Batrachochytrium
dendrobatidis: a collaborative research project between secondary school and
college research students. J. Microbiol. Biol. Educ. 17,70-73. doi: 10.1128/jmbe.
v17i1.1002

Anderson, R. T., and Lovley, D. R. (1997). Ecology and biogeochemistry of in situ
groundwater bioremediation. Adv. Microb. Ecol. 15,289-350. doi: 10.1007/978-
1-4757-9074-0_7

Bickhed, F., Fraser, C. M, Ringel, Y., Sanders, M. E,, Sartor, R. B., Sherman, P. M.,
et al. (2012). Defining a healthy human gut microbiome: current concepts,
future directions, and clinical applications. Cell Host Microbe 12, 611-622.
doi: 10.1016/j.chom.2012.10.012

Beck, C. W., and Blumer, L. S. (2007). “Bean beetles, Callosobruchus
maculatus, a model system for inquiry-based undergraduate laboratories,”
in Tested Studies for Laboratory Teaching, ed. M. A. O’Donnell
(Cupertino, CA: Association for Biology Laboratory Education (ABLE)),
274-283.

Blumer, L. S., and Beck, C. W. (2020). “Introducing community ecology and
data skills with the bean beetle microbiome project,” in Advances in Biology

FUNDING

This research was supported by National Science Foundation
Grants DUE-1821533 and DUE-1821184 to Morehouse College
and Emory University, Atlanta, GA, United States. Any opinions,
findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect
the views of the National Science Foundation. The student
assessment was approved by Emory University’s Institutional
Review Board (IRB00113934).

ACKNOWLEDGMENTS

The authors would like to acknowledge the participants of
the 2019-2020 Bean Beetle Microbiome Project for providing
invaluable feedback on the implementation of this CURE.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.577621/full#supplementary- material

FIGURE S1 | Survey data collected from faculty participants of the Bean Beetle
Microbiome Project for the 2019-2020 academic year.

TABLE S1 | Course timeline for full-semester implementation.
TABLE S2 | Course timeline for half-semester implementation.

TABLE S3 | Example student and/or faculty-generated research questions
implemented in the 2019-2020 academic year.

TABLE S4 | Preliminary results of group differences on the Laboratory Course
Activities Survey (LCAS).

TABLE S5 | Mean and standard deviation for student responses from the
Persistence in the Sciences (PITS) Survey.

Laboratory Education, ed. K. McMahon (Cupertino, CA: association for Biology
Laboratory Education (ABLE)).

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-
Ghalith, G. A,, et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi:
10.1038/s41587-019-0209-9

Boomer, S. M., Lodge, D. P., and Dutton, B. E. (2002). Bacterial diversity studies
using the 16S rRNA gene provide a powerful research-based curriculum
for molecular biology laboratory. Microbiol. Educ. 3, 18-25. doi: 10.1128/
154288102x14285807655107

Buck, L. B., Bretz, S. L., and Towns, M. H. (2008). Characterizing the level of inquiry
in the undergraduate laboratory. J. Coll. Sci. Teach. 38, 52-58.

Chapelle, F. H. (2000). The significance of microbial processes in hydrogeology and
geochemistry. Hydrogeol. J. 8, 41-46. doi: 10.1007/pl00010973

Colburn, A. (2000). An inquiry primer. Sci. Scope 23, 175-218.

Cole, M. F., Acevedo-Gonzalez, T., Gerardo, N. M., Harris, E. V., and Beck, C. W.
(2018). “Effect of diet on bean beetle microbial communities,” in Tested Studies
for Laboratory Teaching, ed. K. McMahon (Cupertino, CA: Association for
Biology Laboratory Education), 39.

Cooper, K. M., and Brownell, S. E. (2018). Developing course-based research
experiences in discipline-based education research: lessons learned and

Frontiers in Microbiology | www.frontiersin.org

September 2020 | Volume 11 | Article 577621


https://www.frontiersin.org/articles/10.3389/fmicb.2020.577621/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.577621/full#supplementary-material
https://doi.org/10.1128/jmbe.v17i1.1002
https://doi.org/10.1128/jmbe.v17i1.1002
https://doi.org/10.1007/978-1-4757-9074-0_7
https://doi.org/10.1007/978-1-4757-9074-0_7
https://doi.org/10.1016/j.chom.2012.10.012
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1128/154288102x14285807655107
https://doi.org/10.1128/154288102x14285807655107
https://doi.org/10.1007/pl00010973
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zelaya et al.

The Bean Beetle Microbiome Project

recommendations. J. Microbiol. Biol. Educ. 19:;jmbe-19-88. doi: 10.1128/jmbe.
v19i2.1567

Corwin, L. A., Graham, M. ], and Dolan, E. L. (2015a). Modeling course-
cased undergraduate research experiences: an agenda for future research and
evaluation. CBE Life Sci. Educ. 14, 1-13. doi: 10.1187/cbe.14-10-0167

Corwin, L. A., Runyon, C., Robinson, A., and Dolan, E. L. (2015b). The laboratory
course assessment survey: a tool to measure three dimensions of research-
course design. CBE Life Sci Educ. 14:ar37. doi: 10.1187/cbe.15-03-0073

Corwin, L. A., Runyon, C. R., Ghanem, E., Sandy, M., Clark, G., Palmer, G. C,,
et al. (2018). Effects of discovery, iteration, and collaboration in laboratory
courses on undergraduates’ research career intentions fully mediated by student
ownership. CBE Life Sci. Educ. 17:ar20. doi: 10.1187/cbe.17-07-0141

Corwin Auchincloss, L., Laursen, S. L., Branchaw, J. L., Eagan, K., Graham, M.,
Hanauer, D. I, et al. (2014). Assessment of course-based undergraduate research
experiences: a meeting report. CBE Life Sci. Educ. 13, 29-40. doi: 10.1187/cbe.
14-01-0004

D’Avanzo, C. (1996). Three ways to teach ecology labs by inquiry: guided, open-
ended, and teacher- collaborative. Bull. Ecol. Soc. Am. 77, 92-93.

Debelius, J. W., Vézquez-Baeza, Y., McDonald, D., Xu, Z., Wolfe, E., Knight,
R, et al. (2016). Turning participatory microbiome research into usable data:
lessons from the american gut project. J. Microbiol. Biol. Educ. 17, 46-50.
doi: 10.1128/jmbe.v17i1.1034

Douglas, A. E. (2019). Simple animal models for microbiome research. Nat. Rev.
Microbiol. 17, 764-775. doi: 10.1038/s41579-019-0242-1

Engel, P., and Moran, N. A. (2013). The gut microbiota of insects-diversity in
structure and function. FEMS Microbiol. Rev. 37, 699-735. doi: 10.1111/1574-
6976.12025

Finer, K. R, Fox, L., and Finer, J. J. (2016). Isolation and characterization of
agrobacterium strains from soil: a laboratory capstone experience. J. Microbiol.
Biol. Educ. 17, 444-450. doi: 10.1128/jmbe.v17i3.1124

Furgeson, L. V., Dhakal, P., Lebenzon, J. E., Heinrichs, D. E., Bucking, C., Sinclair,
B.J., et al. (2018). Seasonal shifts in the insect gut microbiome are concurrent
with changes in cold tolerance and immunity. Funct. Ecol. 32, 2357-2368.
doi: 10.1111/1365-2435.13153

Garbarino, J., and Mason, C. E. (2016). The power of engaging citizen scientists for
scientific progress. J. Microbiol. Biol. Educ. 17, 7-12. doi: 10.1128/jmbe.v17il.
1052

Gibbens, B. B., Scott, C. L., Hoff, C. D., and Schottel, J. L. (2015). Exploring
metagenomics in the laboratory of an introductory biology course. J. Microbiol.
Biol. Educ. 16, 34-40. doi: 10.1128/jmbe.v16i1.780

Goff, S. A. Vaughn, M., McKay S., Lyons, E., Stapleton, A. E., Gessler, D,
et al. (2011). The iPlant collaborative: cyberinfrastructure for enabling data
to discovery for the life science. Front. Plant Sci. 2:34. doi: 10.3389/fpls.2011.
00034

Goodrich, J. K., Di Rienzi, S. C., Pool, A. C., Koren, O., Walters, W. A., Caporaso,
J. G., et al. (2014). Conducting a microbiome study. Cell 158, 250-262. doi:
10.1016/j.cell.2014.06.037

Hammer, T. J., Janzen, D. H., Hallwachs, W., Jaffe, S. P., and Fierer, N. (2017).
Caterpillars lack a resident gut microbiome. PNAS 114, 9641-9646. doi: 10.
1073/pnas.1707186114

Hanauer, D. I, Frederick, J., Fotinakes, B., and Strobel, S. A. (2012). Linguistic
analysis of project ownership for undergraduate research experiences. CBE Life
Sci. Educ. 11, 378-385. doi: 10.1187/cbe.12-04-0043

Hanauer, D. 1., Graham, M. J., Betancur, L., Bobrownicki, A., Cresawn, S. G.,
Garlena, R. A, et al. (2017). An inclusive research education community
(iREC): impact of the SEA-PHAGES program on research outcomes
and student learning. PNAS 114, 13531-13536. doi: 10.1073/pnas.17181
88115

Hanauer, D. I, Graham, M. J., and Hatfull, G. F. (2016). A measure of college
student persistence in the sciences (PITS). CBE Life Sci. Educ. 15:ar54. doi:
10.1187/cbe.15-09-0185

Hartman, M. R., Harrington, K. T., Etson, C. M., Fierman, M. B., Slonim,
D. K., Walt, D. R, et al. (2016). Personal microbiomes and next-generation
sequencing for laboratory based education. FEMS Microbiol. Lett. 363:fnw266.
doi: 10.1093/femsle/fnw266

Henry, M. A,, Shorter, S., Charkoudian, L., Heemstra, J. M., and Corwin, L. A.
(2019). FAIL is not a four-letter word: a theoretical framework for exploring
undergraduate students’ approaches to academic challenge and responses to

failure in STEM learning environments. CBE Life Sci. Educ. 18:arl1. doi: 10.
1187/cbd.18-06-0108

Kandlikar, G. S., Gold, Z. J., Cowen, M. C., Meyer, R. S., Freise, A. C., Kraft,
N. J. B, et al. (2018). ranacapa; An R package and Shiny web app to
explore environmental DNA data with exploratory statistics and interactive
visualizations. F1000Research 7:1734. doi: 10.12688/f1000research.16680.1

Kishbaugh, T. L. S., Cessna, S., Jeanne Horst, S., Leaman, L., Flanagan, T., Neufeld,
D. G, etal. (2012). Measuring beyond content: a rubric bank for assessing skills
in authentic research assignments in the sciences. Chem. Educ. Res. Pract. 13,
268-276. doi: 10.1039/C2RP00023G

Lentz, T. B., Ott, L. E., Robertson, S. D., Windsor, S. C., Kelley, J. B., Wollenberg,
M. C,, et al. (2017). Unique down to our microbes- assessment of an inquiry-
based metagenomics activity. J. Microbiol. Biol, Educ. 18:18.2.33. doi: 10.1128/
jmbe.v18i2.1284

Linnenbrink, M., Wang, J., Hardouin, E. A,, Kiinzel, S., Metzler, D., Baines, J. F.,
et al. (2013). The role of biogeography in shaping diversity of the intestinal
microbiota in house mice. Mol. Ecol. 22, 1904-1016. doi: 10.1111/mec.12206

LoSchiavo F. M. (2018). Incorporating a professional-grade all-class project into a
research methods course. Front. Psychol. 9:2143. doi: 10.3389/fpsyg.2018.02143

Lopatto, D. (2003). The essential features of undergraduate research. Counc.
Undergrad. Res. Q. 24, 139-142.

Lopatto, D. (2004). Survey of undergraduate research experiences (SURE): first
findings. Cell Biol. Educ. 3,270-277. doi: 10.1187/cbe.04-07-0045

Ma, Y., Chen, H,, Lan, C,, and Ren, J. (2018). Help, hope and hype: ethical
considerations of human microbiome research and applications. Protein Cell.
9,404-415. doi: 10.1007/s13238-018-0537-4

Martinez-Vaz, B. M., Denny, R, Young, N. D., and Sadowsky, M. J. (2015). An
alternative approach to “identification of unknowns”: designing a protocol to
verify the identities of nitrogen fixing bacteria. J. Microbiol. Biol. Educ. 16,
247-253. doi: 10.1128/jmbe.v16i2.973

Merchant, N., Lyons, E., Goff, S., et al. (2016). The iPlant collaborative:
cyberinfrastructure for enabling data to discovery for the life sciences. PLoS Biol.
14:€1002342. doi: 10.1371/journal.pbio.1002342

Mitchell, A. C., Dideriksen, K., Spangler, L. H., Cunningham, A. B., and Gerlach, R.
(2010). Microbially enhanced carbon capture and storage by mineral-trapping
and solubility-trapping. Environ. Sci. Technol. 44, 5270-5276. doi: 10.1021/
€s903270w

Muth, T. R,, and McEntee, C. M. (2014). Undergraduate urban metagenomics
research module. J. Microbiol. Biol. Educ. 15, 38-40. doi: 10.1128/jmbe.
v15i1.645

National Academies of Sciences, Engineering, and Medicine (2017). Undergraduate
Research  Experiences for STEM = Students: Successes, Challenges,
Opportunities. Washington, DC: The National Academies Press.

Nicholson, J. K., Holmes, E., and Wilson, I. D. (2005). Gut microorganisms,
mammalian metabolism and personalized health care. Nat. Rev. Microbiol. 3,
431-438. doi: 10.1038/nrmicro1152

Rahman, S. J., Charles, T. C., and Kaur, P. (2016). Metagenomic approaches to
identify novel organisms from the soil environment in a classroom setting.
J. Microbiol. Biol. Educ. 17, 423-429. doi: 10.1128/jmbe.v17i3.1115

Seymour, E., Hunter, A. B., Laursen, S. L., and DeAntoni, T. (2004). Establishing the
benefits of research experiences for undergraduates in the sciences: first findings
from a three-year study. Sci. Educ. 88, 493-534. doi: 10.1002/sce.10131

Shortlidge, E. E., Bagnera, G., and Brownell, S. E. (2016). Faculty perspectives
on developing and teaching course-based undergraduate research experiences.
BioScience 66, 54-62. doi: 10.1093/biosci/biv167

Spell, R. M., Guinan, J. A,, Miller, K. R,, and Beck, C. W. (2014). Redefining
authentic research experiences in introductory biology laboratories and barriers
to their implementation. CBE Life Sci. Educ. 13, 102-110. doi: 10.1187/cbe.13-
08-0169

Spor, A., Koren, O., and Ley, R. (2011). Unravelling the effects of the environment
and host genotype on the gut microbiome. Nat. Rev. Microbiol. 9, 279-290.
doi: 10.1038/nrmicro2540

Staub, N. L., Blumer, L. S., Beck, C. W., Delesalle, V. A., Griffin, G. D., Merritt,
R. B, et al. (2016). Course-based science research promotes learning in diverse
students at diverse institutions. CUR Q. 38, 36-46.

Surana, N. K. (2019). Moving microbiome science from the bench to the bedside: a
physician-scientist perspective. Msystems 4:e00160-19. doi: 10.1128/mSystems.
00160-19

and

Frontiers in Microbiology | www.frontiersin.org

September 2020 | Volume 11 | Article 577621


https://doi.org/10.1128/jmbe.v19i2.1567
https://doi.org/10.1128/jmbe.v19i2.1567
https://doi.org/10.1187/cbe.14-10-0167
https://doi.org/10.1187/cbe.15-03-0073
https://doi.org/10.1187/cbe.17-07-0141
https://doi.org/10.1187/cbe.14-01-0004
https://doi.org/10.1187/cbe.14-01-0004
https://doi.org/10.1128/jmbe.v17i1.1034
https://doi.org/10.1038/s41579-019-0242-1
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1128/jmbe.v17i3.1124
https://doi.org/10.1111/1365-2435.13153
https://doi.org/10.1128/jmbe.v17i1.1052
https://doi.org/10.1128/jmbe.v17i1.1052
https://doi.org/10.1128/jmbe.v16i1.780
https://doi.org/10.3389/fpls.2011.00034
https://doi.org/10.3389/fpls.2011.00034
https://doi.org/10.1016/j.cell.2014.06.037
https://doi.org/10.1016/j.cell.2014.06.037
https://doi.org/10.1073/pnas.1707186114
https://doi.org/10.1073/pnas.1707186114
https://doi.org/10.1187/cbe.12-04-0043
https://doi.org/10.1073/pnas.1718188115
https://doi.org/10.1073/pnas.1718188115
https://doi.org/10.1187/cbe.15-09-0185
https://doi.org/10.1187/cbe.15-09-0185
https://doi.org/10.1093/femsle/fnw266
https://doi.org/10.1187/cbd.18-06-0108
https://doi.org/10.1187/cbd.18-06-0108
https://doi.org/10.12688/f1000research.16680.1
https://doi.org/10.1039/C2RP00023G
https://doi.org/10.1128/jmbe.v18i2.1284
https://doi.org/10.1128/jmbe.v18i2.1284
https://doi.org/10.1111/mec.12206
https://doi.org/10.3389/fpsyg.2018.02143
https://doi.org/10.1187/cbe.04-07-0045
https://doi.org/10.1007/s13238-018-0537-4
https://doi.org/10.1128/jmbe.v16i2.973
https://doi.org/10.1371/journal.pbio.1002342
https://doi.org/10.1021/es903270w
https://doi.org/10.1021/es903270w
https://doi.org/10.1128/jmbe.v15i1.645
https://doi.org/10.1128/jmbe.v15i1.645
https://doi.org/10.1038/nrmicro1152
https://doi.org/10.1128/jmbe.v17i3.1115
https://doi.org/10.1002/sce.10131
https://doi.org/10.1093/biosci/biv167
https://doi.org/10.1187/cbe.13-08-0169
https://doi.org/10.1187/cbe.13-08-0169
https://doi.org/10.1038/nrmicro2540
https://doi.org/10.1128/mSystems.00160-19
https://doi.org/10.1128/mSystems.00160-19
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zelaya et al.

The Bean Beetle Microbiome Project

Timmis, K., Cavicchioli, R., Garcia, J. L., Nogales, B., Chavarria, M., Stein, L., et al.
(2019). The urgent need for microbiology literacy in society. Environ. Microbiol.
21, 1513-1528. doi: 10.1111/1452-2920.14611

Tuda, M., Roénn, J., Buranapanichpan, S., Wasano, N., and Arngqvist, G.
(2006). Evolutionary diversification of the bean beetle genus Callosobruchus
(Coleoptera: Bruchidae): traits associated with stored-product pest status. Mol.
Ecol. 15, 3541-3551. doi: 10.1111/j.1365-294x.2006.03030.x

van der Heijden, M. G., Bardgett, R. D., and Van Straalen, N. M. (2008). The
unseen majority: soil microbes as drivers of plant diversity and productivity in
terrestrial ecosystems. Ecol. Lett. 11, 296-310. doi: 10.1111/j.1461-0248.2007.
01139.x

Wang, J. T., Daly, J. N, Willner, D. L., Patil, J., Hall, R. A., Schembri, M. A,, et al.
(2015). Do you kiss your mother with that mouth? An authentic large-scale
undergraduate re- search experience in mapping the human oral microbiome.
J. Microbiol. Biol. Educ. 16, 50-60. doi: 10.1128/jmbe.v16i1.816

Wang, J. T. H. (2017). Course-based undergraduate research experiences in
molecular biosciences-patterns, trends, and faculty support. FEMS Microbiol.
Lett. 364:fnx157. doi: 10.1093/femsle/fnx157

Weaver, G. C,, Russell, C. B., and Wink, D. J. (2008). Inquiry-based and research-
based laboratory pedagogies in undergraduate science. Nat. Chem. Biol. 4,
577-580. doi: 10.1038/nchembio1008-577

Weber, C. F., and Werth, J. T. (2015). Culturing life from air: using a surface
air system to introduce discovery-based research in aerobiology into the

undergraduate biology curriculum. J. Microbiol. Biol. Educ. 16, 72-74. doi:
10.1128/jmbe.v16i1.813

Weber, K. S., Bridgewater, L. C., Jensen, J. L., Breakwell, D. P., Nielsen, B. L.,
Johnson, S. M., et al. (2018). Personal microbiome analysis improves student
engagement and interest in immunology, molecular biology, and genomics
undergraduate courses. PLoS One 13:€0193696. doi: 10.1371/journal.pone.
0193696

Wong, C. N, Ng, P, and Douglas, A. E. (2011). Low-diversity bacterial
community in the gut of the fruitfly Drosophila melanogaster.
Environ.  Microbiol. 13, 1889-1900. doi:  10.1111/j.1462-2920.2011.

02511.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zelaya, Gerardo, Blumer and Beck. 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 Microbiology | www.frontiersin.org 20

September 2020 | Volume 11 | Article 577621


https://doi.org/10.1111/1452-2920.14611
https://doi.org/10.1111/j.1365-294x.2006.03030.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1128/jmbe.v16i1.816
https://doi.org/10.1093/femsle/fnx157
https://doi.org/10.1038/nchembio1008-577
https://doi.org/10.1128/jmbe.v16i1.813
https://doi.org/10.1128/jmbe.v16i1.813
https://doi.org/10.1371/journal.pone.0193696
https://doi.org/10.1371/journal.pone.0193696
https://doi.org/10.1111/j.1462-2920.2011.02511.x
https://doi.org/10.1111/j.1462-2920.2011.02511.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

‘," frontiers
in Microbiology

ORIGINAL RESEARCH
published: 15 October 2020
doi: 10.3389/fmicb.2020.577550

OPEN ACCESS

Edited by:
Davida Smyth,
The New School, United States

Reviewed by:

Paola Sperandeo,

University of Milan, Italy

Manoj Kumar Solanki,

Agricultural Research Organization
(ARQ), Israel

*Correspondence:
Piet W. J. de Groot
piet.degroot@ucim.es

"These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Systems Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 29 June 2020
Accepted: 17 September 2020
Published: 15 October 2020

Citation:

Alvarado M, Clemente-Casares P,
Moreno DA and de Groot PWJ
(2020) MicroMundo Upside Down:
Targeted Searching for Antibiotics-
Producing Bacteria From Soil With
Reverse Antibiosis Approaches.
Front. Microbiol. 11:577550.

doi: 10.3389/fmicb.2020.577550

Check for
updates

MicroMundo Upside Down: Targeted
Searching for Antibiotics-Producing
Bacteria From Soil With Reverse
Antibiosis Approaches

Maria Alvarado'?, Pilar Clemente-Casares’?, Diego A. Moreno'3" and
Piet W. J. de Groot"?*5*

'Facultad de Farmacia, Universidad de Castilla-La Mancha, Albacete, Spain, ?Centro Regional de Investigaciones
Biomédicas, Universidad de Castilla-La Mancha, Albacete, Spain, *Universidad Politécnica de Madrid, Escuela Técnica
Superior de Ingenieros Industriales (ETSII-UPM), Madrid, Spain, “Facultad de Medicina, Universidad de Castilla-La Mancha,
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Tiny Earth (TE) is a popular international citizen science program aimed at improving public
awareness on the growing antimicrobial resistance problem of which MicroMundo Albacete
is a Spanish node. With a protocol that is focused on the isolation of antibiotics-producing
actinomycetes from soil, 70% of the high school students in MicroMundo Albacete 2020
isolated colonies with antagonistic activity against Gram-positive tester bacteria. However,
no activity was found against Gram-negative bacteria. Here, we further adapted the
protocol toward a more targeted screening that also enables isolation of antagonistic
bacteria against Gram negatives using two different reverse-antibiosis approaches involving
a spraying technique or flipping soil sample disks upside down. Exploiting the soil samples
from MicroMundo Albacete 2020, the new approaches yielded isolation of actinomycete
bacteria with antagonistic activity against Gram-negative as well as Gram-positive tester
bacteria. We propose that (educational) science programs which aim to search for
antibiotic-producing bacteria may implement these approaches in their protocol to promote
a successful and stimulating outcome of the experiment for the participating students.

Keywords: antibiotics, antimicrobial resistance, actinomycetes, ESKAPE pathogens, Tiny Earth, MicroMundo,
service-learning

INTRODUCTION

Continued emergence of multidrug-resistant bacteria is considered a growing and global human
health threat. The number of new antibiotics that have been launched in recent years, especially
those with activity against Gram-negative bacteria, is very limited and seems insufficient to
combat the so-called “antibiotic crisis” (Wright, 2015; Butler et al., 2017; Van Puyvelde et al.,
2018). As a consequence, toward the second half of the 21st century, this may bring our
vulnerability for acquiring lethal microbial infections back to the situation how it was before
the discovery of antibiotics (Leung et al., 2011; Laxminarayan et al., 2013; O’'Neill, 2016). On
the positive side, governmental regulations on the use of antibiotics in many developed countries
have recently become stricter and have forbidden their application in poultry feed.
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Nevertheless, crucial to prevent a devastating future
perspective is to achieve a better public awareness on the
proper use antimicrobials. Tiny Earth (TE) is a very successful
and popular crowdsourcing (also named studentsourcing or
citizen science) program that is implemented worldwide to
address the antimicrobial drug resistance (AMR) issue
(Hernandez et al., 2018). The basic idea of the program is
to enhance awareness on the AMR problem among students
by letting them participate in a real and exciting experiment
that is aimed at antibiotic discovery. In Spain, the program,
named MicroMundo, is run in a service-learning set-up in
which undergraduate students, after receiving training by
academic researchers, perform as teaching assistants during
teaching sessions with high school classes (Valderrama et al.,
2018; De Groot et al, 2019). When running the program
for the first time at the University of Castilla-La Mancha
(UCLM) in Albacete in 2019, we decided to focus the
experimental protocol on isolation of Gram-positive
actinomycetes, the main producers of most clinically used
antibiotics (Procopio et al., 2012; Barka et al., 2016; Butler
et al,, 2017). Doing so, a higher percentage of the isolated
bacteria with antagonistic activity against tester bacteria was
obtained, making the project more alluring for the participating
students (De Groot et al., 2019). However, with this strategy,
it appears more likely to pick up antagonistic activity against
Gram-positive than against Gram-negative bacteria as all of
the positive isolates produced antagonistic activity against
Gram positives but no activity against Gram-negative tester
bacteria was observed (De Groot et al., 2019).

To implement a more targeted screening that will make
the protocol more amenable to also pick up activity against
Gram-negative bacteria, we, here, designed a further modification
to the protocol, functionality of which is demonstrated with
soil samples from the MicroMundo 2020 project.

MATERIALS AND METHODS

MicroMundo Albacete 2020

The set-up including methodological details of the MicroMundo
Albacete service-learning project is described in De Groot et al.
(2019). In 2020, the program was run at two high schools
[TES Tomds Navarro Tomds (TNT) and IES Andrés de Vandelvira
(AV)]. Twenty student pairs each analyzed 10 colonies from
self-taken soil samples (taken in the provinces of Albacete
and Cuenca) using two different growth media [Reasoner’s 2A
agar (R2A, Oxoid) in TNT and Actinomycete Isolation Agar
(AIA, Sigma-Aldrich) in AV] that favor growth of actinomycetes.
Both media were supplemented with the antimicrobials dieldrin
(4 mg/L), nalidixic acid (20 mg/L), and cycloheximide (80 mg/L)
to inhibit growth of mites, Gram-negative bacteria, and fungi,
respectively. The final antibiosis experiment of the purified
bacterial isolates was performed with Gram-positive tester
bacteria Bacillus subtilis (strain ATCC 6051) and Staphylococcus
epidermidis (ATCC 14990), and Gram-negative Escherichia coli
(ATCC 11775). The experiment was repeated by experienced
UCLM researchers to validate the antagonistic activity.

Reverse Antibiosis Approaches

Aiming to achieve a more targeted screening of soil samples,
two alternative reverse antibiosis approaches were developed: (i)
plates grown with serial dilutions of soil samples, containing up
to a few hundred colonies, were sprayed with 0.4-0.5 ml of
ESKAPE-relative tester bacteria culture, freshly grown overnight
in rich medium [LB Broth (Fisher Scientific) or Tryptic Soy
Broth (TSB, Oxoid) at 30°C], using a spray bottle. (ii) Fully
grown (10 days) soil sample agar plates were loosened from
their Petri dishes and placed upside down in the lid of the dish.
The bottom side now facing up was inoculated with a tester
bacterium by painting the entire surface of the plate using a
sterile cotton swab (Deltalab). In both methods, appearance of
halos is monitored after 1-3 days of incubation at 30°C. Candidate
bacterial colonies were purified by re-streaking on R2A or AIA
plates with and without nalidixic acid, and their potential
antagonistic activity was verified using the same antibiosis technique
as in the MicroMundo project (De Groot et al., 2019) but using
the original media (R2A and AIA) instead of TSB agar (TSA).

Molecular Identification

The methodology for genomic DNA isolation of purified bacteria
is described in De Groot et al. (2019). Amplification of the
complete 16S rDNA gene was achieved using oligonucleotides
fD1: 5-AGAGTTTGATCCTGGCTCAG-3' and Rp2: 5-ACGGC
TACCTTGTTACGACTT-3' (Weisburg et al, 1991), purchased
from STAB-Vida. PCR was performed using a proofreading KAPA
HiFi PCR kit (KAPA Biosystems) following the manufacturer’s
instructions. PCR fragments were checked on agarose gel, cleaned
up (ExtractMe DNA clean-up kit, BLIRT), and sequenced (STAB-
Vida). Primers 16S_339_F and 16S_1087_R (De Groot et al.,
2019), were also used for sequencing. Taxonomic and phylogenetic
DNA sequence analysis was performed using NCBI-Blast and
MEGA X (Kumar et al., 2018) software.

RESULTS AND DISCUSSION

In the MicroMundo Albacete 2020 project, 200 selected bacterial
isolates were tested for antagonistic activity against ESKAPE-like
tester bacteria by high school students. The acronym ESKAPE
refers to six leading nosocomial pathogens (Enterococcus faecium,
Staphylococcus — aureus, Klebsiella  pneumoniae, ~Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
that exhibit multidrug resistance and virulence (Mulani et al,
2019). For biosafety reasons, in the studentsourcing program,
these pathogenic bacteria are replaced by harmless “relatives”
Guided by results of the previous year (De Groot et al,, 2019),
we tested antagonistic activity against the Gram-positive ESKAPE-
relatives B. subtilis and S. epidermidis, and against Gram-negative
E. coli. Twenty-five of the isolates (12.5%) showed antagonistic
activity against the Gram-positive B. subtilis and S. epidermidis
(Supplementary Table S1), whereas no growth-inhibiting activity
was detected against Gram-negative E. coli. Fourteen of the 20
(70%) student pairs detected at least one positive isolate in their
soil samples. To demonstrate that positive isolates are (mostly)
actinomycetes, 16S rDNA of isolates from 13 different soil samples
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was sequenced, in each case revealing highest identity levels with
different Streptomyces species (Supplementary Table S1). This
is not an unexpected result. Like many other Streptomyces spp.
(Bagley et al, 2005), several of them are already known as
producers of different types of antibiotics (Supplementary Table
S1), and most antibiotics obtained from actinomycetes originate
from Streptomyces spp. (Berdy, 2005; Barka et al., 2016). We consider
the results of MicroMundo Albacete 2020 very positive and
consistent with those of the previous year (De Groot et al.,, 2019).
Once again it demonstrated that with a protocol directed toward
isolation of actinomycetes, the majority of the high school students
were able to isolate antibiotic-producing bacteria from soil.

However, as in the previous year, antagonistic activity against
Gram-negative bacteria was not discovered during MicroMundo
Albacete 2020, and this seems an undesired limitation of the
chosen approach. Further, the MicroMundo project highly relies
on serendipity as a limited number of actinomycete-like colonies
(often 10) from a given soil sample are more or less randomly
chosen for further purification and antibiosis tests. Aiming to
improve the protocol on both aspects, we decided to exploit
the soil samples of the MicroMundo project to develop two
different reverse antibiosis approaches.

Approach 1: Spraying Technique

Some of the plates from which the students had selected their
candidate colonies were carefully sprayed with an aliquot of
fresh cultures of ESKAPE-relative tester bacteria. Prior growth
tests indicated that Pseudomonas putida is the only Gram-negative
ESKAPE-relative that can grow on media containing 20 pg/ml
nalidixic acid (as present in the soil sample plates). After
spraying P putida and allowing time for growth, on about
25% of the soil sample plates containing up to a few hundred
colonies, one or two colonies were apparently surrounded by
small, but sometimes larger, halos (Figure 1A).

The spraying technique subsequently requires thorough purification
of positive bacteria by re-streaking to eliminate the contaminating
tester bacteria. Purification of positive candidates is in progress.
Antibiosis testing of three already purified bacteria on the original
R2A or AIA medium (without antibiotics) confirmed antagonistic
activity of two of these isolates against P. putida (Figure 1B).
Interestingly, both bacteria also showed slight antagonistic activity
against other, Gram-positive and Gram-negative, ESKAPE-relative
tester bacteria (Table 1). DNA sequencing revealed that both

positive isolates are Streptomyces spp. (Table 1). Thus, the spraying
technique allows for targeted screening of actinomycetes with
antagonistic activity against Gram-negative bacteria in soil samples.

Reverse antibiosis

AB-02-03-11

AB-03-01-11 |

i} 4
Reverse antibiosis S. epidermidis

FIGURE 1 | Reverse antibiosis spraying technique. (A) Examples of soil
sample plates sprayed with the Gram-negative bacterium Pseudomonas
putida. Colonies surrounded by halos are indicated by arrows. (B) Confirmative
P, putida antibiosis testing of two purified positive colonies on R2A and
Actinomycete Isolation Agar (AIA). (C) Examples of soil sample plates sprayed
with the Gram-positive bacterium Staphylococcus epidermidis.

TABLE 1 | Isolated antibiotic-producing bacteria using reverse antibiosis approach with P. putida.

Soil sample code Growth medium

Size of halo (mm)?

NCBI-Blast result

Bs® Pp Ec
R2A/AIA R2A/AIA R2A/AIA R2A/AIA
AB-02-03-11 R2A + NA® 11/8 nh?/nh 8/13 nh/9 99.0% id. with S. vastus
NBRC 13094
AB-02-03-12 R2A + NA No antagonistic activity in antibiosis tests
AB-03-01-11 AIA + NA 9/7 nh/10 9/17 nh/nh 99.9% id. with S. gardneri

B547

aSize of agar disk is 6 mm. nh, no halo.
bBs, B. subtilis; Se, S. epidermidis; Pp, P putida; Ec, E. coli; NA, nalidixic acid.
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In soil samples plated on R2A or AIA medium, colonies
with antagonistic activity against Gram-positive bacteria are often
abundant and even by random selection, it proves relatively
easy for the high school students to find some positives. However,
if one applies other growth conditions, this may be more
challenging. Therefore, targeted screening using the spraying
technique was also attempted using S. epidermidis, the only
Gram-positive ESKAPE-relative that can grow, albeit very slowly,
on R2A and AJA in the presence of 20 pg/ml nalidixic acid,
as tester bacterium. Some soil samples that were shown to
contain positive isolates in the MicroMundo project were re-plated
on R2A or AIA media and sprayed with S. epidermidis. As
expected, colonies surrounded by clear halos were observed
already on plates containing only few colonies (Figure 1C).
We conclude that the reverse antibiosis spraying method allows
for a targeted screening of bacteria with antagonistic activity
against Gram-positive as well as Gram-negative bacteria.

Approach 2: Flipping Technique

Although proving efficient, the spraying technique has two
drawbacks: (i) for safety reasons, the procedure should
be performed in a flow cabinet, which normally is not available
in high school laboratories and (ii) positive bacteria are
contaminated with tester bacteria by spraying and need purification.
Therefore, as an alternative approach, reverse antibiosis was
attempted by placing soil sample agar disks upside down in
the lid of the Petri dish, and seeding tester bacteria on the
bottom surface of the disks (now facing upwards) with a cotton
swab. Validity of this approach was first tested with some purified
actinobacteria identified in the MicroMundo project, that were
seeded with S. epidermidis or B. subtilis, and with the two purified
bacteria showing activity against P putida, that were seeded
with P. putida (Figure 2A). The flipping method was then applied
to three MicroMundo soil samples (AB-02-06, AB-02-10, and
AB-03-07) that contained ample antagonistic activity as identified
by the high school students. At dilution 107 with only few
colonies grown on the plates, about 50% of them already showed
colonies surrounded by halos when probed with S. epidermidis
(examples in Figure 2B), demonstrating the potential of the
method. However, soil samples grown on R2A and AIA normally
also contain quite a few soft and slimy colonies in addition to
actinomycetes. After flipping the plate, such colonies get squeezed
between agar and plate during the inoculation with tester bacteria,
causing their spread and contamination of other colonies. This
complicates screening and isolation of colonies on densely
populated plates. Currently, tests in our laboratory are in progress
to incorporate a simple heat treatment before plating to eliminate
soft colonies from non-spore forming bacteria and allow
enrichment of actinobacteria (Tiwari and Gupta, 2013). A test
with applying heat (60°C for 20-60 min) to soil samples was
found to reduce the number of colonies on the plates by about
90%. With a soil sample (AB-03-08) that had not yielded positive
bacteria in the MicroMundo project, screening the heat-treated
sample with the flipping method identified colonies with activity
against S. epidermidis, as well as P putida (Figure 2C).
Thus, the pre-treatment makes the flipping technique suitable
for screening, including identification of more rare activity against

Gram-negative bacteria on densely populated plates. We, therefore,
believe that this will become the preferred method for

B. subtilis

S. epidermidis

N
3
S
S

Q
Q

FIGURE 2 | Reverse antibiosis flipping technique. (A) Testing of reverse-antibiosis
flipping method using plates with purified positive actinobacteria. After flipping the
agar upside down, plates were seeded with tester bacteria. Plates with purified
positive actinobacteria from the MicroMundo 2020 project were seeded with Bacillus
subtilis or S. epidermidis. Plates with purified actinobacteria that were identified to
have activity against P, putida by the spraying method were seeded with P putida
(Ieft, AB-02-03-11; right, AB-03-01-11). (B) Cultivated soil samples at dilutions 10°
were flipped and seeded with the Gram-positive bacterium S. epidermidis. Colonies
surrounded by halos are indicated by arrows. (C) Heat-treated soil sample
AB-03-08, plated and grown on R2A and AlA, was flipped and seeded with

S. epidermidiis (eft; R2A, dilution 10-%) and P, putida (right; AIA, dilution 1077).
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implementation in the educational MicroMundo program, as
no special equipment or skills are required.

In conclusion, we have developed two reverse antibiosis
approaches for targeted screening of actinobacteria that are easily
applicable to identify antagonistic activity against Gram-negative
as well as Gram-positive bacteria from soil.
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Support for undergraduate laboratory education based on a CURE (Course-based
Undergraduate Research Experience) model is more widespread than ever. By giving
students the opportunity to conduct genuine research in laboratory courses they are
required to take, CUREs can expose more students to scientific practice and have the
potential to make science more inclusive, especially when research topics have direct
impact on students’ lives. Here, | present a new microbiology CURE module where
students explore the real-world intersection between industrial food production and the
human microbiome. In this module, students sequence CRISPR arrays in the genomes
of lactic acid bacteria they isolate from yogurt. Natural CRISPRs (Clustered Regularly
Interspaced Short Palindromic Repeats) act as the bacterial immune system. When a
bacterial cell survives viral infection, it can incorporate a bit of that virus’s DNA into its
own genome, and produce small RNA guides that surveil the cell, ready to deploy virus-
destroying enzymes if matching DNA from a fresh viral infection is detected. This viral
immunity is of particular interest in the fermentation industry, since viral infection can
destroy stocks of starter cultures and batches of product. Commercial producers of
lactic acid bacteria for yogurt production often endeavor to produce strains with large
CRISPR arrays and robust immunities. With this context, students are given the task
of cataloging the viral immunities found in both commercial and traditionally produced
yogurt, and exploring their potential impact on human health. Wet-lab practices (strain
isolation, PCR, and Sanger sequencing) are combined with bioinformatic and literature
sleuthing to identify the viruses to which bacteria are immune and explore whether
consumption of these strains could impact human health via interactions with the human
microbiome. Here, a detailed implementation of the module is presented with guides for
educators and students.

Keywords: lactic acid bacteria, yogurt, gut microbiome, CRISPR, bacteriophage resistance, CURE, inquiry-
based lab
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INTRODUCTION

Educational Context

In the past decade or two there has a been an increasing
call to make the science students learn in laboratory courses
more reflective of the way science is actually conducted
(American Association for the Advancement of Science [AAAS],
2011). One way to do this is through research projects
that are open-ended and more authentic than standardized
cookbook style activities. In these projects, not only do
the students not know what the results might be, but
neither does the instructor, nor the scientific community at
large. Such projects, where the results have potential novel
relevance to science, have been dubbed CURES — Course-based
Undergraduate Research Experiences (Auchincloss et al., 2014).
CURES can make science more inclusive by providing research
opportunities for students who, due to economic hardship or
other systemic barriers, are unable to obtain a traditional,
apprenticed, extracurricular research position in a laboratory
(Bangera and Brownell, 2017).

Because of these potential benefits, CUREs have become
increasingly widespread. One of the most well-known CUREs,
the nationwide SEA-PHAGES project, first got its start in
the early 2000s (Hanauer et al, 2006). Since that time,
countless CURES have been developed, both by individual
instructors and as multi-campus initiatives. Along with the
increased development and adoption of CUREs, a large body
of work has been produced that studies their impact on
students. These studies aim to identify which components of
CUREs make them beneficial to students, and also provide a
framework for how CUREs may benefit students by increasing
persistence in science.

What has this work shown? In 2014, a working group from the
NSF-funded Course-Based Undergraduate Research Experience
Network (CUREnet) published an operational definition of a
CURE, based on five components, or dimensions, of research
(Auchincloss et al., 2014). According to the CUREnet report,
authentic CURES that represent genuine research should embody
all five dimensions (Table 1). How do these dimensions benefit
students? Participation in course-based research has been shown
to improve student understanding of the nature of science
(Russell and Weaver, 2011) and promote scientific thinking as
well as the ability to interpret data (Brownell et al., 2017). In
addition to these cognitive gains, studies have also looked at the
affective and psychosocial impacts of student participation in
CUREs. Work has shown that project ownership, self-efficacy,
science identity, and adoption of scientific community values
can be influenced by CUREs (Hanauer et al., 2016; Cooper
et al.,, 2019). Students who measure higher in these areas are
more likely to persist in science, and this is especially true for
students from underrepresented populations (Hanauer et al.,
2016; Corwin et al., 2018). CURE researchers are still pursuing
a full understanding of how individual CURE components
and activities contribute to these outcomes, how much of
each component in a course is sufficient to see gains, and
how different student populations may see different impacts
(Auchincloss et al., 2014).

TABLE 1 | The five dimensions of research in CUREs and how they are
represented in this module.

Dimension of
research

Representation in “There’re CRISPRs in
my yogurt” module

1 Multiple scientific
practices (students
do more than just
collect data)

Students collect data according to project’s

scientific goals, but they also analyze data, and

in lab reports, interpret data, communicate their

findings, and propose future experiments.

2 Discovery (results are
unknown to students
and instructors)

CRISPR arrays of commercial and heirloom
yogurt bacterial strains have not been
compared, and it is unknown if and how
consuming strains with altered viral immunities
may affect the gut microbiome.

3 Relevance (there is
potential for broad
relevance beyond the
scope of the course)

Food microbiology and the human gut
microbiome are fields with broad general
interest; there are many unanswered questions
in our understanding of interactions between
diet and the gut microbiome.

4 Collaboration Students collaborate on multiple levels: they
coordinate with their partner and group to carry
out experiments, and use shared data from the
entire class to draw conclusions.

5 Iteration Students carry out repeated screens of multiple
strains, and the module builds in time to repeat
experiments if there are failures. There is also
iteration from course to course, as lessons are
learned and new strains are isolated and

analyzed.

Dimensions adapted from CUREnet

(Auchincloss et al., 2014).

working group report

This paper presents a CURE module, “There’re CRISPRs in
my Yogurt” that could be incorporated into an undergraduate
microbiology laboratory course. The module would be most
appropriate for junior or senior students.

Scientific Context

The goals of this and most CUREs are two-fold. The first goal is to
give students exposure to genuine research and thereby give them
a better understanding of how new knowledge is constructed.
The second goal is to contribute to scientific understanding.
Here, the CURE explores CRISPR-based viral immunity in
lactic acid bacteria used to produce yogurt for consumption.
The ultimate goal is to create a catalog of viral immunity
in food strains, which can be used as a reference to better
understand potential interactions between the gut microbiome
and the foods we eat.

While many students have heard of CRISPR in the context
of its use in genetic engineering, they are less aware of the
function of natural CRISPRs. Researchers first observed the
pattern of CRISPRs (Clustered Regularly Interspaced Short
Palindromic Repeats) in E. coli (Ishino et al, 1987). In a
given bacteria, they consist of arrays of conserved repeat
sequences of ~21-40 bp, separated by non-conserved spacer
sequences of ~20-58 bp (Ishino et al., 2018). The key moment
in discerning their function came when researchers noticed
that the spacer sequences matched foreign DNA sources —
bacteriophage, prophages, and phagemids — and that bacteria
which harbored spacers were resistant to infection by the
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corresponding virus (Mojica et al, 2005; Pourcel et al,
2005). This immunologically protective function of CRISPRs
was experimentally confirmed in Streptococcus thermophilus,
by researchers affiliated with Danisco, a company producing
bacterial starters for the food industry (Barrangou et al., 2007;
Lander, 2016).

The molecular details of how cas proteins incorporate bits
of viral DNA into the host CRISPR array and then use
guide RNAs derived from them to target foreign DNA in
subsequent infections were figured out over the next decade
(Lander, 2016; Ishino et al., 2018). Phage-resistant bacteria
are of interest to companies that produce lactic acid bacteria
strains for the dairy industry, since phage infection can ruin
industrial cultures (Lander, 2016). Since the discovery of their
function, commercial companies have systematically created
phage-resistant bacterial strains by a process akin to vaccination:
bacteria are exposed to phage, and surviving bacteria are screened
for the presence of CRISPRs (Grens, 2014; Barrangou and
Horvath, 2017).

Because of their different natural histories, and because some
commercial strains may have been intentionally vaccinated,
the CRISPR loci of industrially produced commercial yogurt
bacteria may differ, in both size and spacer identity, from the
CRISPR loci of traditionally produced heirloom yogurt. Modern
commercial yogurt is produced by fermentation of milk with a
few well-defined isogenic strains. Here, heirloom yogurt refers
to yogurt made from a mother culture containing an undefined
mixture of wild strains (Fisberg and Machado, 2015). Yogurt
is generally lauded for its broad health benefits (Fisberg and
Machado, 2015), and its potential to positively influence the
human gut microbiome (Veiga et al., 2015), but interactions
of yogurt bacteria with the commensal microbiome are not
fully characterized.

The human gut microbiome includes a bacteriophage
component which varies from person to person; persistent
phage can be linked to abundant host bacteria in the gut
(Shkoporov et al, 2019). Phage may play key roles in
regulating bacterial abundance in the microbiome. If bacteria
with CRISPRs that render them resistant to these phage are
consumed, their resistance could potentially spread to the
commensal bacteria via horizontal gene transfer (Godde and
Bickerton, 2006; Horvath et al., 2009), leading to dysbiosis.
Another role for phage in the human microbiome is as
an antibacterial layer that protects mucosal surfaces (Barr
et al, 2013; Barr, 2017). If phage play this role in the
gut of healthy individuals, consumption of bacteria resistant
to these phage could also lead to dysbiosis and potential
bacterial infiltration of epithelial cells (Ogilvie and Jones,
2015). Data gathered in this CURE could help illuminate the
potential for these types of interactions by identifying the
bacteriophages that commonly consumed lactic acid bacterial
strains are immune to.

Potential Student Outcomes

In this methods article we provide guidelines to instructors
who would like to incorporate this CURE as a module
in a microbiology lab course. A brief, 2-3 weeks module

like this can be an accessible way to begin to bring open-
ended research into an existing class, and the specific topic
should be of broad interest to students. Students who can
see connections between the science they are learning and
the real-world perform better and are more likely to persist
in science (Cromley et al, 2016), particularly if they can
see how the science may be personally relevant to their
lives, which may be especially important for underrepresented
minorities (Hurtado et al., 2010). By connecting hands-on
research with a question relevant to the everyday lives of
students and their communities (what people eat and how it
can affect them), this module aims to stoke students’ interest
and engagement with science, and contribute to a reduction in
achievement gaps.

How do we hope to achieve these goals? This module
brings authentic research to students as part of their
normal curriculum. Though there are various frameworks
for evaluating the authenticity of research experiences (reviewed
in Rowland et al, 2017), we have taken advantage of the
simplicity of the CUREnet five dimensions framework
(Auchincloss et al., 2014) and have mapped how this module
embodies each dimension in Table 1. We have only begun
to assess the impact of this module on students. However,
in the future we hope to assess cognitive, affective, and
psychosocial outcomes, and have suggested instruments to do so
in the discussion.

METHODS FOR IMPLEMENTING
MODULE AS PART OF A COURSE

Implementation of this module requires six active lab sessions,
taking a maximum of 3 h each (see Figure 1). Some of the
sessions do not require all 3 h, so they could be combined
with lectures to provide key background information or
discussions where students share results with one another. The
following sections provide a general lab guide for instructors,
covering key considerations and pitfalls to avoid for each
step of the module. Detailed, step-by-step instructions for
students are provided in the supplementary manual, which
also includes background information and explanation of the
protocols. To expedite time in the lab, we usually pre-aliquot
the reagents required by each group of students; we usually
provide a little extra volume than what is specified in the
Supplementary Material.

Producing Heirloom Yogurt
Heirloom yogurt contains an undefined mixture of microbes
originally derived from the environment. If instructors have
access to a heirloom yogurt culture at home, or from a friend
or relative, it could certainly be used for this module and
propagated indefinitely. However, not everyone has access to
a home-grown heirloom culture. Fortunately, the popularity of
home-fermentation has resulted in some commercially available
heirloom cultures.

In our implementation of the class, we use two heirloom
yogurt starters available from the company Cultures for Health
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lab sessions
(one session per day)

suggested
background material

microbial fermentation,
commercial &
heirloom yogurt

make heirloom yogurt
~3 hours

2

streak out yogurt
~1 hour

i

PCR amplify
CRISPR loci
~ 3 hours

i

gel of PCR
(redo PCR if needed)
~3 hours

l

(gel) submit for
Sanger sequencing

PCR

discovery of CRISPR
and how it works

manual CRISPR
finding activity

~ 1 hour
2
analyze CRISPR discuss
seqguences class results
~ 3 hours

FIGURE 1 | Breakdown of lab sessions and suggested lessons for downtime
or lectures in between labs. On the left, each lab session, constrained by a
bubble, is designed to be carried out on a single lab day. Sessions are broken
up to allow for overnight incubation steps or when tasks would take too long
for students to complete in a 3-h window. Depending on course frequency,
these six sessions, occurring on six separate lab days, would likely take

2-3 weeks at most institutions. This could in principle be shortened to as little
as four consecutive days. With a full-day lab session, the third, fourth, and
possibly even the fifth sessions could be combined. Timing for the last session
depends on how quickly sequencing results could be returned; there are
many same-day and next-day services available.

(2020). It is important to select starters that are actually labeled
(in the product name or in the description) as “heirloom;” the
company also sells conventional, defined-species starters (which
they somewhat confusingly sometimes refer to as “traditional” in
that, for most of the past century, defined-strain yogurts were the
only ones commercially available in the United States). Starters
are supplied as a dried powder; we pre-aliquot 0.8 g of the
powder (1/10th of the packet) into individual microfuge tubes
so the students can then easily tap out the entire contents of the
microfuge tube into 100 mL of scalded milk. (To scald the milk, it
is poured into individual Pyrex bottles with loose lids, brought to
82-85°C in a water bath and held for 10 min, then stored at 4°C.
Prior to class, it is pre-warmed to 43°C).

Isolating Potential S. thermophilus

Colonies

Both heirloom and commercial yogurts may be made with
a wide variety of lactic acid bacteria, however there are
two species that are most prevalent. These are Streptococcus
thermophilus and Lactobacillus bulgaricus. They have a symbiotic
relationship in yogurt cultures (reviewed in Aryana and Olson,
2017), and all commercial yogurt sold in the United States
is required to be made with at least these two species. To
facilitate comparisons between different yogurts, the module
focuses exclusively on these two strains. While we have
amplified CRISPR regions from L. bulgaricus, we have had
more success with S. thermophilus, so the manual focuses only
on it. Since the yogurts may contain other bacterial species,
students start by producing t-streaks of either commercial
or heirloom yogurts to isolate colonies for screening. In
our implementation of the class, we have students work in
groups of four, with one pair of students focusing on the
heirloom yogurt and one pair working on the commercial.
Commercial yogurts are obtained from the grocery store.
Because yogurt is semi-solid and difficult to streak out, we
recommend that students make at least three streak plates from
each type of yogurt.

In the module presented here, we rely on brute-force
PCR screening (next section) of many colonies as the way to
simultaneous identify whether an isolate is S. thermophilus
and also amplify its CRISPR loci. An optional way to
extend this portion of the project would be to add a few
lab sessions where students first screen candidate colonies
using conventional approaches to differential identification.
In previous implementations of the course, we have had
students microscopically examine cell appearance, arrangement,
and Gram characteristics, and conduct fermentation tests
(in Durham tubes, with lactose, mannitol, or sucrose)
and temperature sensitivity tests (at 45 and 15°C) to help
discriminate S. thermophilus from other common lactic acid
bacteria. (After the microscopic examination, students re-
streaked their candidates so they wouldn’t run out of cells).
While this introduces students to traditional methods of
microbial identification with Bergey’s Manuals (Bergey and
Holt, 2000; Vos et al.,, 2009), we have often found that the
tests can be inconclusive and many students don’t identify
S. thermophilus until they screen new colonies during PCR
anyway. The physiological approach to identifying bacterial
unknowns has been used extensively for many decades as an
inquiry-driven approach to college microbiology lab courses,
and has been thoroughly described elsewhere (Callery et al.,
1980; Ziser, 1983; Deutch, 1994; Wagner and Stewart, 2000;
Johnson and Case, 2019), so here we limit our description
to the PCR screen.

Ampilification of CRISPR Loci

Students carry out colony PCR with primers that bind to
conserved sequences just outside of the CRISPR repeat/spacer
array. Colony PCR avoids time-consuming genomic DNA
extraction, and the suggested schedule (Figure 1) affords time
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for a “back up day” if student PCRs fail in their first attempt. If
a student’s positive control works, but they don’t get any bands
from their colonies, these colonies may not be S. thermophilus,
and they should try new colonies. If the positive or negative
control fails, students should have a discussion with the instructor
about what may have gone wrong, and they can either pick new
colonies or retry the initial, if there is enough material left. (For
the “back-up” day, since it is hard to predict how many students
will need to set up a second PCR reaction, we recommend against
pre-aliquoting reagents. Instead, we just keep a few stock tubes
on hand for the groups that need them).

The forward primer, ST1_fwd, is 5.
TGCTGAGACAACCTAGTCTCTC-3/, and the reverse primer,
ST1_rev, is 5-TAAACAGAGCCTCCCTATCC-3'. These are
the primers “yc70” and “CR1-rev” from Horvath et al. (2008),
renamed here to avoid student confusion. Four different CRISPR
loci have been detected in S. thermophilus genomes; these
primers are specific for the CRISPR1 locus (Horvath et al,
2008; Barrangou et al., 2013). Unlike the other loci, which are
completely absent in some S. thermophilus strains, the CRISPR1
locus appears to be ubiquitously present amongst S. thermophilus
strains, while simultaneously harboring the most diversity in
its individual spacer sequences from strain to strain (Horvath
et al.,, 2008). A lab-grown culture of S. thermophilus (available to
purchase from ACCT), serves as the positive control.

Students determine the size of their CRISPR amplicons
through gel electrophoresis. Since instructional labs utilize
varying manufacturers of electrophoresis chambers, power
supplies, and gel imaging instruments, we have left the
accompanying protocol for this section intentionally vague. As a
safety consideration, we do suggest using SYBR safe and blue LED
illumination instead of ethidium bromide and ultraviolet light;
however, either option will work. Be sure to remind students
to save their PCR products; this is what they will submit for
sequencing in the next step.

Sequencing of CRISPR Loci

Once each group of students has a successful commercial and
heirloom amplicon, they can submit them as templates for
conventional Sanger sequencing. The ST1_fwd primer is used
as a sequencing primer, and it is sufficiently upstream of the
spacer array so that the start of the array can be accurately
sequenced. Different sequencing service providers will have
different specifications for the volume and concentration of
template and primer. We use a service provider that will carry out
PCR clean-up (removal of excess primers, protein, and dNTPs)
for a small additional fee, but this could also be carried out by
students if time allows.

It is important to note that the typical length of a Sanger
sequencing run may not be sufficient to cover the entire amplified
CRISPR array. In our implementation of the class, we have
students focus on the 5’ end of the array, since this region reflects
the most recent history of virus exposure (new spacers are added
to the 5" end of the array (Barrangou et al., 2007). However,
if time and coincidence with course learning outcomes allows
it, students could use a primer walking strategy to sequence
the entire array, using their first sequencing results to design

a forward sequencing primer corresponding to a spacer (not a
repeat) about 100 bp from the 3’ end of their sequence.

Characterization of Phage-Derived
Spacers

Once students have their sequences back, they will identify
the individual spacer sequences. This can be done manually
simply by looking for stretches of sequence that seem to be
repeated, then flagging the variable regions in between. I have
provided an in-class activity (Supplementary Material) where
students are challenged to do that using two common lab
strains of S. thermophilus. However, to ensure reproducibility
and make things a little less tedious for the students, for the
actual results from the commercial or heirloom yogurt we
have students use a bioinformatics tool, CRISPRCasFinder,
that will identify repeat regions and create a list of
spacers automatically (Couvinetal, 2018, available as a
web-based tool').

The CRISPRCasFinder web tool requires sequences in the
fasta format. Many Sanger sequencing services provide output in
the “.seq’ format. It is easy to convert the files in a text-editor (by
adding a “>sequencename” header line), and there are also web
tools like EMBOSS seqret® that can perform the conversion.

Once spacers are identified, students can use the NCBIs
web-based BLAST to search for matches in its database’. It
is important for students to pay attention to the organism
names and focus on viral matches, as many of the top hits may
actually be coming from the CRISPR arrays of closely related
S. thermophilus strains. Some spacers may not return any viral
matches; these are derived from new viruses whose sequence is
not in the database.

Once students have a list of their spacers and a list of the
amplicon lengths for the commercial and heirloom isolates, the
intellectual work of interpreting the results comes in. Students
can perform t-tests on the amplicon sizes (derived from the
gel) to see if there is a statistically significant difference between
commercial and heirloom samples in terms of the number
of spacers. (Since spacers and repeats are regular lengths,
the amplicon length is an effective proxy for the number of
spacers). Students can also research the viruses their bacteria
have immunity against to learn more about them: Where are
they commonly found? What is known about their normal
function in microbial ecosystems? Do they have any connection
to the fermented food industry? Is there anything known about
their potential role in human health? Sometimes there is not
much information about a particular virus, but even looking up
information on who submitted a virus genome (for example,
a yogurt manufacturer), can provide insight. These research
questions will require students to perform literature searches,
read scientific journal articles, generate hypotheses and construct
arguments for them with evidence. There are many possible
ways students could demonstrate how they have researched
these questions and how they interpret their results (lab reports,

Uhttps://crisprcas.i2be.paris- saclay.fr/CrisprCasFinder/Index
Zhttps://www.ebi.ac.uk/Tools/sfc/emboss_seqret/
3https://blast.ncbinlm.nih.gov/Blast.cgi
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short essay questions on a worksheet, posts in a discussion
forum, group presentations). In our implementation of the
module, we explicitly (via a rubric) directed students to explore
specific research questions in the discussion section of lab
reports (Table 2).

RESULTS

Implementation of Module in

Undergraduate Lab Course

This module was incorporated into a redesigned upper-level
Microbiology Laboratory course taken primarily by juniors and
seniors. The module has been taught by three different instructors
(including the author) since it was first developed in 2019, with
eight offering of the class reaching ~450 students (in person).
In Spring 2020, two sessions of the class were held remotely for
an additional ~100 students, using a modified version of the
module with analysis portion only, relying on data generated by
previous classes.

Incorporating new activities into large-enrollment lab courses
can be difficult, since there are often many different people
involved. In our implementation of the course, there are multiple
instructors teaching separate sections of the class every quarter.
Multiple graduate instructional assistants (1 per 24 students)
help lead the labs, and instructional laboratory support staff help
prepare and aliquot reagents. To ensure that everyone was on
the same page, the lead instructor for the course (the author)
held weekly planning meetings with the entire instructional team.
Additionally, a scale-up approach was taken to deploying the
course — it was first piloted with a single instructor (again,
the author) and small group of 24 students before expanding it
to every section.

The module has been used to successfully gather data in every
offering of the course. Sometimes, individual students may not
be able to get PCR amplicons from their yogurt despite sampling
multiple colonies; one possible reason is that S. thermophilus
may have been present at particularly low-abundance in their
sample. One potential way to improve the yield of S. thermophilus
colonies would be to switch from MRS media to a more selective
media, like M17 (Shankar and Davies, 1977). In cases where

TABLE 2 | Guidelines for student exploration of data.

Guidance used for student exploration and interpretation of data

1 Interpret 16S data in terms of how heirloom different from commercial and
any unexpected results

2 Interpret meaning of class-wide results for difference in the CRISPR array size
in commercial vs heirloom

3 Speculate on whether results do or do not have implications for human health
(discuss general implications from class data as a whole AND at least one
specific implication of one of the particular viruses your strains are immune to)

4 Discuss limitations of this project and ways to improve the method
5 Suggest future experimental or literature or database research directions

To earn full credit, students needed to include all items in the discussion section of
their lab reports. (Full lab report rubric available in Supplementary Material).

individual students are unable to obtain an amplicon, we have
been able to redistribute amplicons from groups that had multiple
successful PCR bands. In CURE modules that incorporate open-
ended research, it is important to allow for the possibility of
failure, and have back up material for analysis. We make sure
not to look for specific or expected results as part of our graded
assessments — instead we focus on student’s understanding of
how results were generated and their ability to interpret them and
make scientific arguments. When we do want to assess technical
skills, we do so with small practical exams not tied to the main
research module.

What Was Learned About the CRISPR
Loci in Yogurt-Derived S. thermophilus

So Far?

Data collection and analysis is ongoing, but the size of CRISPR1,
as measured by the amplicon size, varies considerably, from as
small as 0.8 up to 4.0 kb. The loci tend to be bigger in the
commercially derived strains, however, students do not always
find that this difference is statistically significant. This may be due
in part to errors in estimating band size — students estimate it
“by eye” using DNA ladders. In the future we will have students
fit a trendline to the distance traveled by each band in that
ladder, and use that and the distance of their amplicon to more
precisely calculate the size. Alternatively, primer-walking or a
long-reads approach like nanopore sequencing could be used to
sequence the entire array and more precisely measure its length
from first to last spacer. Another potential factor is that students
only used the amplicon size data generated by the other groups
in their section (~48 students, or 12 groups); and it is possible
this is too small a sample to see significance. A third possibility is
that a key difference between commercial and heirloom yogurts
may not be in the number of phage they are resistant to, but
in the phylogenetic diversity of those phage, which is another
item students could explore. Going forward, we would like to
incorporate more systematic analysis of the accumulated data
from successive offerings of the course; this will also allow
students to get a better sense of how science is an iterative process.

What Did Students Learn From
Participating in This Module?
An exploratory assessment of student knowledge and attitudes
before and after completing the CRISPR module was conducted
during one quarter of the course. In a brief pre- and post-module
survey, students were asked to rate their agreement with several
statements about yogurt, probiotics, the human gut microbiome,
and their attitudes toward commercially produced and
genetically modified food (shown in Table 3). Some items were
based on an instrument used to assess healthcare professionals’
conceptions of probiotics (Wilson and Whitehead, 2019).
Quantitative analysis of the survey data showed that, for
most items, there was no significant change in student response
(Table 3). Among items which did show a significant shift in
student response, items 5 and 6, “Bacteria are used to produce
yogurt” and “All yogurt sold in stores contains bacteria” show an
increase in students correct understanding of the role microbes
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TABLE 3 | Student agreement with statements from exploratory survey.

Statement responses were strongly disagree (0), disagree (1), neutral (2), agree (3), Pre-score Post-score
and strongly agree (4)

Mean SD Mean SD Wilcoxon W P
1. Eating foods or supplements with certain types of bacteria can have a positive impact on 3.15 0.795 3.27 0.761 24.00 0.430
human health.
2. In order to have any impact on human health, microbes must be alive at the time they are 2.45 1.063 2.85 1.093 49.00 0.055
consumed.
3. In order to have any impact on human health, microbes must stay alive for at least part of the 2.70 0.847 2,73 1.039 88.50 0.909
time they spend in the digestive system.
4. Commercially produced yogurt is safer than homemade yogurt. 2.15 0.906 2.12 1.083 133.50 0.825
5. Bacteria are used to produce yogurt. 3.33 0.777 3.88 0.331 8.50 < 0.001*
6. All yogurt sold in stores contains bacteria. 2.73 1.098 3.48 0.906 8.00 < 0.001*
7. Some yogurt sold in stores contains living bacteria. 3.18 0.0.584 2.91 1.208 135.00 0.251
8. All yogurt sold in stores contains living bacteria. 1.94 1.029 2.82 1.211 60.00 0.002*
9. We use this statement to discard the surveys of people who are not reading the questions.
Please select “Agree” for this question to preserve your answers.
10. I am comfortable eating food developed in a (food-grade) laboratory. 3.06 0.747 3.30 0.728 26.50 0.084
11. I am comfortable eating genetically modified foods. 3.03 0.770 3.18 0.769 28.00 0.178
12. Natural foods are safer than commercially produced foods. 2.45 0.833 1.97 0.728 170.00 0.011
13. Scientists have a good understanding of how the human gut microbiome influences health. 2.30 0.984 2.06 1.144 107.50 0.334

Deidentified student response data was analyzed as follows. Only students who completed both the pre- and post-survey on time were included, and students who did
not respond to all items were removed. Students who did not correctly respond to the control statement (item 9) were removed, and this item was not used in subsequent
analysis. For each item, students selected “Strongly Disagree,” “Disagree,” “Neutral,” “Agree,” or “Strongly Agree,” these were converted to scores of O, 1, 2, 3, or 4,
respectively. Pre- and post- scores for each student were compared using a Wilcoxon signed-rank test (non-parametric, paired, n = 33). Statistics were computed in
jamovi (The jamovi project, 2020). Mean scores and standard deviation are shown, and items with a significant difference in response distribution (Bonferroni corrected o

of p < 0.004) are starred (¥).

play in the everyday production of food in the real world. There
was also a significant increase in item 8, “All yogurt sold in stores
contains living bacteria,” though this item perhaps reflects student
perception, rather than underlying knowledge, since some yogurt
is heat-treated to kill off the bacteria prior to sale.

Students were also asked to respond to the open-ended
question “What was the most important thing you learned from
the microbes and industry (yogurt) module?” Selected responses
are shown in Table 4. Some students (student 1 and student 2 in
the table) reported that it was easier to understand CRISPR when
they see where it comes from, despite having learned about its
use in genetic engineering in their other courses. This suggests
that incorporating the basic microbiology of modern applied
techniques may help students better understand them. Other
students (student 3 and student 4 in the table) emphasized that
this module gave them an increased awareness of microbiology’s
role in their everyday lives. (All responses were collected with
approval of UC San Diego Institutional Review Board).

It is likely that there are other underlying gains in student
understanding and attitudes toward science not addressed by
this exploratory survey. Future assessments of the impact of
this module on content understanding and attitudes will feature
items more specifically connected to the module, and will use
Likert scales with multiple items to assess each content area to
improve accuracy.

Ideally, our assessment would measure broader impacts of the
module on student understanding of the nature of science and the
psychosocial attitudes associated with persistence in science. The
extent to which students perceive dimensions of research could

be measured using instruments such as the Laboratory Course
Assessment Survey (Corwin et al,, 2015). Student understanding
of the nature of science could be measured with an instrument
like the Student Understanding of Science and Scientific Inquiry
(SUSSI) survey (Liang et al., 2008), and psychosocial outcomes
could be measured with instruments like Persistence in the
Sciences (PITS) Survey (Hanauer et al., 2016). This module
was implemented as part of a full redevelopment of our
microbiology lab curriculum, which included other substantial
changes and a second CURE module in addition to this
module. When comparing the revised version of the course
to previous versions, it would be impossible to distinguish the
effects of the CRISPR module from effects caused by the other
changes. We hope that future assessments of this module can
include these broader outcomes, with a particular focus on
whether the module has a positive impact on students from
underrepresented groups.

DISCUSSION

This article shares a module that could be deployed to bring
more research into existing classes. The module asks a research
question with potential bearing on human health, and the
research question is ideally suited for a CURE, in that it benefits
from collection and analyses of many data points that would be
difficult to automate. Here, broad lessons learned from our initial
offerings of the course, as well as potential future directions,
will be discussed.
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TABLE 4 | Selected student responses to open-ended question on what they
learned from module.

What was the most important thing you learned from the microbes
and industry (yogurt) module?

Student “l had a much better understanding on how CRISPR arrays works

1 and how CRISPR is prevalent in common things and not just in a lab.
if that makes sense.”

Student “The most important thing | learned was the mechanism of CRISPR,

2 as | had learned about CRISPR in other science classes but never
learned where it came from and exactly how it works, which could be
crucial as it appears the age of genetic modification is inevitable.”

Student “How we can analyze the CRISPR loci to determine viruses that have

3 infected yogurt bacteria and how this might give insight to how it
affects our health and which kind of yogurt we consume.”

Student “That commercial yogurt is ‘vaccinated’ against a wide variety of

4 phages in order to resist more attacks.”

Lessons Learned

We had students share data with instructors and each other
through shared, editable, online spreadsheets (in google docs).
They then drew on this data when writing up lab reports.
A drawback of this was that students didn’t always supply all of
the requested information, and the data sheets experienced a kind
of “format creep” as edits were sometimes made to the underlying
structure, making it difficult to swiftly extract specific fields for
later analysis. Going forward, a more robust data collection
method will be used, perhaps making use of online-forms with
questions that must be answered in order to earn full credit
on assessments. Not only will this help ensure data is reported
correctly, it should make it easier to assemble and compare data
from multiple classes.

Another lesson was that it was difficult, as a class, to
synthesize everyone’s data for a holistic analysis. In lab reports,
students focused mostly on their own results, especially for the
viral matches to the CRISPR spacers in their strain. In the
future, there will be more time built into the class itself for
discussion of the overall results. Even then, it may be hard
to systematically summarize all of the data generated. Since
one of the goals of the CURE is to contribute to science, this
summative analysis is an important component. In the future,
graduate student researchers may be recruited to help with this
analysis, or it could be used as the basis of a data-focused
undergraduate seminar course.

Even if additional analysis by other students is required, we
want to make sure that every student participating in the module
has a sense of agency while analyzing results. So far, we tried to
accomplish that mainly through student exploration of research
questions specific to their CRISPR loci (Table 2), as large class
sizes limit the number of alternative materials we could provide
for students if we asked them to design their own experiments.
There are however, opportunities to incorporate more student
agency. Students could choose the species and/or particular
CRISPR loci (if a species has more than one), and design their
own primers to amplify that CRISPR region. Without changing
the wet-lab protocol, it could also be possible to give students
more agency with a less prescriptive final assessment — rather
than strictly following a lab report rubric, students could propose
and pursue a literature and/or bioinformatic research question

of their own choosing, which could increase their sense of
project ownership.

Online Options

In Spring 2020, with the global pandemic forcing remote
instruction, students carried out the analysis steps with data
from a previous quarter. In retrospect, this may have been a
missed opportunity, as NCBI’s microbial genomes* currently has
genomes for 70 different S. thermophilus strains. Students could
copy the CRISPRI locus (or make a virtual amplicon based
on the primers) and then characterize the CRISPRs of these
strains. Students could even characterize other CRISPR loci in
S. thermophilus or the CRISPR loci of other lactic acid bacteria
involved in fermentation. Carrying out the analysis on public data
sets is a viable option for labs forced online, or for instructors
wishing to incorporate this module into a lecture course or a
dry-lab (bioinformatics) course.

Future Directions

There is a certain tension inherent in sharing a specific CURE
module with the educational community. The goal is to get
more students involved in research and to recruit contributors
of additional data, so we aim to show that has been successful.
However, for the CURE to be a genuine research opportunity,
the scientific outcome of the research question can’t already
be solved, and indeed, to make the CURE sustainable over a
period of more than a few years, should be something open to
continuous addition and refinement. This CURE certainly has
not yet fully resolved its central questions of what immunity
is present in strains used for food production and what the
potential consequences of that immunity are for human health.
The first goal is to create a catalog of CRISPR spacers found
in S. thermophilus used in yogurt production; the listings in
this catalog could be expanded and validated by additional
contributions, and could be broadened to include other species
and other types of fermented food. Ultimately this catalog could
be used a resource to better understand potential interactions
of microbes we consume with the human gut microbiome. To
that end, the plan is to create an online public repository for
this data. Queries from instructors and researchers interested in
participating are welcome.
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Governmental and educational organizations advocate for the adoption of inquiry-
based, student-centered educational strategies in undergraduate STEM curricula.
These strategies are known to benefit students by increasing performance, enhancing
mastery of class content, and augmenting affect, particularly in underrepresented
racial/ethnic minority students. Among these strategies, case study and project-based
learning allow students to master course content while collectively tackling relevant,
real-world societal problems. In particular, environmental pollution with paper-based
products provide a current problem by which microbiology students learn about the
role of microorganisms in paper waste management as well as the microbiological
and biochemical processes involved in protein secretion, nutrient uptake, and energy
metabolism. Delivered in a flipped, hybrid class in a Technology-Enabled Active Learning
(TEAL) laboratory, this lesson taught students about exoenzyme secretion, biopolymer
hydrolysis, intracellular transport of sugars, and sugar catabolic reactions. Students
demonstrated increased comprehension of exoenzyme function and secretion, as well
as how cells uptake the products of exoenzyme hydrolysis. However, students had
challenges in placing the transported exoenzyme products within metabolic processes.
Our results show increased perceived learning from the students as well as an
understanding of the societal implications of these microbiological concepts. Our lesson
deviated from knowledge silos in which students learn information in discrete topics.
While departing from employing traditional, compartmentalized learning approaches,
this student-centered guided lesson frames the systemic nature of the microbiological
and biochemical processes underlying the decomposition of organic matter in a
real-world context.

Keywords: paper pollution, 5E model, problem-based learning, microbiology, pedagogy

INTRODUCTION

Institutions and faculty are revolutionizing their science, technology, engineering, and mathematics
(STEM) educational programs to effectively engage and train tomorrow’s scientists (AAAS, 2009).
Students need more than a traditional biology education to tackle the most pressing issues facing
science and society; they need to learn how to address real-world problems. By presenting a problem
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in an experiential learning environment, students can build
their own conceptual framework through an active learning
process that encourages them to socially engage, share ideas,
and participate in their own inquiry-based learning (Allen
and Tanner, 2005; Chorazy and Klinedinst, 2019). Problem-
based learning fosters deep, accurate understanding of a
subject and contributes to developing process skills such as
research, teamwork, and verbal communication (Allen et al.,
2011; Orsmond and Zvauya, 2015). Problem-based learning
increases awareness and connects students to local challenges,
which is instrumental in actively engaging them in their
education, especially for underrepresented student populations
(Nelson-Hurwitz and Buchthal, 2019).

When students are passionate about a subject, they engage
deeply in their learning (Harackiewicz et al., 2016), and one
issue that students are passionate about is the environment (Desa
et al, 2011). A growing global crisis is waste pollution, and
contrary to many perspectives, paper is a major contributing
factor to global waste. The average American consumes 700
pounds of paper each year and paper represents 25% of waste in
landfills and 33% of municipal waste (Desilver, 2016). Now more
than ever, it is important to foster students who can critically
assess these issues by understanding how natural biodegradation
cycles operate to ameliorate stress on our global ecosystem
(Marope, 2016). The use of deliberate pedagogy can increase
awareness of paper waste pollution and emphasize how microbial
degradation provides an alternative to paper waste management
(Nelson-Hurwitz and Buchthal, 2019).

In this paper, we test the use of evidence-based teaching
practices in combination with problem-based learning in a
flipped classroom to ask if these have a positive impact on
students’ understanding of complex biological material in the
context of a real-world problem. Specifically, we wanted to
ascertain if the activity would increase student’s mastery of the
concepts of bacterial protein secretion, nutrient transport, and
carbon cycle. Furthermore, we wanted to valuate if the activity
would influence the student’s confidence about their knowledge
of these topics. Here we present an effective lesson that utilizes
paper waste degradation as a platform to teach students about
the carbon cycle. Our work shows that this lesson increases
student’s awareness of paper waste pollution and management,
content knowledge about microbial paper degradation, and
mastery of the process of bacterial protein secretion, nutrient
transport and metabolism.

Pedagogical Framework and Principles

The Technology-Enabled Active Learning (TEAL)
Laboratory Environment

The General Microbiology course at the University of California,
Merced (UC Merced) is a hybrid class taught using flipped
pedagogy, and it is delivered in a TEAL laboratory environment.
The TEAL lab is a classroom space designed to offer students

Abbreviations: ERI, emergency remote instruction; LMS, learning management
system; PTS, phosphotransferase system; sec system, secretion system; STEM,
science, technology, engineering and mathematics; tat system, twin-arginine
translocation system; TEAL, technology enabled active learning.

the opportunity to enhance their cognitive and behavioral
engagement through small group discussions, peer evaluation,
and shared experiential learning. Students interact more
with each other, share resources, and experience a more
equitable learning environment in the TEAL lab (Beichner
et al, 2007). These labs facilitate the implementation of
active learning strategies to best utilize the classroom space
(Cotner et al., 2013).

The General Microbiology TEAL lab houses 90 students in ten
working tables (Supplementary Figure 1). These are arranged
to allow equal view of two large class projector screens located
in the front and back of the room. Each table is equipped with
docks to power laptops, a document camera to display paper-
based work, a whiteboard, an HDMI monitor and a control panel.
The instructor control lectern is centered in the room and has the
ability to orchestrate the technology offered in the space. In this
way, class content can stream from the lectern, or from any of
the ten working tables to the entire class (Office of Information
Technology, UC Merced, 2020).

Active Learning and Flipped Hybrid Classrooms
Active learning is a student-centered pedagogy where students
interact with their learning as opposed to passively listening
to a lecture. It is widely accepted for its efficacy in increasing
students’ performance, especially in STEM courses (Freeman
et al, 2014). In order to use the space and time with the
students most effectively, we developed a flipped classroom
model designed to center the class around the students through
facilitated experiential learning. Students watch class content
videos at home and attend their scheduled lecture hour prepared
for activities with a heightened sense of engagement (Gilboy et al.,
2015). The hybrid flipped classroom provides students with a
more intimate experience with their instructors, where they can
benefit from team-based learning, demonstrate their knowledge,
and receive immediate feedback.

To amplify the effects of an active team-based learning
environment, our lesson structure follows a recommended
instructional protocol by Michaelsen and Sweet (2011). Students
begin class with readiness assurance practices, where they (1)
watch video lectures before class; (2) respond individually to
a 10-min lecture comprehension quiz at the start of lecture
(Supplementary Material 2); (3) review the quiz as a table to
confirm answers; and (4) discuss the quiz results as a class to
identify and diffuse misconceptions and establish consensus. The
readiness assurance is followed by a 55-min flipped lecture, which
consists of a brief review of material followed by an activity based
on the 5E model.

The 5E Model: Engaging Large Classes

To address the needs of a large active-learning class, it is necessary
to implement a well-documented form of learning that focuses
on the desired learning outcomes and considers the cognitive
engagement of the students. The learning-cycle method known as
the “5E model” (Bybee, 1997) is a common method for organizing
large biology-based lessons infused with active learning (Allen
and Tanner, 2005). The 5E model, comprised of five stages
(engage, explore, explain, elaborate, and evaluate), is known
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for its efficiency and positive effects on students’ broad-scale
academic achievement, attitudes toward lessons, and science
process skills (Cakir, 2017).

In order to bring the 5E framework into the context
of our microbiology lesson, we integrated a constructivist
approach to help students assemble their own knowledge and
build a cooperative teamwork dynamic (von Glasersfeld, 1987;
AAAS, 2009; Arik and Yilmaz, 2020). We used backward
design to create class materials, first defining the learning
outcomes and then charting steps to reach the desired level
of understanding (Wiggins and McTighe, 1998). We developed
activities, discussions and questions that would help students
accomplish those outcomes. We integrated a team-based
learning experience, proven to foster authentic perspectives
to complex problems beyond the scale of individual learning
(Michaelsen and Sweet, 2011). This established team-based
approach, together with active-learning, helps underrepresented
students succeed in STEM courses (Freeman et al, 2014;
Snyder et al, 2016). This is particularly important at UC
Merced, a Hispanic Serving Institution with over 70% first
generation students.

MATERIALS AND METHODS

Research Setting

The University of California, Merced

UC Merced is the first research university built in the 21st
century in the United States and serves the predominantly
underserved communities of California’s San Joaquin Valley. UC
Merced holds a diverse student population, with 87% of students
from traditionally underrepresented groups. The university has
over 8,800 students and is designated as both a Hispanic
Serving Institution (HSI) and an Asian American/Native
American/Pacific Islander Serving Institution (AANAPISI).

Participants

Our student population included 89 students in the Fall
2019 course and 90 students in the Spring 2020 course
(n = 179). The predominant racial and ethnic make-up of
the combined cohorts consisted of 34.1% Asian and 33.5%
Hispanic/Latinx, reflecting the University’s HSI and AANAPISI
designations. The remaining student population in the course
was comprised of 2.8% American Indian/Alaska Native, 5%
Black, 3.4% Native Hawaiian/Pacific Islander and 15.6% White.
The cohort is primarily comprised of female students (65.4%).
The mean age is 21 years of age. The primary difference
between the cohorts is class level; the Fall 2019 class was
mostly Senior students (93%) while the Spring 2020 cohort
had 31% Juniors and 69% Seniors. Students GPA did not
differ significantly between the two cohorts [t(177) = —1.22,
p = 0.22], being 2.89 for Fall 2019 and 2.96 for the Spring
2020 (Table 1).

Format of General Microbiology at UC Merced
General Microbiology (BIO120) is an upper division course
taken primarily by biology majors, and it is a graduation

TABLE 1 | Student participant demographics.

Fall 2019 Spring 2020 Overall
n =289 n=90 n=179
n (%) n (%) n (%)
Gender
Male 26 (29.2) 36 (40.0) 62  (34.6)
Female 63 (70.8) 54 (60.0) 117 (65.4)
Race/ethnicity
American Indian/Alaska Native 2 (2.2) 3 (8.3) 5 (2.8)
Asian 28 (31.5) 33 (36.7) 61 (34.1)
Black 5 (5.6) 4 4.4 9 (5.0)
Hispanic/Latinx 32 (36.0) 28 (81.1) 60  (33.5)
NH/PI! 3 (3.4) 3 8.9 6 (8.4)
White 14 (15.7) 14 (15.6) 28  (15.6)
Two or more races 3 (3.4) 4 (4.4) 7 (3.9)
Declined? 2 (2.2) 1 (1.1) 3 (1.7)
Age — mean (range) 21.3 (18-23) 21.3 (20-27)
Class — (%)
Junior 7) (81)
Senior 93) (69)
GPAS — mean + SD 2.89 +0.38 2.96 + 0.42 2.92 +0.41

"NH/PI, Native Hawaiian/Pacific Islander. 2Students who declined to report
race/ethnicity. 3Grade Point Average.

requirement for students in the Microbiology and Immunology
emphasis track. The course requirements include General
Biology, Molecular Biology, and Cellular Biology. The most
relevant content to General Microbiology that students learn in
these pre-requisite courses includes the overall organization and
structure of cells, principles of metabolism and nutrient cycles, as
well as the function of enzymes.

General Microbiology meets twice a week for 75 min in the
TEAL lab, limiting the class size to 90 learners. The teaching
team includes the instructor of record (Garcia-Ojeda), one co-
instructor (Shay), and one undergraduate learning assistant
(Solis). This course was transformed into a flipped, team-based
learning class in Fall 2015 and converted into a hybrid course in
Fall 2019. The hybrid model used in this class consist of in-person
flipped lectures with online discussion sections (Supplementary
Material 5). The academic year 2019-2020 was the first full year
to incorporate all learning and teaching techniques discussed in
this manuscript.

Learning Outcomes

We chose the global issue of environmental pollution by
paper-based products to teach students about the role of
microorganisms in paper waste management. At this point in
the course, students have been introduced to the history and
fundamentals of microbiology, the structures and organization
of microbial cells, the evolution and diversity of microbes,
microbial motility, microbial growth, nutrient transport, and
the nitrogen cycle. This section of the class focuses on carbon
acquisition as well as how microbes secrete exoenzymes to
hydrolyze macromolecules. Specifically, students learn about
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the process of bacterial protein secretion, and how different
exoenzymes break down lipids, nucleic acids, proteins, and
carbohydrates. Students are then asked to connect the process
of active nutrient transport via symporters, ABC transporters, or
phosphoenolpyruvate-carbohydrate phosphotransferase system
(PTS). Lastly, students demonstrate how the transported
molecules are further modified by converting enzymes and
then metabolized.

General Microbiology Course Learning Outcomes

The General Microbiology Course Learning Outcomes were
designed to integrate previous learning and develop advanced
scientific skills such as research and critical thinking. The
following course learning outcomes related to this activity are:

(1) Recognize microbiological concepts and terms used in
the primary scientific literature and to communicate with
other microbiologists and scientists.

(2) Discern the molecular, metabolic, structural, and ecological
differences between microbial cells and be able to explain
how these differences allow microbes to (a) live in almost
any environment on earth, (b) sense, react, and interact
with their environment as well as with other organisms,
and (c) serve as tools for science, medicine, and industry.

(3) Synthesize knowledge gained in previous courses and apply
it to novel microbiological questions.

Carbon Acquisition Lesson Learning Outcomes
This lesson has the following learning outcomes:

(1) Given the biotic and abiotic sources of carbon and
carbon-containing compounds, illustrate the biological
flow of carbon, starting from an initial, complex
carbon-containing molecule to a final product (CO,
or fermentation product).

(2) MHlustrate the enzymatic reactions that hydrolyze
carbohydrates, nucleic acids, lipids, and proteins, and
identify the various exoenzymes involved in this process.

(3) Identify how different microbes secrete important proteins.

For this lesson, we focused on the first two outcomes by
asking students to work with a complex carbon-containing
product: paper. Students work through the process of carbon
flow, from the initial biomolecule carbon source in paper
(cellulose) to the final metabolic product (CO; or a fermentation
product) within Gram-negative bacterial cells. Students build
an understanding of the overall carbon cycle and how
biomolecules are hydrolyzed by exoenzymes secreted by bacteria.
Exoenzyme secretion reinforces learning outcome 3, where
students learn about the Sec and Tat translocators as well as
the Type V secretion system and related proteins. Students also
connect this lesson to previously taught material concerning
the transport of monomeric sugar molecules across the cell
membrane via PTS transporters as well as the catabolic
reactions needed to extract energy under aerobic or anaerobic
conditions (glycolysis, Entner-Doudoroff Pathway and Krebs
cycle). Lastly, this lesson reinforces previously learned concepts

of bacterial cell wall structure, proteins, cell membrane and
their functions.

Pedagogical Format

Combining Strategies: Carbon Assimilation Group
Exercise Using the 5E Model

The novelty of this pedagogical approach is the combination
of strategies which seamlessly merge our highly active and
collaborative learning initiatives. For this particular 75-min
flipped lesson, students prepare by watching online videos about
the carbon cycle, protein secretion systems, exoenzymes, and
converting enzymes (for slides of this lecture, see Supplementary
Material 1.1). They are also encouraged to listen to a
podcast titled “How much of our stuff actually gets recycled?”
(Brand, 2018).

A detailed summary of the lesson’s timeframe can be found
in Supplementary Table 1. For the engage phase of the 5E model,
students spend the first 8 min of class taking a readiness assurance
quiz (Supplementary Material 2). The quiz is followed by a short
discussion of the lesson’s learning outcomes (2 min) and a 5-
min in-class lecture where students are introduced to current
recycling challenges resulting from the adoption of National
Sword, a 2018 recycling policy instituted by China, as well as
a similar policy by India (Staub, 2020), that banned the import
of most recycled materials and set strict contamination limits
on recyclables (Allan, 2018). These nations used to purchase the
majority of recycled paper from the United States (Hamel, 2018),
which now piles up in landfills. To maintain their engagement
and bring home the effects of this policy, the class is asked
“What type of paper products would be rejected under China’s
National Sword policy?” After a 5-min discussion, students reply
that most paper products contaminated with food, such as pizza
boxes, soiled newspaper and paper towels would be rejected.
They further conclude that these paper products would end
up in a landfill (for slides used during this flipped lesson, see
Supplementary Material 1.2).

This introduction is followed by a short 5-min lecture on
how cardboard and paper products originate from the processing
of plants and trees. A figure from Bayer et al. (2007) is
used to illustrate the fate of plant material processed by the
paper industry, which generates paper products for human
consumption. Once used, these products end up in municipal
solid waste facilities where some are recycled, composted, or
incinerated. The large majority end up in landfills becoming
environmental pollution (Bayer et al., 2007).

Before they reflect on the material, students spend a few
minutes answering a metacognitive survey question “Before
today, to what extent did you understand the role played by
microbes in the biodegradation of paper waste products?” via
clickers (Supplementary Material 1.2). Following this, students
are asked to predict what happens to paper in a landfill, selecting
one of the following options in a clicker question: “It remains
in the landfill, as paper is not degradable,” “It will decompose
by microbial activity involving respiration,” “It will decompose
by microbial activity involving fermentation,” and “Something
else will happen.” Together, these questions provide a baseline
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assessment of the students’ understanding of the role played by  For the explain phase, the instructors help students synthesize
microorganisms in the biodegradation of paper waste products  their new knowledge and clarify misconceptions during a 10-min

(Figure 1C and Supplementary Figure 2A). class discussion where students from different tables discuss the
For the explore phase, students spend 10 min researching answers to these questions as a whole class.
and reflecting on different aspects of the molecular composition In the second part of the activity, the elaborate phase, students

of paper, the microbial communities that degrade paper, the spend 15 min applying their knowledge by drawing the entire
process of exoenzyme secretion, cellulose hydrolysis, and glucose  paper-degradation process in their table groups. The drawing
transport and discuss their findings with their table mates. Each  must include the main components of exoenzyme secretion,
student group is divided into 2 subgroups, and each subgroup is  the enzymatic hydrolysis of cellulose happening outside the
tasked with providing the answer to 3 questions (Supplementary  cell, the transport of glucose into the cell, and finishing with
Material 1.2). One subgroup researches the answers to the glycolysis (Figure 2). After discussing their drawings, students
following questions: “What is the molecular composition of are again asked to predict what happens to paper in a landfill,
cardboard and paper?”, “Which microorganisms would degrade  and their responses are recorded using clickers (Figure 1C and
cardboard and paper?”, “Are these biochemical processes happening ~ Supplementary Figure 2B). Finally, the class spends the last few
aerobically or anaerobically?”, and “Which exoenzymes would these  minutes discussing their predictions and editing their figures to
organisms use?”. The second subgroup researches the questions:  present their final drawing online.

“How would these exoenzymes be secreted?”, “How would the

products of the exoenzymatic reactions be transported into the Data Acquisition, Analysis, and Statistics

cytoplasm of the bacteria?”, and “Once in the cytoplasm, what  Students are evaluated at multiple points. Formative assessments
biochemical processes would be used in catabolic reactions?”. include metacognitive questions before, during and after class via
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FIGURE 1 | Comparison of student’s responses to metacognitive questions before and after the activity. (A) Students were asked the question “To what extent did
you understand the role played by microbes in the biodegradation of paper waste products?” before and after the class activity. The graph displays the responses
before the activity (blue bars) and after the activity (orange bars) for the Spring 2020 semester (n = 88). This 5-point Likert survey question was deployed via clickers
before the activity or via the Learning Management System after the class. Numbers above the columns represent the percent of students selecting a response.

(B) Alluvial plot mapping the change in prediction before and after the activity from students in Spring 2020. The left column indicates the predictions before the
activity, while the right column indicates the predictions after the activity. Only statements included in the data are shown. (C) Pie chart showing student’s predictions
of the fate of paper before and after the activity. After a brief introduction, students were asked to predict the fate of paper in a landfill via a multiple-choice clicker
question. The answer choices included “It remains in the landfill, as paper is not degradable.” (blue), “It will decompose by microbial activity involving respiration.”
(orange), “It will decompose by microbial activity involving fermentation.” (gray), and “Something else will happen.” (yellow). The graphs display the before (left pie)
and after (right pie) responses for the Spring 2020 semesters (n = 88).
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clickers or the LMS, drawing their images as well as re-drawing
them after in-class discussion. Summative assessments include
the readiness assurance quiz and midterm exam questions related
to the topic (Supplementary Materials 2, 3).

Students in the Spring 2020 semester were given a post-class
metacognitive survey via the LMS where they were asked the
following metacognitive questions:

(1) What was the most confusing concept in today’s class?

(2) Based on todays work, tell us what you think about
the following statement: the power of microbes can be
harnessed to reach environmentally sustainable goals.

(3) Does todays work illustrate the relationship of
microbiology to society? Explain.

(4) Tell us how much you agree with this statement:
Today’s activity did NOT influence my opinion about
recycling paper waste.

Tell us how much you agree with this statement: After
today’s activity, I will be able to explain how enzyme
secretion and sugar transport are related to cell wall and
membrane function.

(5)

Students in the Fall 2019 cohort only answered the first
question. All statistical analyses were conducted in Microsoft
Excel version 16.37.

Generation of a codebook
Students responses to the metacognitive question
was the most confusing concept in today’s class?”

“What
were
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analyzed for emergent themes in potential missing knowledge,
misinterpretation, and misconceptions of class content, following
the process described by Offerdahl and Montplaisir (2014).
Briefly, two coders (Garcia-Ojeda and Solis) independently read
20 randomly selected student responses (10 from each cohort)
for emerging patterns and established an initial code. This initial
code was used to code all 157 submissions (From Fall 2019 and
Spring 2020 cohorts). The coders then compared and discussed
the initial codes for each independent submission, exploring
discrepancies in detail, adding new codes, and collapsing or
eliminating other codes. This process was done twice more,
using the entire sample, to verify and generate a final codebook
(Supplementary Material 4). Codes that appeared at least 3
times were kept in the final codebook, consisting of 12 codes
in 3 categories. After these discussions, both coders recoded
the entire sample. Cohen’s kappa values were calculated to
determine intercoder reliability (Dewey, 1983; Glen, 2014) using
the following equation

Po — Pe
1 — pe

where p, is the relative agreement between both coders, and p,
is the hypothetical probability that agreement was achieved by
chance. Kappa values between 0.61-0.8 are considered substantial
agreement, while values between 0.81-0.99 are considered near
perfect agreement (Landis and Koch, 1977).

Jaccard coefficients have been used to establish the level of
consistency between coders (Smith et al., 2013). We calculated the
Jaccard coeflicient T using the equation T = n./(n, + np, — ne),
where n, is the number of times a statement was coded the
same by both coders, n, is the number of times a statement
was coded the same by both coders plus the times it was coded
by coder 1 but not coder 2, while n; is the number of times
a statement was coded the same by both coders plus the times
it was coded by coder 2 but not coder 1. Jaccard coefficients
closer to 1 are indicative of high consistency between coders
(Niwattanakul et al., 2013).

Word cloud analysis

Word clouds can be used to investigate patters in text data
(DePaolo and Wilkinson, 2014). For metacognitive questions 2
and 3 (see “Data Acquisition, Analysis, and Statistics” section
for Metacognitive Topic Questions), we identified and ranked
key topics emergent in the students’ answers by using the
online software wordclouds.com.! Briefly, we transferred the
text responses from the LMS to Microsoft Word and identified
and deleted words and phrases that were directly taken from
the questions. Such language included phrases like “the power
of microbes” or “the relationship of microbiology to society.”
We also expunged phrases like “I agree because”. We then
uploaded these .docx files into the wordclouds.com website
to create the initial word clouds and produce a term table
with the term’s respective weights, shown in parenthesis (#,
Supplementary Table 2).

Thttp://wordclouds.com/

Using the term tables, we narrowed down the number of terms
in the word cloud by identifying terms that had similar iterations
or meanings and adding their respective weights. For example,
the terms Microbes (11), microbes (61) and microbes (2) were
collapsed into the term microbes (74). Words that had meanings
unrelated to the question were also eliminated, such as “yes,” “yet,”
“terms,” etc. This process reduced the number of terms in the
Power of Microbes word cloud from 575 to 126, while reducing
the number of terms in the Microbes and Society word cloud
from 722 to 248. To reduce the complexity of the word cloud
images, we did not include in the illustration terms that appeared
less that 4 times.

Adapting to the COVID-19 Pandemic

The COVID-19 pandemic escalated a few weeks into the Spring
2020 semester and university campuses worldwide shut down
to prevent the spread of the SARS-CoV2 virus (Richardson,
2020). Since this course is a flipped, hybrid class, transitioning
to ERI required minor adjustments. Although the activities
described here were deployed in-person before transitioning
to ERI, the exam evaluating the content of this activity was
administered online. The Spring 2020 students had to navigate
the transition period only a week before they took the exam
discussed in this paper.

To deter cheating, the exam was open book, open note,
timed and delivered via the LMS using Respondus Lockdown
Browser® without the Respondus Monitor®. The exam questions
were written to build upon foundational knowledge, which
require students to use higher order thinking to answer them
correctly. Therefore, the answers to these questions could not
be easily found online. To clarify exam misconceptions and
answer students’ questions, the instructors were available via
Zoom during the entire exam period.

RESULTS

Formative Assessments
Role of Microorganisms in Paper Degradation
During their pre-class metacognitive survey, we asked students
to evaluate their understanding of the role of microbes in paper
biodegradation. The majority of students reported improved
understanding after the activity (Figure 1). Before the activity,
over half of students (51%) reported “do not understand at
all” or “understand a little,” while 41% reported “somewhat
understand” and 8% reported “understand a lot” (Figure 1A,
blue bars). After the activity, the vast majority of students
reported, “understand a lot” (66%) or “completely understand”
(3%) while only 28% reported “somewhat understand” and few
(2%) reported “understand a little” (Figure 1A, orange bars).
Using alluvial plots (Figure 1B), we examined the changes
in reported understanding of the material by comparing their
responses at baseline and after the lesson. Most students reported
improvement in their understanding of the material. Some
students who initially reported “do not understand at all”
(Figure 1B, light blue) reported “understand a little” after the
lesson, while the majority of students in this baseline response
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reported either “somewhat understand” or “understand a lot”
after the lesson. The group of students who initially answered,
“understand a little” (Figure 1B, lilac), split equally to reporting
“somewhat understand” and “understand a lot” after the
lesson. The students initially reporting “somewhat understand”
(Figure 1B, light green) reported “understand a lot” after the
lesson. From students (8%) who reported “understand a lot” at
baseline (Figure 1B, rose), subsequently reported “completely
understand” and “understand a lot” after the lesson. Taken
together, our data indicate that students perceived gains in their
understanding of the role of microbes in paper biodegradation
after completing the lesson.

Mechanism of Paper Biodegradation

Before starting the activity, students were asked to predict
the fate of paper in a landfill via a multiple-choice clicker
question. Paper buried in a landfill would be degraded primarily
by anaerobic mechanisms (Pommier et al., 2010). Initially,
the majority of students in the Spring 2020 semester (71%)
predicted that respiration played a role in paper biodegradation
in landfills (Figure 1C). About 18% stated that paper would
be degraded via fermentative pathways, and 11% predicted
that something else would happen (Figure 1C). When asked
the same question after the activity, students in the Spring
2020 cohort changed their prediction. Only 41% predicted
that paper would be degraded via respiratory mechanisms,
while the great majority (57%) stated that fermentation would
be the primary pathway of paper degradation (Figure 1C).
Fewer students (2%) were unsure about the fate of paper in
landfills after the activity than before. The greatest transition
in answers shifted from students predicting that respiration
would play a role to predicting that fermentation would play a
role [Supplementary Figure 2B (light green)]. Taken together,
the majority of students correctly predicted that paper would
be degraded anaerobically via fermentative processes after
participating in the lesson.

Active Learning Group Exercise: Drawing the Enzyme
Secretion, Macromolecule Degradation and Nutrient
Transport Pathways

Students demonstrated their overall understanding of class
material in a group formative assessment, where they drew the
processes of enzyme secretion, cellulose degradation, glucose
transport and glucose metabolism (Figure 2). This activity
was designed to evaluate the extent by which groups of
students engaged in model-based reasoning by using a drawing-
to-learn approach (Quillin and Thomas, 2015). A group
with high mastery of the material would place the Sec/Tat
protein secretion systems across the cell membrane, the Type
V Secretion System and the porin channels in the outer
membrane, and the glucose PTS across the cell membrane
(compare Figures 2B,C). Their drawings will also show
the phosphorylation of glucose to glucose-6-phosphate after
transport via the PTS system, leading directly to its hydrolysis via
glycolysis. Moreover, they would illustrate cellulose as a polymer
as well as have appropriate labels for the cellulase enzyme and
other components.

Metacognitive Topic Questions

Student’s identified the topics most confusing to them
Question 1: What was the most confusing concept in
today’s class?

To evaluate this question, we established and validated a 12-
item codebook (Supplementary Material 4) to explore emerging
patterns in students’ responses. These codes were subdivided
into 3 categories: (1) Concepts, (2) Competencies, and (3)
Affect. Table 2 shows the frequency (f) of these codes for each
semester, as well as the Jaccard coefhicient (T), and Cohen’s kappa
(i &= SE) values evaluating inter-rater reliability. The high Jaccard
coeflicient (>0.92) and Cohen’s kappa values (>0.81) indicate a
high level of consistency between the two coders.

The Concepts category includes codes that deal with students’
questions about class content. In this category, students from
both semesters primarily identified Protein Export as the most
confusing concept. This code was used 19 times by Fall 2019
students and 27 times by Spring 2020 students. Biochemistry and
Misconceptions were more represented in the Fall 2019 cohort
compared to the Spring 2020 cohort. To a lesser degree, but with
similar frequencies, both cohorts identified Exoenzyme Activity,
Location, and Nutrient Transport as confusing topics.

The Competencies category includes codes that describe skills
students ought to master over the course of the lesson. Under
this category, Big Picture was the most common code (overall
frequency of 39 times), found more frequently in the Spring 2020
cohort. Illustration was also frequently cited, (20 times) with the
Fall 2019 cohort displaying this code at a higher frequency. Some
students in both cohorts reported having challenges with Time to
complete the activities (3 times total).

Although not prompted by the question, students from both
cohorts expressed ideas about feelings of self-improvement in

TABLE 2 | Codes used to evaluate responses to the question: “What was the
most confusing concept in today’s class?”.

Category’ Code T2 &% SE (k) franto fspring20 frotar*
Concepts Biochemistry 0.99 0.96 0.04 10 4 14
Exoenzyme activity 0.99 0.89 0.07 5 4
Location 1.00 1.00 0.00 3 2 5
Misconception 0.99 0.95 0.04 16 6 22
Nutrient transport  0.97 0.82 0.09 4 6 10
Protein export 0.98 0.95 0.08 19 27 46
Other 0.99 0.85 0.15 2 1 3
Competencies Big picture 0.92 0.81 0.05 14 25 39
lllustration 0.97 0.89 0.05 12 8 20
Time 1.00 1.00 0.00 1 2 3
Affect Concern 0.99 0.89 0.11 2 2 4
Improvement 0.99 0.96 0.03 12 15 27

! Categories: Concepts refer to codes that address students’ questions about class
content. Competencies refer to codes describing skills students master throughout
the course. Affect refers to codes associated with student’s feelings. 2Jaccard
coefficient (T) and Cohen’s kappa («) values were calculated with the combined
Fall 2019 and Spring 2020 data (n = 157). “Frequency (f) indicates the number of
times a code, selected by both coders, appeared in student’s responses. Fall 2019
(n =72), Spring 2020 (n = 85).
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conceptual understanding or skills. Some students also expressed
feelings of concern about their understanding or feared potential
negative consequences for not understanding the material. To
reflect the frequency of these statements regarding feelings,
we created a category of Affect (Table 2). Improvement was
the most frequently used code in this category, with both
cohorts displaying similar frequencies for this code. Similarly,
Concern was also equally represented to a lesser degree in
both cohorts.

The power of microbes and the relationship of microbiology
to society
Question 2: Based on today’s work, tell us what you think
about the following statement: the power of microbes can
be harnessed to reach environmentally sustainable goals.

Concerning the power of microbes to reach environmentally
sustainable goals, the 10 most used terms (in order of
weight) included waste, help, degradation, break, paper, landfill,
recycle, clean, decompose and microorganisms (Figure 3A
and Supplementary Table 2). The frequency of use for these
terms indicates that students perceived microorganisms as a
clean alternative to help the degradation (break or decompose)
of waste in landfills. The following student responses were
selected because they represent the breadth of perspectives and
backgrounds of the students:

“.. .Microbes are definitely beneficial for sustainability . . . One
example can be like bioremediation where microorganisms aid in
cleaning air, soil, and water.”

“...We could potentially use bacteria to degrade cardboard
that does not fall under conditions to be recycled by parties
in other countries. We would be able to continue working on
sustainability efforts of decreasing soiled cardboard and paper
pollution.”

“...In the lecture prep videos we were able to see the
importance of degradation of oil and petroleum by bacteria using
oxygenase for bioremediation.”

Students understand the connection to of this microbiology
lesson to society
Question 3: Does today’s work illustrate the relationship of
microbiology to society?

Concerning the relationship of microbiology to society, students
connected the activity to four overall societal applications,
(1) waste management, (2) sustainability and environmental
solutions to pollution, (3) biodegradation as a tool, and (4) energy
cycles essential for human life (Figure 3B and Supplementary
Table 2). In particular, students reported that the activity helped
them understand the real-world implications of the biology they
were learning:

“... Listening to the newscast about the garbage problem with
China really made it apparent to me how important it is for us
in America to find a reliable, safe, and sustainable solution to the
ever-increasing garbage problem. I see how microbes can be used
to help break down certain types of waste and I am very curious to
see if there will be newer research and findings regarding microbe
usage in the waste management sector.”

“The activity helped me to connect everything together
especially by relating it to the current problem we have with paper
not being properly recycled. The activity helped me envision how
paper was broken down via cellulase enzyme then brought in
by porins and PTS systems and through catabolic reactions we
harvested energy. The activity made everything full circle for me.”

Students agree: the lesson influences their opinion about
paper recycling
Question 4: Tell us how much you agree with this
statement: Today’s activity did NOT influence my opinion
about recycling paper waste.

To evaluate if the lesson influenced the students’ opinion about
paper recycling, we deployed the above 5-point Likert scale
question via LMS. Most students either Strongly disagreed (33%)
or Somewhat disagreed (36%) that the activity did not influenced
their opinion about recycling paper waste (Figure 4A). About a
fifth of the students (22%) Neither agreed nor disagreed with the
statement, while less than 10% of the students Somewhat agreed
or Strongly agreed.

Students agree: the lesson increases their confidence to
explain the relationship between enzyme secretion, and sugar
transport to cell wall and membrane structure
Question 5: Tell us how much you agree with this
statement: After today’s activity, I will be able to explain
how enzyme secretion and sugar transport are related to
cell wall and membrane function.

We evaluated the students’ confidence in their ability to explain
the relationship between enzyme secretion and nutrient transport
to cell wall and membrane structure. After the lesson, we asked
students to rate how much they disagreed or agreed with the
question above. Most students (81.8%) reported that they could
explain how enzyme secretion and sugar transport are related
to cell wall and membrane function. About 9% of the students
were neutral about this statement, while very few of them either
“strongly disagreed” (4.5%) or “somewhat disagreed” (4.5%) with
the statement (Figure 4B).

Summative Assessments

Readiness Assurance Quiz

During the first 10 min of class, students took a 5-point
quiz containing 5 multiple choice questions to test their
comprehension of the video lectures (Supplementary
Material 1.1). Both cohorts of students performed similarly
on the quiz (£[176] = 0.44, p = 0.66). The Fall 2019 class scored
3.6 £ 1.1 points (mean £ SD, 71%) and the Spring 2020 class
scored 3.5 £ 0.9 points (70%). Students were successful at
understanding how exoenzymes hydrolyze polymers (questions
3-5) but were less successful in describing where in the cell these
processes are happening and how the products of hydrolysis are
transported (questions 1-2).

Midterm Exam

The midterm questions were designed to assess the students’
mastery of the lesson’s core concepts (Crowe et al., 2008) and
have evolved over the development of the course. All exams
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FIGURE 3 | Word clouds illustrating terms in the responses to metacognitive questions. (A) Microbes and environmental goals. Following the activity, students were
asked the question: Based on today’s work, tell us what you think about the following statement: the power of microbes can be harnessed to reach environmentally
sustainable goals. (B) The relationship between microbiology and society. Following the activity, students answer the question: Does today’s work illustrates the
relationship of microbiology to society? Explain. Both of these free-response survey questions were deployed via the Learning Management System after the class.
Text from the student’s responses was organized using a word cloud software that highlights, by word size, how often a term was used. The images display the
responses from the Spring 2020 semester (n = 88). To simplify the image, only terms used at least 4 times are shown.
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FIGURE 4 | (A) The activity strongly influences student’s opinions about recycling. Following the activity, students were asked: “Tell us how much you agree with this
statement: Today’s activity did NOT influence my opinion about recycling paper waste.” (B) The activity strongly enhances student’s understanding of enzyme
secretion and nutrient transport. Following the activity, students were asked: “Tell us how much you agree with this statement: After today’s activity, | will be able to
explain how enzyme secretion and sugar transport are related to cell wall and membrane function.” These 5-point Likert survey questions were deployed via the
Learning Management System after the class. The graphs display the responses from the Spring 2020 semester (n = 88). Numbers above the columns represent the
percent of students selecting a response.

for this course are open-ended with brief essay responses. For
context, after making the course hybrid in Fall 2019, the exams
shifted from asking low-order questions to asking students
higher-order synthesis questions about the entire process of

macromolecule degradation (Supplementary Material 6). In Fall
2018, students averaged 71% on the questions relevant to this
lesson, providing basic answers about exoenzyme identification
and secretion systems (data not shown). However, students
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did not demonstrate mastery of the entire macromolecule
degradation process. In Spring 2019, students were challenged
to describe the degradation process of a protein without the
problem-based learning exercise. Their answers averaged 31%
for these questions (data not shown). Overall, students from the
pre-hybrid course demonstrated a rudimentary understanding
of the processes of macromolecule degradation but were
challenged when connecting macromolecule degradation to a
non-carbohydrate substrate. This demonstrates a breakdown
of knowledge with the macromolecule degradation process,
thereby inspiring the shift of the questions to the higher-level
processes assessed here.

In the exam questions pertaining to this lesson, students are
asked to detail the process of decomposition and metabolism
of a triglyceride to their final carbon-based products (CO; or a

fermentation product). This shift in substrate in the exam, from
cellulose used in the lesson, would allow us to ascertain if students
transferred the knowledge obtained in the lesson to a new
scenario (Nokes-Malach and Mestre, 2013). The exam question
had four parts assessing students’ mastery of protein secretion,
exoenzyme function, nutrient transport and metabolism. For
both semesters, these exam questions were graded by the same
grader, using the same key, and the same rubric (Supplementary
Material 3). These two cohorts were the first to be assessed
with this question.

When comparing the entirety of the exam, both cohorts
performed similarly (£[176] = 1.08, p = 0.28). The Fall 2019 cohort
had a mean score of 77% and the Spring 2020 had a mean score
of 74%. Since Fall 2019, students do not keep their exams after
reviewing the material in discussion so there is little chance that
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the Spring 2020 cohort had access to exam questions ahead of
time. Both cohorts demonstrated similar comprehension of the
exoenzyme secretion process (Figure 5A). Students in the Spring
semester cohort performed better than the Fall semester cohort
in the question concerning Exoenzyme function (Figure 5B). On
the other hand, Fall semester students performed better in the
question relating to nutrient transport (Figure 5C). Although
the Spring 2020 students performed better, both cohorts had
challenges identifying the products of triglyceride degradation
(glycerol and fatty acids) and placing these within the beta
oxidation pathway to generate Acetyl-CoA (Figure 5D).

DISCUSSION

Practical Implications and Lessons

Learned

Peer-led, team-based learning is known to give students an
opportunity to develop positive interdependence, scientific
reasoning, critical thinking, and communication skills (Scager
et al,, 2020; Trempy et al., 2002). Additionally, peer-led learning
provides a more inclusive and supportive learning environment,
particularly to underrepresented students who come from
culturally interdependent communities (Covarrubias et al., 2016).
General Microbiology utilizes project-based learning in the TEAL
classroom environment to facilitate the exploration of real-world
scenarios (Dourmashkin et al., 2020) and help students synthesize
their own understanding of material (Leupen, 2020). This lesson
helped students connect first-hand with the global impact of
paper pollution and the role microbes play in the biodegradation
of paper waste. Students demonstrated a deep understanding
and increased awareness of the societal issues surrounding paper
waste management and sustainability.

Mlustrating the entire biodegradation process of cellulose
was the most challenging part of the activity, as students
are required to engage in systems thinking, bringing together
the material not only from this lesson, but from two other
previous lessons (cell wall structure and nutrient transport). This
activity revealed misconceptions in students’ understanding of
the material (Figures 2A,C). Some students found it difficult
to differentiate between the Sec and Tat protein translocation
system, centered around a knowledge breakdown between
which system translocated unfolded (Sec) versus folded (Tat)
proteins. Furthermore, students were confused by which protein
secretion system was used to transport proteins across the
outer membrane (Type V Secretion System) and where these
secretion systems were located in the cell envelope. This in-
class evidence was confirmed through the coding of the post-
class metacognitive response to “What is the most confusing
concept in today’s class?”, where Protein Export was the most
commonly represented code, followed by Big Picture and
lustration (Table 2). Another misconception centered on the
transport of cellulose, as some students misidentified cellulose
as a monomer and missed including glucose in their diagrams.
Concerning nutrient metabolism, some students had challenges
ascertaining the biochemical pathways utilized to digest glucose
monomers as a source of energy. These topics also surfaced

in the coding of the answers to the metacognitive question
“What is the most confusing concept in today’s class?”, where
Biochemistry, Nutrient Transport and Exoenzyme Activity
codes were abundantly represented (Table 2). Combined,
these misconceptions demonstrated a general challenge with
visualizing structure/function relationships in the cell envelope.
This informed us of the importance of emphasizing the structural
components of the lesson for future students. In the next
iterations of the class, we will prime students to review these
topics during the preparatory stage of the carbon cycle lesson. In
this way, the aspects that are least understood to the class would
be emphasized during individual lectures and incorporated into
activities to solidify this knowledge.

Overall, students were effective at explaining how exoenzymes
are secreted (Figure 5A), their role in macromolecule hydrolysis
(Figure 5B) as well as the transport of their fatty acid
products into the cell (Figure 5C) but were less effective at
connecting the biochemical pathway for fatty acid metabolism
to energy production. We strategically chose to ask students
about triglyceride hydrolysis instead of cellulose to provide
them the opportunity to demonstrate their ability to transfer
the knowledge they gained from the cellulose lesson to the
triglyceride exam question (Nokes-Malach and Mestre, 2013). In
this regard, students showed a breakdown of knowledge in the
level of completion in their answer regarding the specific pathway
by which fatty acids are processed (Figure 5D). For example,
some students would correctly state that fatty acids are processed
into acetyl-CoA via beta oxidation but could not follow through
connecting acetyl-CoA to the Krebs cycle and the electron
transport chain. Some students mentioned the Krebs cycle and
electron transport chain, but not the beta oxidation pathway.
This breakdown may reflect the fact that these questions were the
most challenging on the exam and required students to think at
a higher-cognitive level than other questions. Moreover, students
did not have the opportunity to practice transferring knowledge
of the various macromolecule degradation processes from one
substrate to another before the exam. This signaled to the
instructors to consider providing more opportunities to practice
this skill, particularly in the asynchronous and homework. While
the exam scores were low, they were an improvement from
the scores of the pre-hybrid Spring 2019 cohort, which did not
have the aid of the problem-based learning exercise (data not
shown). This demonstrates an improvement between the pre-
hybrid and hybrid cohorts when approaching higher-cognitive
level questions.

Based on their formative assessment results, students
showcased evidence of their learning and achievement of the
lesson’s learning outcomes. This is illustrated in the transition
in predictions about the fate of paper in a landfill (Figure 1C
and Supplementary Figure 2). Most students came to class
incorrectly believing that respiration played a role in the
biodegradation of paper waste products. By the end of the
activity, most students stated that fermentation plays a primary
role in this process. However, a good proportion of students
(41%, Figure 1C) still stated that paper would be degraded
via respiratory processes. We hypothesize that the lack of
clear understanding of landfill architecture as well as images
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used during the introduction to the activity of paper exposed
to air in landfills might have influenced students answers
(Supplementary Material 1.2). In future iterations of the class,
we will ensure to reinforce these concepts in the pre-flipped
lecture preparation material.

Students were able to visually work through the mechanism of
nutrient transport and correctly illustrate the biochemical
processes accurately. Misconceptions of the structural
organization of these processes were identified quickly and
resolved through visual exploration and discussion (Schnotz,
2014). Our metacognition survey demonstrated that students
self-identified their growth in understanding before and
after the activity (Figure 4B). The students synthesized and
demonstrated their understanding through the summative
assessments, being able to recall the process of protein secretion
and nutrient absorption but struggled to transfer knowledge
from one polymer (cellulose) to another (triglycerides). Future
class iterations will provide discussion forum questions and
homework that will give students more opportunities to examine
a variety of macromolecules and work through the entire
biochemical pathways needed for their degradation.

Conclusions and Recommendations

Using a variety of teaching strategies and technology, this lesson
departed from a traditional teaching model by giving students
an opportunity to address a real-world problem. Students
demonstrated their learning by building their own systems-level
understanding of the microbiological and biochemical processes
involved in the breakdown of paper. This lesson was facilitated
by, and took advantage of, the TEAL lab learning environment
and a hybrid online model, both components that may not be
accessible to all universities. The TEAL lab facilitates the use of
active learning, but it is neither required to use these strategies
nor required to create a collaborate learning environment.
There are many ways to foster collaborative learning including
structured discussion, reciprocal teaching, and problem-solving
(Barkley et al., 2014) that are independent of the TEAL lab.
For courses that do not have access to online resources, face-
to-face interactions can produce statistically similar grades from
online learning as well as increased levels of student satisfaction
(Summers et al., 2005).

There are some inherent challenges that come with
implementing a flipped lesson with evidence-based teaching
strategies of this nature. It takes a significant amount of time
to prepare each component, which requires intention and
alignment with the learning outcomes to be effective for
student learning and engagement. Additionally, these active
learning strategies may be new to instructors accustomed
to traditional teaching and may require additional training
to model effectively. To facilitate the amount of activity in
the given time, the timing during flipped lecture needs to be
managed closely to incorporate all the components of a 5E
model lesson. Timing itself could be a limitation if courses are
less than the 75 min discussed here and if instructors feel there
is not enough time to cover the content with active learning
(Graffam, 2007). This lesson may be difficult to implement in a
large (>200 person) class and may require additional levels of

organization or facilitation. Furthermore, there may be systemic
resistance to incorporating active learning techniques (Bathgate
et al., 2019) that faculty may need to overcome without reward
(Michael, 2007).

In order to increase content retention and reduce
misconceptions, students could perform a pre-lecture homework
where they can review the materials discussed in the lesson’s
video lectures as well as from previous coursework. We found
that, overall, students improved their understanding of the
concepts after the 5E lesson. Where some students struggled was
drawing the structures related to the biological processes. We
recommend that instructors incorporate more model drawing
activities to help identify misconceptions and provide students
with an opportunity to promote reasoning skills (Quillin and
Thomas, 2015). We also recommend offering a variety of
examples for students to practice transferring their knowledge
from one example to another. Lastly, we recommend and
encourage faculty to center activities, when possible, on real-
world scenarios that are relevant to students, especially scenarios
that impact underserved student communities, to connect
the concepts and their implications to student experiences
(Harackiewicz et al., 2016).

SUMMARY

Today’s students suffer from the burden of climate change
and global pollution and need to develop skills to think
critically about these problems. Problem-based learning can
engage students in real-world scenarios while simultaneously
learning complex microbiological and biochemical concepts. By
using deliberate teaching strategies, outlined in this lesson, we
demonstrate increased student conceptual understanding and
perceived understanding of microbial carbon assimilation and
its role in paper waste degradation. We coded student responses
from a reflective survey and identified common misconceptions
and perceived gains. Student performance was measured through
a variety of assessments including a drawing activity and exam
questions. We were able to determine areas where student
performance could improve and address them accordingly.
We recommend instructors consider using real-world scenarios
when teaching complex topics to foster student engagement and
interest in the topic in and beyond the classroom.
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Quantitative techniques are a critical part of contemporary biology research, but
students interested in biology enter college with widely varying quantitative skills and
attitudes toward mathematics. Course-based undergraduate research experiences
(CUREs) may be an early way to build student competency and positive attitudes. Here
we describe the design, implementation, and assessment of an introductory quantitative
CURE focused on halophilic microbes. In this CURE, students culture and isolate
halophilic microbes from environmental and food samples, perform growth assays, then
use mathematical modeling to quantify the growth rate of strains in different salinities.
To assess how the course may impact students’ future academic plans and attitudes
toward the use of math in biology, we used pre- and post-quarter surveys. Students
who completed the course showed more positive attitudes toward science learning and
an increased interest in pursuing additional quantitative biology experiences. We argue
that the classroom application of microbiology methods, combined with mathematical
modeling using student-generated data, provides a degree of student ownership,
collaboration, iteration, and discovery that makes quantitative learning both relevant and
exciting to students.

Keywords: CURE, microbial diversity, microbiome, microbial culturing, mathematical modeling, education,
logistic growth curve analysis

INTRODUCTION

The American Association for the Advancement of Science and the National Research Council
have each called for renewed undergraduate education efforts to build broadly applicable biology
research skills (National Research Council, 2003, 2009; American Association for the Advancement
of Science, 2011). One report, Vision and Change (American Association for the Advancement
of Science, 2011), laid out influential and ambitious goals for reforming undergraduate biology
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education, encouraging the integration of core concepts
and competencies throughout the curriculum. Several of
these competencies are quantitative, including the ability
to use quantitative reasoning and the ability to apply
modeling and simulation.

However, quantitative material can be challenging to
introduce to biology-interested students early in their
undergraduate career. Students enter college with a wide
range of mathematics skills (Treisman, 1992; Agustin and
Agustin, 2009; Sonnert and Sadler, 2014), and experiences in
traditional introductory courses like calculus might lead some
students to leave STEM (Ellis et al., 2016). In addition, many
undergraduate biology students may also have unfavorable
emotions about math (Wachsmuth et al., 2017). These emotions
can translate to poor performance in math-related coursework
(Ma and Kishor, 1997).

One way to address these challenges is by integrating
math and biology coursework at multiple points along an
undergraduate curriculum (Bialek and Botstein, 2004; Chiel
et al., 2010; Depelteau et al., 2010; Duftus and Olifer, 2010;
Miller and Walston, 2010; Aikens and Dolan, 2014; Eaton and
Highlander, 2017). In our experience, however, few introductory
biology lab courses emphasize the breadth of quantitative
skills commonly used in biology research. We propose that
introductory course-based undergraduate research experiences
(CURESs) may be a valuable early part of this type of integrated
curriculum, given their potential positive effects on student
learning and attitudes.

CUREs are natural candidates to promote quantitative
learning and build positive attitudes toward math among
biology-interested students. These courses engage students in the
practice of research from within the classroom, emphasizing peer
collaboration and iterative approaches to the research process
while students use modern scientific practices to address novel,
broadly relevant research questions (Auchincloss et al., 2014).
Student participation in CUREs can benefit student learning
as well as persistence in STEM and attitudes toward science
(Brownell et al., 2012; Jordan et al., 2014; Olimpo et al., 2016;
Rodenbusch et al., 2016; reviewed by Dolan, 2016), and these
courses may provide an avenue toward creating a more inclusive
academic environment (Bangera and Brownell, 2014). Several
recent CUREs have included quantitative learning outcomes
and found student benefits (Brownell et al., 2015; Kirkpatrick
et al, 2019; Murren et al, 2019), although these courses
typically focus more on data and figure interpretation than on
mathematical modeling.

In this study we outline an introductory quantitative biology
CURE that combines microbial culturing and genomic DNA
isolation with modeling and quantitative characterizations of
growth rate. We assessed student attitudinal gains using several
published instruments (Andrews et al., 2017; Lopatto et al., 2008;
Shaffer et al., 2010), as well as short-answer questions related to
students’ future course and career plans. We sought to answer
three questions.

1. Would this quantitative biology CURE increase students’
interest in and perceived utility of using math in biology?

2. Would this course help students develop more positive
attitudes toward science learning?

3. Does this course influence student plans for future
quantitative courses or careers?

We hypothesized that this course might increase students’
desire to pursue future quantitative biology experiences by
building more positive attitudes toward science learning and
toward using math in biology. Assessing changes in student
attitudes toward math in biology proved difficult due to strongly
positive initial attitudes in this self-selected population. However,
we find some evidence of positive changes in student attitudes
toward learning science, as well as increased student interest in
pursuing future quantitative experiences.

MATERIALS AND METHODS

Developing the Course Structure and
Subject

Here we outline the process we followed in creating a quantitative
biology CURE. We developed the course to help students
build quantitative skills that are commonly used in biology
research. To that end, we informally surveyed the laboratory
and quantitative skills used in local microbiology research labs.
We identified commonly used lab skills including microbial
culturing, microscopy, and spectrophotometry, which integrated
with quantitative skills like calculations of concentration and
dilution factors as well as mathematical modeling of growth
curves. We chose to modify an existing workflow that is
commonly used in undergraduate research on the microbiome
(Dunitz et al., 2015). In this workflow, students culture microbes
from almost any environmental sample, generate isolates from
the sample(s), and use growth curves of the isolates to quantify
aspects of the organism’s biology. The workflow was initially
piloted as a less quantitatively oriented seminar course, using
environmental samples ranging from nectar (Dahlhausen, 2018)
to abalone (Vater et al, 2016) to koala feces (Coil, 2017).
These courses and other CUREs have been discussed by Vater
et al. (2019). In our more quantitatively focused version of this
microbial isolation approach, the specific taxa play a minimal
role in shaping the course learning goals, teaching methods,
and assessments.

The current iteration of this CURE focuses on culturing,
isolating, and quantitatively characterizing the features of
halophiles (Rodriguez-Medina et al., 2020). Halophiles are a
category of microorganisms that thrive in hypersaline conditions
from sea salinity to saturation. These organisms span all
three domains of life and can be found in diverse global
environments including hypersaline soils, lakes, solar salterns,
deep salt mines, and natural brines in coastal and submarine
pools (DasSarma and DasSarma, 2015; Torregrosa-Crespo et al.,
2017). Some halophiles are known to be polyextremophiles that
are capable of tolerating and thriving not only in hypersaline
environments, but also in settings with high pH, large amounts
of sun radiation, and/or low water or nutrient availability.
These harsh conditions have allowed halophiles to adapt unique
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biochemical pathways of interest in both basic and applied
research realms (Becker et al.,, 2014; Torregrosa-Crespo et al.,
2017). Several products derived from these pathways are of
particular commercial interest, including but not limited to:
polyhydroxyalkanoates (plastics industry), amylases (biofuel
industry), proteases (laundry detergent), beta-carotene (food
additive), and glycerol (cosmetic industry) (Yin et al., 2015;
Amoozegar et al., 2017).

The ability of halophiles to thrive in harsh conditions also
makes them practical to use in the classroom. Because hypersaline
growth conditions are inherently inhibitory to non-halophiles,
halophilic culturing is more forgiving to small lapses in sterile
technique, allowing students to successfully isolate pure cultures
even if they are inexperienced in the laboratory. This is well-
suited for introducing lab work and microbial culturing to first-
year students. Although halophiles have a relatively long doubling
time, a single weekly laboratory allows enough time for culture
growth between each session.

Learning Outcomes and Course

Overview

There are three main learning outcomes for the course: (1)
students will be able to plan and perform the process of microbial
culturing and genomic isolation, (2) students will be able to
fit population growth models to microbial growth curve data,
plot results, and compare the quality of fit among competing
models, and (3) students will build interest and confidence in
using quantitative skills in biology.

The structure of our 10-week quantitative biology CURE
includes 1 weekly 3-h wet lab session, currently offered in the
Molecular Prototyping and Biolnnovation Lab at UC Davis, as
well as a 1-h weekly lecture held in a traditional classroom.
The lectures cover the quantitative theory associated with the
hands-on research experience and connect this theory to the lab
applications (Supplementary File S2). Students also complete a
weekly homework that combines a lab write-up with quantitative
problem-solving. As the course transitions into student projects,
student learning is assessed with an initial project proposal, a final
written report, and an oral group presentation.

The lab starts with an introduction to formal campus and
site-specific lab safety training. We require all students to
successfully complete the University of California “Fundamentals
of Laboratory Safety Training,” an online course required for
everyone who works in labs on campus. We explain to the
students that this training certifies them to work in faculty
research labs on campus. The site-specific training highlights that
the workspace is used outside of class hours to host active student
research projects (i.e., they are working in a “real” research space
and not just a classroom and thus that we expect them to be
aware of those activities and associated hazards as they work). We
emphasize this training to provide a solid foundation in safety,
but also to establish a classroom environment in which students
feel like they are doing authentic research.

Following the safety training, an introductory activity on
pipetting, mixing, and measurement teaches techniques and
orients students to the various instruments and supplies in

the lab required for the course. These hands-on exercises are
complemented with lecture and homework in which students
develop their understanding of measurement and sources of
error. For example, in one activity students repeatedly pipette and
weigh an identical volume of solution. During lecture students
had previously learned about accuracy and precision and how
these can be quantified, and on the homework students use the
programming language R (R Core Team, 2019) to calculate these
quantities for their self-collected measurements. This pattern
of linked lecture, lab, and homework continues throughout the
quarter as each student collects (or selects previously collected)
environmental samples, progresses through microbial isolation,
and phenotypically characterizes the isolates.

In 2018, students worked with different table salts available
from local supermarkets, as well as from environmental samples
collected at the salt flats of Cabo Rojo, Puerto Rico. In 2019,
students self-collected local samples from soil, water, or salty
foods. Students then practice microbial culturing and isolation,
using their samples to start cultures. For this course, we use
Halobacterium medium 372 (DSMZ, 2007) as the base medium
and vary the concentrations of NaCl. By using media with
multiple salinities, we can potentially culture a broader diversity
of microbes from the samples. All cultures are grown in either a
shaking (liquid culture) or static (agar plate) incubator at 37°C.
Plates that grow colonies within 7 days are transferred to a 4°C
refrigerator to pause growth. To prepare pure cultures, students
make phenotypic observations of a single colony of interest, select
cells from the colony to inoculate a new liquid culture, and
prepare microscope slides to make observations on cell size and
shape using a standard compound microscope equipped with
phase contrast optics.

With pure liquid cultures in hand, students focus
on measuring and modeling microbial growth. Using a
spectrophotometer, students measure the growth of each isolate
at multiple salinities to quantitatively characterize salt tolerance.
Students then use the programming language R (R Core Team,
2019) to fit logistic growth models to their data, explore variants
of the models, and decide on the model that best explains the
patterns they observe. The course culminates with students
performing genomic DNA isolation and shipping off the gDNA
for whole genome sequencing. These novel data are then
used in a spring quarter follow-up CURE in which students
continue to build quantitative skills as they apply bioinformatic
and statistical techniques for comparative genomic analyses
(Figure 1). Supplementary Files S2-S7 present examples of
additional curricular materials: a weekly course schedule, an
example lab protocol, an R notebook for a computational
lab, the associated RData file for the computational lab, the
prompt outlining the students’ final project, and an assignment
that provides students with practice in writing up their final
project report.

Iteration is considered a fundamental feature of CUREs. In
this course, the steps described above may be iterated in practice
by allowing students to revise and redo experimental or analytical
steps. For instance, students have repeated opportunities to
perform new isolations, select a new sample, redo growth
measurements, and revise their quantitative growth models.
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Figure 1 outlines the steps in the research process for this course,
highlighting how the activities relate to iteration and other key
features of CUREs, including peer collaboration, discovery, and
scientific practices (Auchincloss et al., 2014).

We emphasize that students own every step of this project.
They select their samples and media, maintain their cultures,
and make their own decisions about how to revise their models.
Because project ownership may be a critical mediator of students’
overall benefits in CUREs (Corwin et al., 2018), the course aims
to develop students into independent lab practitioners who are
progressing their own projects.

Assessment of Student Attitudinal Gains

This work was approved by the University of California, Davis
Institutional Review Board (protocol #1314250). We surveyed
students who enrolled in the halophile CURE in the fall quarters
of 2018 and 2019. Because this was an elective course that did
not satisfy any major-specific requirements, this sample is likely
biased toward students who are motivated to pursue laboratory
and quantitative experience. As a basis for comparison, we
recruited a non-overlapping group of survey respondents in the
University Honors Program who had a biology-related major,
both because many of our students were in the University Honors

Program and because we hypothesized that other University
Honors students may also be motivated to pursue research-
oriented laboratory and quantitative experience. Some students
who enrolled in the CURE were also in the University Honors
Program (12 out of 16 students in 2018 and 5 out of 17 students in
2019). This comparison group was surveyed only in 2018, as the
set of available comparison students in 2019 mostly overlapped
with those from 2018.

Students completed an initial (pre) survey online during
the first week of the quarter and completed an end-of-quarter
(post) survey during the final weeks of the quarter. Students in
the CURE completed the surveys during class time, while the
comparison group completed their surveys at their own pace,
outside of class. Authors JGA and MTF were co-instructors
for the CURE in 2018, and authors JGA and REF were co-
instructors in 2019. REF performed all data analysis on the
anonymized student responses. The surveys contained multiple
choice questions used in both years, and short response questions
that were added in 2019.

Survey data can be contaminated by participants who provide
inaccurate responses to questions. We ensured that students had
read the questions by including one 5-point Likert-scale question
that stated “We use this question to discard from the survey
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TABLE 1 | The Math-Biology Values Instrument questions.

Item text Construct
Using math to understand biology intrigues/would intrigue me.
It is/would be fun to use math to understand biology.

Using math to understand biology appeals/would appeal to me.

Using math to understand biology is/would be interesting to me.

Interest

Math is valuable for me for my life science career. Utility
It is important for me to be able to do math for my career in the
life sciences.

An understanding of math is essential for me for my life science
career.

Math will be useful to me in my life science career.

| have/would have to work harder for a biology course that Cost
incorporates math than for one that does not.

| worry/would worry about getting worse grades in a biology

course that incorporates math than one that does not.

Taking a biology course that incorporates math

intimidates/would intimidate me.

All questions were framed with a 7-point Likert scale, asking “For each of the
statements in this set please rate your agreement with the item in question.”
Respondents could answer “Strongly disagree,” “Disagree,” “Somewhat disagree,”
“Neither agree nor disagree,” “Somewhat agree,” “Agree,” or “Strongly agree,”
which we translated to a 1 through 7 scale. These questions assess three
underlying constructs, labeled Interest, Utility, and Cost.

people who are not reading the questions. Please select Agree
(not Strongly agree) for this question to preserve your answers.”
We excluded from our analysis any survey responses with a
choice other than “Agree” for this question for both the initial
and end-quarter surveys. This excluded two students (out of 52
respondents). One additional student was excluded due to an
incomplete survey.

Final Student Data

In total, we analyzed consenting, quality-controlled, paired pre
and post responses from 16 CURE students in 2018 (94% of
enrolled students), 17 CURE students in 2019 (77% of enrolled
students), and 16 students in the comparison group (11% of
the students initially emailed at the start of the quarter). Due
to the small sample size of this study, we do not report specific
demographic information or attempt to analyze the effect of
demographics on student outcomes. Approximately 60% of
students in both the CURE and comparison groups were female.
82% of students in the CURE were in their first or second year, as
were all students in the comparison group. Student majors varied
widely in both groups. Due to the range of years and majors, it
is unlikely that a substantial proportion of either the CURE or
comparison group shared any particular other courses. 17 of the
33 CURE students were in the University Honors Program, as
were all 16 students in the comparison group. To have a larger
sample size, data from both years of the CURE were merged and
analyzed together. We note that patterns of student responses
in the CURE group were similar in both years (Supplementary
Figure S1). Our analysis focused on comparing survey responses
on the end-of-quarter (post) survey to the responses on the initial
(pre) survey, and contrasting these patterns between the CURE
and comparison groups.

Student Attitudinal Changes

To assess changes in student attitudes, we used two previously
created assessment instruments. The Math-Biology Values
Instrument (Table 1; Andrews et al., 2017) assesses student
attitudes toward using mathematics in biology, and is grounded
in expectancy-value theory of achievement motivation and
performance (Eccles et al., 1983; Wigfield and Eccles, 2000; Eccles
and Wigfield, 2002). This theory posits that student achievement
depends both on a student’s confidence of success and the value
they see in completing a task (Wigfield and Cambria, 2010;
Corwin et al., 2018). This instrument consists of 11 questions that
assess three underlying constructs related to student perceptions
of using math in biology: interest in, utility of, and cost of
taking biology courses that incorporate math (Table 1). To
analyze student changes in their math-biology values, we created
a subscore for each construct, averaging across all relevant
questions. Finally, we used a Mann-Whitney U-test to compare
the mean change in each subscore between the comparison group
and the CURE students.

To evaluate student attitudes toward science learning and
the scientific process, we used a subset of questions from the
“Your opinions about yourself and about science” section from
the CURE survey (Lopatto et al., 2008; Shaffer et al., 2010). The
questions are summarized in Table 2. To avoid the problem
of multiple comparisons that arise when testing the statistical
significance of many individual questions, we relied on previous
efforts that have assessed underlying relationships between
questions. Prior analysis of this survey used factor analysis to
identify the internal structure of these questions, finding two
distinct constructs that are each assessed by multiple questions
(Perera et al., 2017), and authors REF and MSG have noted
similar correlations in student responses for these questions on

TABLE 2 | CURE Science Attitudes questions and their alignments with previously
established constructs.

Item text Construct
Even if | forget the facts, I'll still be able to use the
thinking skills | learn in science.

| get personal satisfaction when | solve a scientific
problem by figuring it out myself.

| can do well in science courses.

Explaining science ideas to others has helped me
understand the ideas better.

Personal value

There is too much emphasis in science classes on
figuring things out for yourself.

Science Learning

| wish science instructors would just tell us what we
need to know so we can learn it.

Science is essentially an accumulation of facts, rules,
and formulas.

To be successful in biology, | need to be able to perform Calculations
quantitative calculations.
Mathematical models are useful for biology research. Models

All questions were framed with a 5-point Likert scale, asking “For each of the
statements in this set please rate your agreement with the item in question.”
Respondents could answer “Strongly disagree,” “Disagree,” “Neutral,” “Agree,”
or “Strongly agree,” which we translated to a 1 through 5 scale. ltalicized items
were newly created for this survey. Items in the Science Learning construct were
reverse-scored for quantitative analysis, as they are negatively framed.
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a different study of 1,800 student responses (Furrow, Caporale,
and Goldman, unpublished). We created two subscores using
the relevant questions from our survey and used Mann-Whitney
U-tests to assess the statistical significance of differences among
groups for each subscore. We label one construct Personal Value,
following the nomenclature of Perera et al. (2017). The other
construct is based on a smaller subset of the questions found
to be correlated in prior work; because the questions all focus
on science learning, we label the construct Science Learning.
These questions are negatively framed, with greater disagreement
expressing more positive attitudes toward science learning. Any
quantitative analyses of student changes for this subscore are
reverse-coded to assign higher values to more positive attitudes.

This section of the survey also included two additional
statements posed in the same format (Table 2): “Mathematical
models are useful for biology research” and “To be successful in
biology, I need to be able to perform quantitative calculations,
hereafter labeled as the Models and Calculations questions,
respectively. These questions measure student perceptions of the
utility of specific mathematical approaches in biology.

Changes in Students’ Future Course and Career
Plans

To assess students’ future course and career plans related to
quantitative biology, we asked additional qualitative questions
in the survey for the 2019 iteration of the CURE. In the initial
survey we asked: “Do you have any plans to pursue future courses
and/or a career in quantitative biology? Please briefly explain why
or why not.” In the end-of-quarter survey, we asked a matched
short-answer question: “Has this course changed your plans for
pursuing future courses and/or a career in quantitative biology? If
5o, how?” These end-of-quarter responses were then organized by
theme (Table 3).

RESULTS

Math-Biology Values Had Minimal

Change

Students taking the CURE did not differ significantly from the
comparison students in the three constructs assessed by the
Math-Biology Values Instrument (Andrews et al., 2017; p-values
0f 0.37, 0.41, and 0.78 for interest, utility, and cost, respectively).
We note that both groups increased in both the perceived utility
and cost of taking courses that include quantitative biology
material (Figures 2A,C). However, it was difficult to assess
changes in the Interest and Utility scores, especially for the CURE
students, because even the start-of-quarter (pre-course) scores
were near saturation (Supplementary Figure S1).

Gains in Student Attitudes Toward

Learning Science

Students in the CURE had significantly more positive changes
for the Learning Science construct (p = 0.0009). This appears
to be largely driven by a more negative end-of-quarter response
within the comparison group (Figures 2B,D). Although many

CUREs have yielded positive attitudinal outcomes for students
(e.g., Brownell et al,, 2012, 2015; Jordan et al., 2014; Olimpo
et al.,, 2016; Rodenbusch et al., 2016; Kirkpatrick et al., 2019;
Murren et al.,, 2019), a pattern of more negative responses at
the end of a course has been found in previous assessments of
student perceptions of science (Adams et al., 2006; Semsar et al.,
2011; Perera et al., 2017). Negative changes in attitudes may
reflect the impact of other courses, as well as general changes in
student morale toward the end of an academic term. Therefore,
in the absence of a targeted educational intervention, in some
cases the default expectation on a survey may be a slight decline
in attitudes from the start to the end of a quarter. The CURE
and comparison students did not differ significantly in their
changes in Personal Value (p = 0.63), although this attribute
was difficult to assess because both groups’ pre-course responses
were very positive (Figures 2C,D). For the two new questions
about the utility of quantitative calculations and mathematical
models, CURE students showed more positive changes only
for the Calculations question, although neither comparison fell
below a p-value of 0.05 (Figures 2B,D; p = 0.051 and p = 0.36
for Calculations and Models, respectively). Similar to the pattern
for the Learning Science construct, students in the comparison
group gave more negative responses about Calculations at the
end of the quarter, while students in the CURE had a small
average increase. However, we note that these mean changes
in Calculations were small relative to the standard error for
each mean. For the Models question, every respondent in both
groups selected “Agree” or “Strongly agree” on both the initial
and end-of-quarter survey. With such positive initial attitudes,
there was limited opportunity for student responses to positively
change and neither group showed much average change on this
question (Figure 2D).

Some Students Increased Interest in

Future Quantitative Experiences

Because students enrolled in the CURE had very positive
initial attitudes toward quantitative biology, we added short-
response questions in the 2019 survey for CURE students. We
hoped that these would provide complementary insight into
how student thinking and attitudes had changed as a result of
completing the course. Table 3 summarizes student responses
to the initial (pre) question “Do you have any plans to pursue
future courses and/or a career in quantitative biology? Please
briefly explain why or why not.” and the end-of-quarter (post)
question “Has this course changed your plans for pursuing future
courses and/or a career in quantitative biology? If so, how?”
These questions were only used in fall 2019 for students enrolled
in the CURE course. Six of the 17 respondents expressed
an increased interest in pursuing additional coursework or
a career in quantitative biology. Two others shared that the
course offered some useful clarification about what quantitative
biology work entails. Five respondents had a sustained interest;
these students expressed an interest in quantitative biology on
the initial survey and did not indicate any change in their
interest. Finally, four responses were not directly related to
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TABLE 3 | Summary of student responses to the short-answer survey questions about future academic plans related to quantitative biology.

Theme (#
students)

Increased
interest (6)

Career
clarification (2)

Sustained
interest (5)

Unclear (4)

[Pre] Do you have any plans to pursue future courses and/or a
career in quantitative biology? Please briefly explain why or
why not.

“As a biomedical engineer, | plan to focus on
bioinformatics/bioimaging during my college career. Utilizing
programming and mathematical modeling, | hope to gain more insight
to human physiological processes while learning biology.”

“Yes! | am planning on pursuing a federal position as a government
scientist in general scientific concerns, possibly, and most likely
involving quantitative biology.”

“Yes, quantitative biology is something that | have only recently learned
more about and would definitely like to take more coursework if
possible.”

“I’m not sure yet, but | wish to be a researcher in the future because it
is interesting.”

“I have no concrete plans, but | am taking this class to see whether
such a career would interest me.”

“Yes, because maths is making stuff more interesting and as a comp
sci major i like maths

“I'am unsure at the moment as | have never had to previously
incorporate much mathematics in my biology courses before. | really
enjoy learning and trying to understand the difficult concept in biology,
but do find math quite intimidating. Though | know that math is
fundamental for all science-related fields, | do not think | can see
myself pursuing any careers in quantitative biology in the future.”

“While I'm not completely sure whether or not | will pursue a career in
quantitative biology, | know for sure that | will continue taking
quantitatively based biology classes and therefore | am pretty certain
that | will most likely end up with a career in quantitative biology.”

“Yes as | am a genetics major and am wildly interested in going into
research during my university career and beyond”

“I plan to pursue future courses in quantitative biology because biology
is starting to become a data-driven science and it is important that
undergraduates like myself are able to deal with this trend.”

“I am applying for graduate schools in the field of biomedical
informatics and computational biology.”

“Yes, it gives me a chance to apply what | know rather than soaking
up information and not being able to do anything with it.”

“I would like to do the quantitative biology major because | am
interested in both cs and biology”

“Maybe. I'm thinking about researching epigenetics for medical
applications. | know that bioinformatics is important and that big data
is becoming more prevalent in genetics. | would say quantitative
biology isn’'t my goal, but may be where | end up.”

“Yes, | plan to work in a research field in Genetics.”

“I 'am unsure of whether | want to pursue future courses and/or a
career in quantitative biology because | am still unsure of what such
courses/careers would entail.”

“At the moment, no. | took this course to gain more lab experience.”

[Post] Has this course changed your plans for pursuing future
courses and/or a career in quantitative biology? If so, how?

“I'initially planned on pursuing just a major in Biomedical Engineering,
but the content in this course has encouraged me to pursue a minor in
Computational Biology. | sincerely enjoyed the mathematical
applications related to biology and wish to pursue further research into
mathematics in life sciences overall.”

“This course has changed my plans career-wise in that | am much
more comfortable considering a pursuit in quantitative biology.”

“I'am definitely more inclined to investigating the possibilities that are
available in quantitative biology. | was hoping to explore this interest

further as | enrolled in this class and am happy to say that | definitely
found the passion that | was expecting.”

“Yes | might take more bio modeling courses”

“I’'m still undeclared and don’t yet have any idea what my career will
be. The course has definitely made me more interested in quantitative
biology though. | will probably take BIS23B, and would consider taking
more quantitative biology courses in the future.”

“it convinced me that quantitative biology is interesting”

“Overall, this course has helped me gain a better understanding as to
how research and biology in certain experiments are best explained
through the use of mathematical models. Though math is a
challenging and often daunting subject for me, | do believe that it is
essential to understanding and applying a bit of it into the science
world. | [am] not sure if | can succeed in a career centered around
quantitative biology.”

“It has definitely made me reconsider what exactly | want to do. I am
still not sure about what | want to do or what to pursue in the future
but this class has given me valuable insight.”

“I’'m still interested in pursuing a career in genetics and genomics, this
course has helped me basically see and understand the power of
quantitative analysis in biology more so than | did before without
experience”

“I plan on taking BIS 23B and extra math courses to help understand
other biological phenomena.”

“No, | already planned to pursue a career in g bio”

“No”

“After taking this course, | would like to take BIS 23B in the spring (and
perhaps BIS 20Q in the winter).”

“Honestly, the coding component was kind of a shock. It’s tough at
first but rewarding once you finally get it.”

“| really wanted to take a class that gave me an experience of what a
lab actually is like, this class did that and was really enjoyable.”
“It hasn’t really changed much of my plans.”

“Plan on doing research”

Student pre and post responses are aligned by row. The initial (pre) survey asked students about future plans, and the end-of-quarter (post) survey asked if their plans

had changed. These questions were asked only to the CURE students enrolled in 2019 (17 respondents in total). We categorized the paired pre and post responses
into four codes: “Increased interest,” “Career clarification,” “Sustained interest,” and “Unclear.” Responses that directly mentioned an increase in confidence or interest
in future courses or careers in quantitative biology were coded “Increased interest.” Responses that discussed insight or understanding about what this work looks like
were coded “Career clarification.” The “Sustained interest” code was used for responses that didn’t explicitly mention any gain in interest, but expressed similarly positive
plans in both pre and post. Responses that did not clearly address the survey questions were coded as “Unclear.”
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FIGURE 2 | Mean change (post score minus pre score) in student response between initial (pre) and end-of-quarter (post) survey, as well as mean pre and post
scores, for several assessment instruments. (A) Change for each of the three constructs assessed by the Math-Biology Values Instrument, averaged over the
questions for each construct. (B) Change for two constructs assessed by questions on the CURE survey, as well as two additional questions specific to quantitative
thinking (Calculations, Models). (C) Initial (pre) and end-of-quarter (post) scores for the Math-Biology Values Instrument. (D) Initial (pre) and end-of-quarter (post)
scores for CURE survey, Calculations, and Models. Students in both the CURE and comparison groups had very high initial scores for Interest, Utility, Personal Value,
and Models, limiting the potential to observe positive changes. Green indicates the initial (pre) survey scores and purple indicates the end-of-quarter (post) scores.
Points show the mean and lines show =+ the standard error of the mean (SEM) within each group, question, and survey timing. Solid lines show SEM for CURE
students, and dotted lines show SEM for comparison students. There are 33 students in the CURE group and 16 students in the comparison group.
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the prompts or could not readily be placed into the categories
mentioned above.

DISCUSSION

We have outlined an introductory course-based undergraduate
research experience that focuses on building students’ practical
laboratory technique and developing quantitative skills for
mathematical modeling. Initial assessment of student attitudes
during the first 2 years of this course suggest that, relative
to a comparison group, students develop more positive
attitudes toward the process of learning science, and potentially
also see more value to using quantitative calculations in
biology (Figure 2). More than one-third of respondents
in 2019 also expressed greater interest in taking additional
quantitative courses or pursuing future work in quantitative
biology (Table 3).

Changes in students’ future quantitative biology course and
career plans seemed to be driven in part by an increased interest
in or enjoyment of quantitative biology. Among the six students

who mentioned a change in their plans, two explicitly discussed
increased interest as a factor shaping their future plans (e.g., “The
course has definitely made me more interested in quantitative
biology.”) and two others mentioned positive feelings about
doing quantitative biology (e.g., “I definitely found the passion
that I was expecting.”). Some responses also revealed how
students might be weighing the relative utility and cost of learning
quantitative biology (e.g., “Though math is a challenging and
often daunting subject for me, I do believe that it is essential to
understanding and applying a bit of it into the science world. . .”).
In future course implementations, post-course student interviews
might help reveal how different dimensions of these attitudes
interact to shape students’ future academic decision-making.

The Likert-scale assessment of values surrounding the role of
math in biology found limited evidence of gains. However, the
students enrolled in this course entered with high interest and
already believed that quantitative skills were useful in biology,
as reflected in the high pre-course scores in the categories of
Interest, Utility, Personal Value, and Models (Supplementary
Figure S1). This high baseline limited the potential for us to
identify gains in these affectual categories.
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At the end of the quarter, students in both the CURE and the
comparison group perceived a higher cost (e.g., higher workload
or lower grades) to taking biology courses that incorporate math.
This might be expected, as even students who have a positive,
confidence-building experience may develop more realistic
expectations about the potential challenges ahead. However, a
student’s belief in their ability to succeed at an academic task
can affect their academic achievement (Doménech-Betoret et al.,
2017), so high perceptions of cost may negatively impact a
student’s course outcomes. As we assess larger sample sizes of
students who complete both this fall course in microbial culturing
as well as the quantitative spring course in comparative genomics,
we plan to analyze whether the longer experience over two
quarters might produce shifts toward lower perceived costs.
Previous work assessing the Genomics Education Partnership
CURE (Shaffer et al, 2010) suggests that students perceive
greater learning benefits from longer experiences working on
their research projects (Shaffer et al., 2014).

In future versions of this course, we hope to include
additional activities focused on helping students build their
identity as scientists. By design, the course’s focus on student
research implicitly places students in the role of research
scientists. However, student scientific identity could potentially
be developed more explicitly by diversifying the structure of
meetings and assignments to promote the kind of informal
critical thinking, curiosity, and collaboration that occurs in
research labs. Examples might include journal clubs, science
coffee chats, poster making and presenting, and academic writing
practice. To expand collaboration, one might convert part of each
lab into a “lab meeting” in which students discuss with peers and
take turns summarizing primary literature or sharing updates on
their research (e.g., in the CURE presented by Oufiero, 2019). In
addition, we would like to help students understand that failure,
mistakes, and repeated iteration of data gathering and analysis
are normal parts of scientific inquiry. Although the instructors in
this CURE discussed these themes in passing during lecture and
lab (Seidel et al., 2015), these goals were not explicit in our lesson
planning or assessments.

One logistical challenge for this course was the organization
of isolate metadata. Student project ownership may be a
foundational source of student benefits from CUREs (Corwin
et al, 2018), so we asked students to own their data from
sample to final isolate to quantitative growth data. After students
struggled to maintain a complete chain of metadata for their
samples in 2018, we implemented a Google Sheets system in
which all new data were added as new columns to a continually
growing classroom document. This became cumbersome by the
end of the quarter, but also provided a shared workspace in which
students could note each other’s discoveries and feel like a part
of a team effort.

Although we focused on salt-dependent growth rates for
halophiles, this course could be adapted to other CUREs
based around alternative research questions. Other phenotypic
investigations might include color production, sugar utilization,
halophilic gas vesicle production, or the production of easy-
to-spot products like polyhydroxyalkanoates—all of which
require a separate set of research techniques scalable to

a course timeframe (e.g., colorimetric assays, visible light
microscopy, etc.). One could expand on this to culture strains
in various growth conditions such as shaking, oxygenation,
salinity, pH, nutrient availability, and/or temperature. The
most promising alternatives are likely to be those which
use a highly selective growth medium, preventing the
cultures from being swamped by local contaminants. Our
high-salinity media helped reduce contamination problems;
extreme temperature, pH, or unusual food sources might be
similarly effective.

The skills developed and data created from microbial culturing
provide a productive way to engage undergraduate students
in course-based research. By combining laboratory skills with
growth rate modeling, students learn quantitative skills in a
low-stakes environment in which they have ownership over the
data they are generating and analyzing. The current version of
this quantitative biology CURE emphasizes the growth rates of
halophilic microbes, but we expect that this model for course
design and implementation can be readily applied to a broad
range of organisms and phenotypes.
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Microbiome research projects are often interdisciplinary, involving fields such as
microbiology, genetics, ecology, evolution, bioinformatics, and statistics. These research
projects can be an excellent fit for undergraduate courses ranging from introductory
biology labs to upper-level capstone courses. Microbiome research projects can
attract the interest of students majoring in health and medical sciences, environmental
sciences, and agriculture, and there are meaningful ties to real-world issues relating
to human health, climate change, and environmental sustainability and resilience in
pristine, fragile ecosystems to bustling urban centers. In this review, we will discuss
the potential of microbiome research integrated into classes using a number of different
modalities. Our experience scaling-up and implementing microbiome projects at a range
of institutions across the US has provided us with insight and strategies for what works
well and how to diminish common hurdles that are encountered when implementing
undergraduate microbiome research projects. We will discuss how course-based
microbiome research can be leveraged to help faculty make advances in their own
research and professional development and the resources that are available to support
faculty interested in integrating microbiome research into their courses.

Keywords: undergraduate research, microbiology education, big data, data analysis, microbiomes, course-based
undergraduate research

INTRODUCTION

The study of microbiomes has skyrocketed over the last decade and has advanced our
understanding of human health and disease, complex ecological systems, microbial diversity, and
evolution (Falkowski et al., 2008; Locey and Lennon, 2016; Thompson et al., 2017; Almeida et al.,
2019). The use of the term, microbiome, has jumped from fewer than 5 publications/year prior
to 2008, to more than 6,000 publications/year in 2019, and microbiome studies have been the
focus of numerous news and internet stories (Bik, 2016; Schmulson and Bashashati, 2018; Abid,
2019). Growth in microbiome research has been driven in part by new DNA and RNA sequencing
and analysis technologies, and by a paradigm shift in the field of microbial ecology, sparked by
culture-independent techniques (we will use culture-independent to include both metagenomics,
sensu stricto, and gene-targeted amplicon sequencing) (Handelsman, 2004; Riesenfeld et al., 2004;
Escobar-Zepeda et al., 2015; Goodwin et al., 2016; Slatko et al., 2018). These changes created an
opportunity to bring the excitement and potential of microbiome studies to students through
training in the scientific process and their engagement in research (Jurkowski et al., 2007; National
Research Council, 2007). This review discusses microbiome research in teaching microbiology to
students at two intersections with the real-world, (1) the ability to advance understanding in areas
of human health and disease, biodiversity, evolution, biotechnology, climate science, and other
fields, and (2) the increasingly in-demand skills of quantitative reasoning, statistics, and data skills
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(mining, analysis, interpretation and visualization), and the
spectrum of STEM classroom and laboratory contexts in which
students receive their training. As a target of exploration
in STEM education, microbiomes capture our imagination
with their complexity, ubiquity, and potential to contribute
solutions to global health and environmental crises (Blaser
et al., 2016; Finbow, 2019). For educators, the versatility of
microbiome studies as a scaffold for teaching microbiology,
ecology, evolution, genetics, bioinformatics, and data analysis, is
unmatched.

Microbiome research projects are ideal for teaching
microbiology in a real-world context. Importantly, large
microbiome data sets can be generated and analyzed in a
massively parallel fashion by students working individually or
in small groups (Hingamp et al., 2008; Boyle, 2010; Buonaccorsi
et al,, 2011; Bolyen et al., 2019). Students are excited by work
on unanswered questions and take ownership of research
projects that make use of samples they have collected in their
communities and local environments (Lopatto, 2010; Hanauer
and Dolan, 2014; Weber et al,, 2015; Cooper et al., 2019a).
Culture-independent approaches do not require growing
microorganisms in the lab. As a result, this work poses few
safety risks to students and allows microbiome research
in almost any classroom setting and expands the reach of
these research projects to citizen science initiatives (Freeman
et al, 2016; Handelsman et al, 2018; American Society for
Microbiology, 2019; Genné-Bacon and Bascom-Slack, 2019;
Basalla et al., 2020). Because of the flexibility and the range
of questions that can be addressed, microbiome studies open
avenues to interdisciplinary research that extend across courses,
departments, and institutions. The instrumentation required
for culture-independent studies of microbial diversity does not
need to be extensive, making these projects accessible to many
high school, community college, and public university faculty
(Estes, 2015; Robertson-Albertyn, 2016). Investigating and
analyzing microbiome data is ideal for training in quantitative
reasoning, data analysis, and data presentation. While this list
of strengths associated with implementing student microbiome
projects is significant, there are also significant hurdles, and
these vary depending on the background and expertise of
faculty and the availability of resources. For those who have
experience working with microbiomes, classroom and laboratory
logistics and pedagogical considerations remain a primary
challenge. For faculty that are veterans of undergraduate research
experiences (UREs) and course-based research experiences
(CURESs), but who are new to research into microbiomes, the
fast-paced advances in sequencing and data analyses tools can be
a challenge to keep up with and add an element of uncertainly to
implementing microbiome projects.

In the literature searches for this review we found more
than twenty published examples of undergraduate microbiome
research projects (Table 1) that may serve as helpful aids for
those looking for guidance on designing and structuring a course
that includes microbiome research. The review gives examples of
how the challenges of experimental design, data collection, and
data analysis with students have been addressed by others. There
are communities of faculty with experience in undergraduate

microbiome research projects, such as the Research Experiences
in Microbiomes Network (REMNet, an NSF RCN-UBE), and
communities such as these can be an additional source for
ideas and support for developing student microbiome research
projects. Using a range of UREs, including CUREs, guided
inquiry, capstone research projects, intensive summer research
experiences, and other modalities, we and others have developed
resources for faculty and students to explore the diversity
and complexity of their local environments using microbiome
research projects. The tools for studying microbial communities,
and for DNA or RNA sequencing and data analysis, are
increasingly accessible and affordable, and they can extend the
reach of UREs into cutting-edge applications. Moreover, hands-
on experiences addressing real-world questions are an important
part of training of the next generation of STEM professionals for
a society where complex scientific and technological skills will be
critical (Kloser et al., 2011; Vision and Change in Undergraduate
Biology Education, 2011; Auchincloss et al., 2014).

ADVANCING SCIENTIFIC KNOWLEDGE
THROUGH MICROBIOME RESEARCH

The opportunity for significant impacts from microbiome
research has been made possible by the confluence of
emerging forces — the culture-independent study of microbial
communities, the power and accessibility of next-generation
DNA sequencing and analysis tools, and the push to provide
research experiences to more students (Handelsman, 2004;
Escobar-Zepeda et al, 2015). The pioneering work on 16S
rRNA genes by Carl Woese and the initial culture-independent
studies of bacteria in the mid-80s and 90s by Norman Pace, Jo
Handelsman and others, have invigorated and revolutionized the
field of microbiology (Gutell et al., 1994; Riesenfeld et al., 2004;
Frank and Pace, 2008). Prior to these breakthroughs, little of
the microbial world could be coaxed to grow under laboratory
conditions, and often less than 1% of the diversity from samples
could be studied. This was hinted at by the discrepancy between
the diversity of bacteria seen by microscopy and the relative
lack of diversity in what could be cultured in the lab from
the same sample (the “great plate count anomaly,” Staley and
Konopka, 1985). Culture-independent approaches, which use
the extractable DNA as a proxy for the microorganisms present
in a sample, now allow investigators to routinely study > 95%
of the diversity in a sample — thus opening up new paths of
discovery and insight into how the world’s most numerous
and influential cells (and viruses) are shaping the environment
(Blaser et al., 2016). The advances have a far-reaching impact
on critical research and development areas, including drug
discovery, agriculture, environmental sustainability, and
ecosystem resilience in the face of anthropogenic forces such
as urbanization and climate change (Nielsen et al., 2012; King,
2014; Barea, 2015; Harvey et al,, 2015; Jez et al., 2016; Brown
and Hazen, 2017; Kriiger et al., 2018; van de Guchte et al., 2018;
Podolsky et al., 2019; Xie et al., 2019).

Following on the heels of culture-independent approaches to
studying microbiomes, the first wave of next-generation DNA
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TABLE 1 | Microbiome research projects for undergraduate students.

References

Topic

Audience Discipline

Boomer et al., 2002
Hingamp et al., 2008

Rios-Velazquez et al., 2011

Donato et al., 2012
Edwards et al., 2013
Muth and McEntee, 2014
Rundell et al., 2014
Sanders et al., 2016
Docherty et al., 2015
Gibbens et al., 2015
Muterspaw et al., 2015
Wang, 2017

Hartman et al., 2016
Coil et al., 2017

Costas et al., 2017
Hotaling et al., 2018
Lentzetal., 2017
Stevens et al., 2017
Alessi et al., 2018

Scott Weber et al., 2018
Tobin and Shade, 2018

Green non-sulfur bacteria of Yellowstone NP
Metagenome annotation

Soil microbiomes

Identification of a reductase gene
Marine microbiomes

Urban microbiomes
Winogradsky columns

Plant microbiomes

Soil microbiomes

Mississippi River water samples
Mixed environmental samples
Oral microbiomes

Personal microbiomes

Gut microbiome board game

Influence of fertilizer on nitrogen-fixing microorganisms

Prokaryotic diversity

Human umbilicus microbiomes

Environmental microbial communities

Soil microbiomes using isolation chips (iChips)
Personal microbiomes

Effect of temperature on soil bacteria

Skendzic and Keler, 2019
Cottone and Yoon, 2020
Goller and Ott, 2020
Parks et al., 2020

Riley et al., 2020

Fruit fly gut microbiome
Leaf microbiomes
Swab samples

Gold-precipitating bacteria (Delftia spp.)

Winogradsky columns, urban microbiomes, kombucha

Upper-level UG Molecular biology

Upper-level UG Cell biology and Biochemistry
Upper-level UG Microbiology
Upper-level UG Biochemistry
Upper-level UG Ecology, multidisciplinary

Introductory and upper-level UG Microbiology, Intro-biology

NS Microbiology
Upper-level UG Biology

NS Multidisciplinary
Introductory UG Biology

Upper-level UG Ecology, Computer Science

Upper-level UG Biology, Biotechnology, Microbiology

Introductory UG Bioinformatics
Introductory UG Microbiology
Introductory HS Biology (HS)
Introductory UG Biology

Introductory and upper-level UG Biology and Biotechnology
Upper-level UG
Upper-level UG/MS

Upper-level UG

Microbiology
Molecular microbial ecology
Immunology, Molecular Biology, Genomics

Upper-level UG Microbiology
Introductory UG Biology
Introductory UG Biology
Upper-level UG and Grad Biotechnology

Introductory and upper-level UG Microbiology, Microbial ecology

Introductory and upper-level UG Interdisciplinary

Searching the available literature, this table lists articles that describe student microbiome research projects. The list is not likely to be exhaustive as other articles that
fit the criteria may have been missed if the search terms were not present in the title, abstract, or key word fields. There are many other articles that describe excellent
bioinformatics and genomics research projects but they are not included here if they did not explicitly mention a microbiome element to the research project. Abbreviations:
UG = undergraduate, MS = masters, Grad = graduate, HS = high school, NS = not specified.

sequencing instruments became available to biologists in the mid-
2000s (Goodwin et al., 2016; Slatko et al., 2018). This catapulted
the depth of DNA sequence analysis from the few hundred
reads that could be generated through clone libraries and
Sanger sequencing, to hundreds of millions of reads generated
by next-generation sequencing instruments. Together, culture-
independent approaches and next-generation sequencing allow
the study of complex, dynamic, microbial systems in greater
detail than was previously possible. This work has led to the
discovery of new phyla and has greatly increased our estimates of
the diversity of bacteria, fungi and viruses in environments across
the globe (Venter et al., 2004; Hug et al., 2016).

TEACHING QUANTITATIVE REASONING
AND DATA SKILLS THROUGH
MICROBIOME RESEARCH

Research experiences with microbiomes provide training for
students in essential quantitative reasoning and data analysis
skills that can be applied in the field of microbiology and many
other STEM fields, as well as in non-STEM professions that
are reliant on large and complex data sets (Chapman et al,

2006; Tan et al., 2009; Nelson and Campbell, 2011; Fenlon, 2017;
Mulder et al., 2018; Attwood et al., 2019). There have been a
number of recent reports that anticipate the needs of the research
community and define the skills and experience students should
have in order to enter research fields. A 2016 study surveyed
more than 700 NSF principal investigators from the Biological
Sciences Directorate (NSF-BIO) and asked where they saw unmet
needs for analyzing “big data” for biological research (Barone
et al,, 2017). The top two categories of unmet data analysis
needs were “training on integration of multiple data types” and
“training on data management and metadata,” and topping the
list of major data types used by these PIs were DNA/RNA/protein
sequence data. The Network for Integrating Bioinformatics
into Life Sciences Education (NIBLSE) Core Competencies
Working Group developed a set of 15 bioinformatics skills
for undergraduate life sciences students and analyzed survey
responses from 1260 biologists (Wilson Sayres et al., 2018). Their
findings show the skills receiving the highest score (“extremely
important” on a Likert-scale) include, “understand the role of
computation and data mining in hypothesis-driven processes
within the life sciences,” “know statistical concepts used in
bioinformatics,” “know how to access genomic data,” and “be
able to use bioinformatics tools to analyze genomic data.” The

Frontiers in Microbiology | www.frontiersin.org 64

November 2020 | Volume 11 | Article 593472


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Muth and Caplan

Microbiomes for All

study included a comparison of the relative importance of the
bioinformatics skill and evidence that the skill was addressed in
course syllabi, and found that statistics and metagenomics skills
were among those with the greatest disparity between importance
and actual representation in course syllabi (Wilson Sayres et al.,
2018). In addition, NIBLSE surveyed biology faculty asking what
they perceived as barriers to the integration of bioinformatics into
undergraduate courses and categorized frequently cited barriers
into six categories (Williams et al., 2019). Three categories:
Faculty Issues, Student Issues, and Curriculum Issues, were the
most cited by biology faculty, and within these categories, specific
barriers included a lack of faculty expertise and a lack of faculty
time, students’ lack of background skills and students’ lack of
basic computing knowledge, as well as insufficient availability
of bioinformatics lesson plans and the rapid rate at which
bioinformatics material changed (Williams et al., 2019). These
barriers are not easy to overcome, but might be reduced through
the integration of microbiome research into courses (Cline and
Prokop, 2018). Microbiome research allows students to work
with large data sets, to learn statistical analyses, and to provide
insight through data interpretation (references cited in Table 1).
Several elements of the ASM curriculum guidelines, Concepts
and Statements (American Society for Microbiology, 2012), can

also be addressed through microbiome research projects. All
of the ASM guidelines’ Scientific Thinking Skills, which include,
the “ability to apply the process of science,” the “ability to
use quantitative reasoning;” and, the “ability to understand the
relationship between science and society” can be addressed in
microbiome research projects (Figure 1).

MICROBIOME PROJECTS IN UREs

Considering the training that benefits young scientists, and the
skills that will be required in the biological research workforce,
how can undergraduate microbiome research projects help to
provide training and meet curriculum standards? Early work
with students amplified genes of interest from total DNA isolated
from environmental samples and sequenced clone libraries to
identify previously undescribed bacteria (Boomer et al., 2002).
This provided insight into the diversity of bacterial communities
and employed bioinformatics tools such as BLAST and tree-
building programs, but it did not generate the amount of data that
easily led to quantitative and statistical analyses. The introduction
of next-generation sequencing, in combination with culture-
independent studies, however, released a flood of microbiome

Quantitative reasoning and
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FIGURE 1 | Microbiome research projects can be designed to meet specific curriculum goals and to include quantitative reasoning and data skills. This figure
illustrates how the basic elements of a standard microbiome research project can be aligned with the curriculum and specific data and analysis skills. Additional
microbiology curriculum details and quantitative reasoning and data skills can be found in the references, American Society for Microbiology (2012) and Wilson
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sequence data and created an opportunity for students to
contribute to the analysis. Using Global Ocean Sampling data
sets, Hingamp et al. (2008) developed a parallel workflow
to analyze reads from these data and students participated
in “Annotathons” using bioinformatics tools to detect open
reading frames and conserved domains, run BLAST searches
and multiple sequence alignments, and construct phylogenetic
trees (Rusch et al, 2007; Hingamp et al, 2008). Nearly
90% of the successfully classified sequences from the student
Annotathons were bacteria, with an additional small percentage
from Archaea and viruses. The student Annotathon process
involves supervision and iteration to work toward a reliable
sequence annotation, and is similar to models for student analysis
of genomes and other biological data sets that had been developed
earlier (Goodner et al., 2001; Hatfull et al., 2006; Slawson et al.,
2006; Pico et al., 2008; Boyle, 2010; Ditty et al., 2010). Beyond
sequence analysis, an ambitious ecological metagenomics course
was developed for upper-level undergraduates and graduate
students to contribute to on-going research of California sea
lions and included surface marine water and kelp forest
microbiome samples (Edwards et al., 2013). This interdisciplinary
course took students through the process from DNA library
preparation, next-generation sequencing, and data analysis, with
student survey results demonstrating post-course acquisition
of valuable wet-bench and data analysis skills. After initial
“proof of concept” reports of investigating microbiomes with
undergraduate students, a number of other publications followed
that involved student studies of soil microbiomes, urban and
built environment microbiomes, river microbiomes, plant and
insect microbiomes, human microbiomes, and others (for details,
see Table 1). While most CUREs involve learning practical
laboratory skills as well as computational and bioinformatic
skills, this is not always necessary. For example, Lentz et al.
(2017) studied learning outcomes of a dry-lab approach using an
open-access bioinformatic tool for analysis of human umbilical
cord microbiomes. The positive learning outcomes included
evaluating a hypothesis which is a skill usually associated with
hands-on experimental design. The ability to engage students
in data analysis research projects without a field or wet-bench
component has been underscored by the current COVID-19
pandemic. In our experience, and from anecdotal reports of
our colleagues, there are a number of undergraduate laboratory
courses that have shifted focus to analyzing existing data sets
with students online, and that have adapted approaches to
meeting course learning objects that rely on remote, socially
distanced, research experiences as a result of the constraints
imposed by the pandemic. In parallel, we have observed an uptick
in faculty demand for workshops and webinars that include
emphasis on using data processing and analysis pipelines such
as QIIME2 and mothur, as well as a desire to learn how to
use more complex microbiome data analysis tools. These recent
shifts underscore the flexibility of microbiome research and the
potential to use microbiome projects as a scaffold for a range
of learning objectives. While the social distancing measures
necessitated by the pandemic will eventually be removed and
allow faculty and students to resume in-person teaching, the
impending budget crisis that many institutions will face is likely

to require cost-cutting measures for years into the future. Shifting
to microbiome data analysis with students, while not a perfect
substitute for hands-on research experiences, could allow some
courses to bridge a period of financial uncertainty by reducing
the reagent and materials expenses that would be required for
wet-bench labs.

ACCESSIBILITY - REACHING MORE
STUDENTS WITH MICROBIOME
PROJECTS

Cost and accessibility are factors in the equation when deciding
whether or not to incorporate a microbiome URE into the
curriculum. Microorganisms grow quickly, respond rapidly
to environmental change, are highly diverse, and often are
inexpensive to grow and maintain, making them ideal for
classroom use. Using culture-independent approaches allows
many microbiome projects to be carried out safely in BSL-1 level
labs, to be run in high schools, and meaningful research projects
to be designed and executed by students. This enables students
to engage in the process of science and foster project ownership
while producing data sets that allow microbiological questions to
be addressed using quantitative analysis skills.

Although the cost of DNA sequencing continues to drop,
many microbiome projects can still come with a hefty price
tag. It is, however, possible to run exciting microbiome projects
with students and generate excellent data with costs that fit
modest budgets. Considering the arc of a microbiome project,
costs for soil, water, or swab sample collection and DNA
extraction range from $5 to $10 per sample, reagents for PCR
amplification and quantifying DNA are $5 to $8 per sample,
shipping samples to a sequencing facility are $35 to $50 for
overnight shipments, the sequencing costs themselves can be
$50 to $100 per sample depending on the platform used and
number of reads per sample, and finally, data analysis can be
free, for basic taxa tables, to more than $100 per sample for
detailed analyses. From our experience of using microbiome
UREs in laboratory courses, we spend $150 to $300 on reagents
and sequencing costs for 2-4 independent samples in a section
of 18 students per semester. Savings associated with removing
older and less effective elements from the laboratory curriculum
allowed the inclusion of the microbiome UREs at almost no
additional cost over what had been budgeted for the lab without
microbiome UREs. These costs are based on a laboratory that was
equipped for standard work with DNA, including pipettors, gel
electrophoresis equipment, spectrophotometer, centrifuge, and
thermal cycler, and no additional major equipment purchases
were required.

An important strategy in keeping costs down is to have
students work in small groups of three to six students, and to
pool multiple DNA samples into a single sample for sequencing.
In the analysis of complex and heterogenous environments, such
as soil, it is recommended to collect a number of independent
samples from a specified plot in order to accurately represent
the microbial community (Knight et al., 2018). Having multiple
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student groups prepare independent DNA samples from the
same site, and combining these samples into a composite
sample for sequencing, both reduces costs and provides a better
picture of the microbial community present at the sample site.
For example, a lab of 18 students working in six groups of
three can compare communities from two different sites, or
compare an experimental treatment to a control, with each
group preparing two DNA samples (for ~$120) and sequencing
only two composite samples (for ~$120) is a savings of ~$600
compared to the cost of sequencing each isolated DNA sample.

It is, however, an unfortunate reality that even a few hundred
dollars can be too costly for some budgets, and if essential
equipment is lacking, student microbiome projects can be
pushed out of the reach of many classrooms. While the desired
solution is that science education receives the funding that is
required to train and prepare students in STEM disciplines,
it is a fact that many public institutions, and institutions in
underserved communities, simply are not funded adequately
and they must turn to cost-cutting compromises. In surveys we
have administered to faculty, the cost of microbiome projects
is among the most significant barriers to their implementation
as UREs. Working with our colleagues at REMNet (an NSF-
funded RCN-UBE), it has been part of our mission to facilitate
student microbiome research projects and to find creative ways
to make projects accessible to as wide a range of classrooms
as possible. In addition to the cost saving practices described
above, REMNet has encouraged the introduction of research
elements into the classroom through CUREs. Through “dual use”
design, faculty can bring down the costs of CURE microbiome
projects by aligning them with the goals of their own laboratory
research, or through collaborations with research projects lead
by investigators at their institution or nearby institutions. The
coordination of CURE student research with faculty research
projects can result in students’ projects contributing preliminary
data for competitive grants aimed at supporting additional
research. Professional development and training can also be
significant costs for faculty that prevent the incorporation
of microbiome projects into the curriculum. The REMNet
community has been able to provide training and support for
faculty through workshops, online videos, and a collection of
protocols that have been developed for student microbiome
projects. Finally, the overwhelming amount of data generated
by many microbiome projects creates an opportunity for many
downstream data analysis projects. For labs or courses without
a wet bench component, or for those labs without access to
essential equipment, it is possible to collaborate with other
investigators who can provide sequence data to be analyzed
by students. These shared data can serve as the basis of novel
and demanding UREs that center on data analysis and data
visualization. Through efforts such as those mentioned here, and
other creative approaches, it is possible to make undergraduate
microbiome research projects accessible.

Reports, such as Vision and Change, call for engaging students
in the process of science and argue that greater engagement
results in positive outcomes in student success, learning, problem
solving, and an appreciation for research (Anderson et al., 2011;
Vision and Change in Undergraduate Biology Education, 2011;

Merkel, 2012). The default for undergraduate research is based on
a faculty-mentored apprenticeship model, where students work
on a project over a semester or longer. Students who engage
in undergraduate research in this way show improved academic
outcomes and greater levels of graduate school admissions
(Cooper et al.,, 2019b; Nerio et al., 2019). A major limitation
in the apprenticeship model, however, is that it is constrained
by the number of faculty who can take on students in their
lab. In many institutions, particularly community colleges and
public colleges and universities, the potential demand for
research experiences can exceed apprenticeship capacity by 10-
fold or more (Parks et al., 2020). Accordingly, solutions have
been sought that broaden student research training, such as
intensive summer research programs and CUREs. While many
CURESs have been developed recently, there is a track record of
success, and some programs, such as the Superlab at Haverford
College, have been training students using a CURE model for
more than 50 years (Owen et al., 1991; Alkaher and Dolan,
2014).

Determining which mode of URE is the best fit for a
microbiome research project requires coordination of the
learning goals for students with the resources of time, funding,
faculty expertise, and any parallel research objectives. A best
practice in achieving this coordination is based on an incremental
approach that begins with piloting a project on a small scale
before moving on to incorporating a project into a large
course, or courses with multiple sections and instructors. Small
pilot projects provide an opportunity to identify potential
problems in scaling-up and can produce initial data that are
helpful in convincing colleagues and administrators that a
larger microbiome project implementation is feasible. Traditional
faculty-mentored research projects, small capstone courses,
and summer research experiences often are formats that are
well suited for the piloting phase. These formats can be
stepping stones to larger and more ambitious microbiome
CURE projects. As an example of this, the Authentic Research
Experiences in Microbiology (AREM) program began with three
undergraduate students working in a faculty lab as part of an
independent research course studying urban microbiomes from
city playgrounds, subway stations, and soil from local parks
(Muth and McEntee, 2014). After adapting protocols for use
with student groups and determining how the experiments would
map onto the course schedule, the microbiome project was
incorporated as a multi-week module in a single undergraduate
microbiology lab section of 18 students (Biology majors in
their 2nd or 3rd year of study). After two semesters in a
single lab section, a second laboratory section was converted to
include the AREM microbiome research module. At the same
time a set of basic assessment tools were used that allowed a
comparison of student learning and attitudes with microbiology
lab sections being run at the same time using the traditional
format without the AREM microbiome research module. The
initial results showed that there was greater student engagement
and excitement in the sections that included the microbiome
research component, and gradually, the microbiome research
module was incorporated into all ten laboratory sections over the
next two semesters. Even with this step-wise approach, challenges
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remain, the most significant being the need to train additional
instructors teaching the AREM module.

In addition to piloting microbiome research projects, it is
helpful to start with well-defined projects with a narrow scope.
Isolating and studying microbiomes from diverse natural, urban,
and human environments has an inherent exploratory element
that appeals to students, however, the study of microcosms
in laboratory settings, such as Winogradsky columns, allows
students to investigate how controlled experimental variables
influence microbiomes (Rundell et al., 2014; Parks, 2015; Parks
et al, 2020). Laboratory maintained microcosms are often
better suited to comparative studies with proper controls and
replication, and can be run in winter when collecting outdoor
samples may not be an option. Akin to Winogradsky columns,
in a modified AREM module, students use soil samples collected
from the campus to test a hypothesis related to the competitive
exclusion of potential pathogens. Each student group prepares
three soil conditions, (a) one tube of 10 g of soil, (b) one
tube of 10 g of soil spiked with a laboratory strains of E. coli
and S. epidermidis, and (c) one tube of 10 g of autoclaved soil
spiked with a laboratory strains of E. coli and S. epidermidis.
Total DNA is extracted from 250 mg of soil from each tube on
day one and again 3 weeks later. The multiple student groups
provide the replication for this experiment. In a simple and
inexpensive design such as this, students can develop and test
a hypothesis, quantify the diversity and relative abundance of
bacteria in a local soil sample, measure colonization resistance,
see the limitations posed by the presence of relic DNA, as well
as other questions. Controlled variables sometimes exist in the
environment, as was the case for students studying the effect of
soil temperature on bacterial communities isolated from above
the Centralia, PA mine fire (Tobin and Shade, 2018), and fertilizer
additions to agricultural soils (Costas et al., 2017). Selecting a
question of interest, formulating a hypothesis, and developing an
experimental design to test the hypothesis are important features
of the process of science (Hoskins et al., 2011; Goldey et al., 2012;
Smith et al., 2013). Including students in these steps can add to
the value of a microbiome URE and can better target learning
objectives than survey projects that study microbiomes from the
environment without a guiding hypothesis.

There are many excellent examples of microbiology UREs
that broaden participation and reach a demographic of students
who might not otherwise engage in research (Eagan et al,
2013; Bangera and Brownell, 2014; Schinske et al, 2017).
A number of large projects involve students in microbiology
research on a national scale, including, Tiny Earth (Handelsman
et al, 2018; Basalla et al., 2020), Small World Initiative
(Hernandez et al., 2015; Davis et al, 2016), Prevalence of
Antibiotic Resistance in the Environment (PARE) (Genné-
Bacon and Bascom-Slack, 2019), Science Education Alliance-
Phage Hunters Advancing Genomics and Evolutionary Science
(SEA-PHAGES) project (Jordan et al., 2014), the Microbial
Genome Annotation Network (MGAN), and AREM (Muth
and McEntee, 2014). Having a diversity of options is useful
because microbiology instruction occurs in many different
contexts, with wide variations in faculty expertise, research
interests, time availability, resources and infrastructure, student

preparation, and curriculum requirements. While no single
solution will suffice, microbiome research projects can be
versatile and exciting, and are being used extensively in UREs,
citizen science projects, and K-12 classes. Varying formats
of microbiome research can be tailored to specific research
and curricular goals. These include project-based, upper-level
laboratory courses and intensive summer research programs
where students self-select for participation and may have a
number of pre-requisites to meet. Implementations such as these
tend to be small sections with multiple experienced instructors
who work closely with students to help them master complex
sample preparation and sequencing protocols (Edwards et al.,
2013; Rundell et al., 2014; Muterspaw et al., 2015). In a smaller
class with expert support and sufficient access to computers, it
is also feasible to carry out sequence filtering and processing
using command line interface and pipelines such as QIIME2
(Bolyen et al., 2019). These are fantastic experiences for students
and, with the appropriate design, they can generate publication
quality data.

However, not every institution or department is able to
run such a course, and even when possible, the smaller
class size prevents many students from having an opportunity
to participate before they graduate. Our experience with
undergraduate microbiome research began at the City University
of New York, the country’s largest urban university, and an
environment that, because of its size and modest means, is
only able to reach a small fraction of students with project-
based, upper-level laboratory courses. We developed AREM
as a flexible, modular microbiome research approach that
faculty could integrate into existing courses and across multiple
sections, without significant expense or logistical hurdles (Muth
and McEntee, 2014). In most implementations, the modular
AREM microbiome projects have a focus on microbiology
content and less so on sequencing, data processing, and
bioinformatics elements. It is important to align a microbiome
research project with curricular goals, and in an introductory
microbiology course it may be a better fit to emphasize microbial
diversity, phylogeny, growth, competition, metabolism, and
environmental influences, rather than devoting several sessions
to the intricacies of data processing and advanced data analyses.
In 16S amplicon sequencing-based projects, it is standard
for most commercial and institutional sequencing facilities
to provide a taxonomy table with relative abundances in a
spreadsheet format, and this is often more than enough data
for most courses, and precludes the need for student or
faculty expertise using data processing pipelines. Using the
AREM design, modular microbiome projects based on 16S
sequence data sets have been used with high school students,
at community colleges, at primarily undergraduate institutions,
and at large universities. The core elements of experimental
design, samples collection, DNA isolation, sequencing, and basic
data analysis run through most implementations of modular
microbiome projects and are easily adapted to fit specific course
requirements, research goals, and learning objectives (Figure 1).
Several experienced practitioners have worked together to
establish the REMNet, and this network provides expert support
and training resources to faculty working with students on
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microbiome research projects. The REMNet community expects
to grow and develop, and to provide support for a wider
range of amplicon sequencing, metagenomic, RNAseq, and
other data types.

Looking beyond direct benefits to the scientific research
community, a successful microbiome project should help
students to develop technical expertise, and more generally,
should help to develop their critical thinking skills and further
their scientific understanding and ability to communicate their
ideas. This is essential to the changing needs of the workforce
that increasingly requires strengths in critical thinking, problem
solving, and the ability to collaborate with colleagues. An
important aspect of microbiome projects is engaging students by
addressing questions without a predetermined outcome. A focus
on unknown microbial communities excites and resonates with
students because it involves the environments where they live,
study, and work. The questions they ask, the data they collect,
and the interpretations of those data are relevant to them and
they are more likely to have a sense of ownership of the project.
This engagement and project ownership can translate into a
certain degree of pride and social responsibility, as students often
talk about how they may have changed their own opinions,
and the opinions of friends and family, in regards to the role
of microorganisms in the environment and the connection to
environmental and human health.

SUMMARY

Microbiome research projects are accessible to undergraduate
students. From the development of research questions related to
microbiomes, to DNA sequence analysis and data interpretation,
students find themselves integrating information from the fields
of genetics, ecology, statistics, epidemiology and health sciences.
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The involvement of interdisciplinary work underscores in the
important collaborative nature of research and the need to
exchange ideas and perspectives.

Microbiome studies may begin with unrelated research
questions and different sampling sources, but the sequence
output from most projects can be analyzed with a shared set of
tools and allows for training in quantitative and data analysis
skills. This underscores the versatility of microbiome studies in
providing students with an opportunity to practice and learn
from the exploration of large data sets using bioinformatics,
data analysis, and data visualization tools. Microbiome research
projects can be tied directly to questions on related to biodiversity
and ecology, as well as topics that have social justice components
such as climate change, food security, and human health. The
relevance of these research areas to issues students encounter
in the news and to issues discussed in public fora is attractive
because it ties students’ academic studies directly to the real-
world.
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Antibiotic misuse is a public health problem due to the appearance of resistant strains in
almost all human pathogens, making infectious diseases more difficult to treat. The search
for solutions requires the development of new antimicrobials as well as novel strategies,
including increasing social awareness of the problem. The Small World Initiative (SWI) and
the Tiny Earth (TE) network are citizen science programs pursuing the discovery of new
antibiotics from soil samples and the promotion of scientific culture. Both programs aim
to bring scientific culture and microbiological research closer to pre-university students
through a crowdsourcing strategy and a Service Learning (SL) educational approach,
with a 2-fold objective: to encourage students to pursue careers in science and to involve
them in the discovery of soil microorganisms producing new antimicrobials. SWI and TE
projects were put into practice in Spain under the common name MicroMundo.
MicroMundo@Valencia was implemented at the Universitat de Valéncia (UV) during the
academic years 2017-2018 and 2018-2019. It trained 140 university students to
disseminate this initiative into 23 high/secondary schools, and one primary school, involving
about 900 people (teachers and students) as researchers. A total of 7,002 bacterial isolates
were obtained from 366 soil samples and tested for antibiosis at UV and high/secondary
school centers. About 1 or 7% of them produced inhibition halos for the Escherichia coli
or Bacillus cereus target strains, respectively. Geolocation of sampling sites by an
application developed ad hoc and Kriging analysis also allowed detection of soil foci of
antibiotic-producing bacteria. Evaluation of the project by university, high/secondary, and
primary school students revealed their strong positive perception and their increased
interest in science, as a consequence of acquiring new scientific and pedagogical concepts
and skills that they were able to pass on to other classmates, younger students, or
relatives. To further expand the dissemination of the project in the Valencian Community,
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diverse extramural activities deemed to include a gender perspective and aimed at different
age groups, were also carried out, obtaining very satisfactory results, increasing sensitivity
and awareness to the global antibiotic crisis.

Keywords: antibiotic discovery, student crowdsourcing, antimicrobial resistance, service learning, soil bacteria,
geolocation, Natura project, gender equality

INTRODUCTION

Arguably, antibiotics are one of the greatest discoveries of
modern medicine and, during the first decade, carried away
by the success, health professionals were not aware of the
fragility of that medical breakthrough. However, the phenomenon
of antibiotic resistance was known from the very beginning:
Penicillin was introduced into clinical use in 1941, but its
inactivation by an Escherichia coli strain with penicillin-
hydrolyzing enzymatic activity had already been reported 1 year
before (Abraham and Chain, 1940) and by 1942, penicillinase-
producing strains of Staphylococcus aureus were found in
hospitalized patients (Rammelkamp and Maxon, 1942). It could
then be said that antibiotics, in a way, carried the potential
for their own downfall. To make matters worse, the misuse
(for either unnecessary, inappropriate, or both), the overuse
of antibiotics, and the improper level of microbial exposure
(mode and timing of administration, dose, dosing interval,
etc.) when treating patients over the last almost 80 years, have
taken us to the brink of losing the war against bacterial pathogens.

The outcome of all these factors is the situation we face
today, in which the emergence of antibiotic-resistant strains
across almost all human pathogens is wreaking havoc (Burnham
et al, 2019). Undeniably, the solution not only requires the
development of new antimicrobial drugs acting through new
mechanisms and aiming to new targets (Mulani et al., 2019;
Wang et al., 2020) but it also demands additional new strategies
able to pave the way to move forward, like the establishment
of adequate antibiotic stewardship policies within the medical
community as well as raising social awareness of the magnitude
of the problem we have to tackle.

This is where initiatives such as the Small World Initiative
(SWI), a citizen science project pursuing to discover new
antibiotics and promote scientific culture, that originated in
2012 at Yale University (United States; Hernandez et al., 2015),
or the Tiny Earth (TE) network, an educational program headed
by the UW-Madison’s Wisconsin Institute for Discovery (United
States), initiated in 2018, that strives to forge a network of
instructors and students focused on student-sourcing antibiotic
discovery from soil, may become crucial when it comes to
raising the much needed community awareness. Both proposals
address the pandemic spread of antibiotic resistance by targeting
at individual-level two of its structural roots, namely, the current
shortage in the development of new therapeutic antimicrobial
drugs and the lack of awareness and understanding of the
problem within the general population.

Both programs aim to bring scientific culture and biomedical
research closer to pre-university education levels through a
crowdsourcing strategy, aimed at discovering novel microorganisms

producing new antibiotics from soil samples. Emulating the
discovery of penicillin by Alexander Fleming, but in an organized
and participatory way, the programs seek to involve a large
group of volunteers or a community, through an open call,
with a 2-fold objective. On the one hand, they aim to encourage
students to pursue careers in science, as well as to entice them
to become the scientists of tomorrow (Caruso et al., 2016; Davis
et al,, 2017). In addition, by involving citizenry in the discovery
process, they greatly increase the chances of finding new bioactive
molecules, which might prove to be useful therapeutics. Both
initiatives are currently underway at different educational levels,
in at least 15 countries and involving tens of thousands of students.

To engage students in the SWI and Tiny Earth research
experiences in microbiology, the innovative educational strategy
Service Learning (SL; Esson and Stevens-Truss, 2005; Webb,
2017) was used. The SL is an educational proposal that develops
both learning procedures and community service in a single
project since, by connecting motivation with experimentation,
the training of the students is enhanced, and they in turn are
involved in the real needs of their close environment with
the aim of improving it. This learning strategy brings many
pedagogical and social benefits to the students involved,
improving their self-learning, academic and civic engagement,
social skills, and moral reasoning (Esson and Stevens-Truss, 2005;
Celio et al.,, 2011; Lies et al., 2012; Webb, 2017).

In July 2017, the SWI@Spain network was created at the
Universidad Complutense de Madrid (UCM), sponsored by the
group of Teaching and Dissemination of Microbiology (D+DM)
of the Spanish Society for Microbiology (SEM; Valderrama
et al.,, 2018), in which SWI@Valencia from the Universitat de
Valéncia (UV) participated as a foundational member.' Currently,
31 groups are working in different universities from the Iberian
Peninsula (Spain and Portugal), under the common name
MicroMundo, joining the efforts of nearly 100 instructors and
an even higher number of secondary education schools.

The MicroMundo@Valencia initiative was implemented at
the UV in the academic course 2017-2018, similarly to SWI@
Spain/MicroMundo at the UCM (Valderrama et al., 2018).
Likewise, the main objectives were: (i) to generate sensitivity
toward antibiotic resistance and the need to spread awareness
of the problem to the society at different educational levels,
(ii) to awaken the interest in science through experiential
learning and student discovery of bacteria that produce new
antibiotics, and (iii) to encourage scientific training and learning
in science by mutual cooperation among students of different
education levels through a community service.

'http://swispain.blogspot.com/2017/07/i-workshop-swispain-2017-el-
programa.html
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In the 2018-2019 course, MicroMundo@Valencia also traveled
to primary schools, within the framework of the “Natura
projects” program of the UV. This innovative program tries
to unite the work done by different natural science projects
and to improve the teaching quality using SL as educational
strategy by training students of different educational levels
scientifically through adapted sessions. The interest of the project
resides in the fact that teaching is given by university students
to high school students and subsequently by the latter to
primary school students. It is a good educational tool since
university students reinforce their knowledge by being responsible
for transmitting it to high/secondary school students, while
the latter learn new concepts that can also be transmitted to
primary school students. Thus, the project promotes the
connection of university students with those of high/secondary
and primary schools which offers a unique opportunity for
social and intellectual interactions between them hardly
achievable in other ways (Abrahamsen, 2004). Moreover, the
implementation of Natura projects in the different educational
levels, implies the extension and complementation of the
curricular content within the subjects of biology and geology
for the high/secondary school level, and of natural sciences
in the case of primary education.

Finally, to further extend the dissemination of the
MicroMundo@Valencia initiative into the society, different
extramural activities were carried out including participation
in scientific fairs, gender equality, and infographic activities
for high/secondary school students, scientific meetings, as well
as in diverse community-wide actions to achieve significant
media coverage. In this paper, we report the results of our
participation as the MicroMundo group in Valencia’s Community,
as well as in additional outreach activities outside the UV.

MATERIALS AND METHODS

Implementation of MicroMundo@Valencia
at the UV

Professors from the Departments of Microbiology and Ecology,
Soil Science, and Computer Science of the UV, as well as
other members of the Department of Microbiology and Ecology
were involved in the project implementation. Microbiology
professors (MicroMundo Partner Instructors, MMPIs) carried
out the recruitment of university undergraduate students of
microbiology of the different degrees and masters of the UV
and taught them a training course to become monitors
(MicroMundo Teaching Assistants, MMTAs; see below). MMPIs
were also in charge of contacting, recruiting, and selecting
the participating partners (public high/secondary education
schools), as well as in obtaining funds from different UV
sources. Science secondary teachers from public schools involved
in this initiative also participated applying for funds to the
local government. Additionally, in the context of the “Natura
projects” program at UV, some MMPIs, one MMTA, and a
group of high school students (see below) participated in a
pilot project to adapt and transfer MicroMundo@Valencia to
primary schools.

A scheme of the progressive implementation of MicroMundo@
Valencia at different educational levels in the Valencian
Community is shown in Figure 1.

Biosafe Practices

Since activities of this project involve working with live
microorganisms, biosafety practices for teaching laboratories
(Emmert, 2013) were adopted and taught to the students to
safely work both, in Microbiology laboratories at UV and in
science laboratories at schools, as well as to prevent the potential
spread of the microorganisms. All students had disposable lab
coats and gloves, and laboratory benches or classroom tables
were disinfected both before and after each practical session.
Further, the waste material derived from each session was
collected and autoclaved at the UV facilities. Prior to science
practices, all school students were authorized by their respective
centers and parents or tutors.

Training Courses for Monitors

Initially, a call was made to the students of different science
degrees (Biochemistry and Biomedical Science, Biology,
Biotechnology, Environmental Sciences, Food Science and
Technology, and Pharmacy) and Masters (Molecular, Cellular
and Genetics Biology, Secondary Education Teaching, and
Food Quality and Safety) enrolled at the UV, as well as in
the Master in Social Communication of Scientific Research
at the Universidad Internacional de Valencia. The basis of the
project was explained in a presentation talk, which was updated
and exposed annually at the beginning of each course to
attract new undergraduate students to the MicroMundo@
Valencia team. Due to the large number of students who
applied to participate in the project, a selection was made

Primary »
School v'v'q

Students

High/Secondary
School
Students

FIGURE 1 | Scheme of progressive implementation of MicroMundo@
Valencia at different educational levels, from university to primary school, in
the Valencian Community.
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in order to carry out their training, in a coordinated manner,
with the Microbiology MMPIs in three laboratories of the
Faculty of Biological Sciences at UV, each academic year.
MMTAS were trained through five theoretical-practical sessions
in laboratories with the support of a manual adapted from
Hernandez et al. (2015) and Valderrama et al. (2018). Briefly,
these practical sessions included: (1) explanations on bacterial
resistance, soil sampling, and use of a new geolocation
application; (2) diluting and plating soil samples for isolation
of microorganisms; (3) observation of soil microbial diversity,
plate counts, and selection of colonies; (4) testing soil
microorganisms for antibiosis activities; and (5) antibiosis
observation, results interpretation, and surveys. The five sessions
were similar to those held later in the schools, adapting the
contents (see below). Both the educational and laboratory
materials for the science practices in secondary schools were
prepared by the MMTAs under the supervision of their
corresponding MMPIs.

Science Practices in High/Secondary
Schools

Basically, the project consisted of five sessions lasting around
2 h separated by at least 2 days to allow the growth of soil
microorganisms at room temperature. The sessions took place
in the science laboratories of each one of the high/secondary
schools participating in the project. Culture media for bacteria,
sterile containers, and other materials were provided by the
MicroMundo@Valencia teams. Students were also provided with
an edited booklet with instructions. The content of each session
is summarized below.

Session 1: Explanations on Bacterial Resistance,
Soil Sampling, and Use of a New Geolocation
Application

This first session started with the presentation and moderation
of a debate on the problem of bacterial resistance to antibiotics
and its socio-economic impact. For this, the different
MicroMundo@Valencia teams used the same presentation in
all high/secondary schools. This presentation also included a
step by step description of the methodology. Each working
group was made up by one MMPI and three to five MMTAs.
Sampling material and instructions on how to choose a good
sampling place were also provided at this session to groups
of two or three students, which was normally programmed
on a Friday to allow students to take a trip over the weekend
to different places of Valencian Community to get soil samples.
A mobile phone application specifically developed for this
project downloaded the coordinates of the sampling site into
a database. Further data related to encompassing features of
the environment were provided by students through a fill-in
form. Sterile containers were provided for both the microbiology
and edaphology samples. Instructions were also provided on
the important matter of the identification of the samples, using
a code identifying the high/secondary school and the university
team responsible for the sample, as well as for storage at
room temperature.

Session 2: Diluting and Plating Soil Samples for
Isolation of Microorganisms

Once edaphology samples were collected, work was started on
the isolation of soil microorganisms from the microbiology
samples. To this end, 9 ml of sterile water was added to 1 g
of soil and serial 10-fold dilutions up to 10~ were performed.
One hundred microliter of the corresponding dilutions was
spread on the surface of trypticase soy agar (Insulab, Valencia,
Spain) diluted 1/10 (TSA 1/10, with agar up to 1.5%) plates
using a Digralsky spreader and the plates were left to incubate
at room temperature in a dark place. The addition of
cycloheximide to TSA was ruled out due to the toxicity of
this fungicide. In all this work, the secondary students were
supervised by the MMTAs.

Session 3: Observation of Soil Microbial Diversity,
Plate Counts, and Selection of Colonies

After 3 days of incubation, plates were inspected for having
either well isolated colonies or between 20 and 200 colonies
for plate counts. Individual colonies were transferred to fresh
full-strength TSA plates using sterile toothpicks. Up to 20
individual colonies were transferred to a single plate placed
over a grid template enabling easy colony coding and identification.

Session 4: Testing Soil Microorganisms for
Antibiosis Activities

TSA plates were inoculated to saturation with a standard Gram
positive bacterium, Bacillus cereus CECT 101, or a standard
Gram negative bacterium, E. coli CECT 495, and left at 4°C
overnight in the UV laboratory to prevent growth, before
taking them back to the secondary schools. Students transferred
the colonies isolated in the previous session onto the growing
lawns of E. coli or B. cereus under the supervision of the
MMTAs. For this, sterile toothpicks were used and the plates
were placed on top of the template used in the previous
session so that the distribution of the soil microorganisms
on these plates matched the original distribution of their
first isolation.

Session 5: Antibiosis Observation, Results
Interpretation, and Surveys

After 2 days of incubation at room temperature, the plates
were observed against a strong backlight in search of growth-
inhibition halos identifying antibiosis phenomena. An
interpretation of the results was made with the help of the
MMTAs. Comparisons on the different effect of the same soil
microorganism on Gram positive and Gram negative bacteria
were made on the context of the spectrum of the possible
antibiotics produced. The most promising soil microorganisms
were transferred to fresh TSA plates to obtain pure culture
for further characterization and study. Evaluation questionnaires
were distributed to secondary school teachers and students
and to MMTAs, and feedback was given to school teachers
to prepare posters and videos for the closing day of the project
(see below). Finally, all school students and teachers received
a diploma to recognize and acknowledge their contribution.
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Science Practices in Primary Schools
Although the MicroMundo@Valencia project has traditionally
focused on high/secondary education level, in the academic
course 2018-2019, it was implemented in students of a local
primary school through a Natura project at UV in order to
spread awareness of the problem of antibiotic resistance from
high/secondary school to elementary level. The thematic blocks
related to the project for high/secondary education within the
subjects of biology and geology were “Cell organization,”
“Biodiversity, and “Scientific methodology” In the case of
primary education, the blocks within natural sciences were
“Human beings and health” and “Living beings” Within each
block, students could acquire and practice key competencies
including, among others, language communication abilities,
digital capacities, mathematical and basic skills in science and
technology, as well as social and civic aptitudes.

Two classes of sixth grade of primary education (10-11 years
old) of the school CEIP San Juan de Ribera (Burjassot, Valencia)
participated in the project together with a group of high school
students from the Vicent Andrés Estellés high school (Burjassot,
Valencia). The high school students were trained by a MMTA,
under the supervision of three MMPIs, to act as monitors for
primary students through adapted sessions. For this purpose,
four sessions were planned, the first two focused on the training
of the high school students at their school, and the last two on
the practical classes for the elementary students at their school.
The practical classes were more approachable than those at the
high school and adapted to this level (10-11 years old). The
sessions are briefly explained below, summarizing their contents.

Session 1: Explanation About the Project
During this first session at the high school, Natura project was
explained to high school student volunteers and recommendations
about their role as instructors were made so that they could
adapt the project contents to primary students level.

Session 2: High School Students’ Exposition and
Evaluation

In this case, the powerpoint presentations and questions related
to the project prepared in advance by the high school students
were revised to check their suitability for the elementary students.
These questions were prepared to assess the degree of
understanding of these younger students about the new concepts
and knowledge explained.

Session 3: Practical Class 1. Introduction to the
Project. Culturing Soil Bacteria

This session took place at the primary school with groups of
four to five students. First of all, the high school students
explained to the younger ones the main important concepts
to follow the rest of the activities, as well as biosafe measures
to work with microorganisms. After that, students proceeded
with the practical part with all the material being supplied
by Natura project and participating MMPIs. Dilutions of soil
samples were provided as well. Primary school students used
a sterile swab that was introduced in one of the dilutions

tubes and thereafter spread on the surface of one TSA plate,
in the same way as it was done by MMTAs and high school
students in the MicroMundo@Valencia project.

Session 4: Practical Class 2. Microbial Diversity
and Antibiosis Observation

After 1 week of incubation, primary school students were able
to see the bacterial diversity coming from the soil samples
used. They observed diverse bacterial colonies on TSA plates,
and were able to see natural antibiosis phenomena that some
of them produced against other microorganisms present in
the same plate. Moreover, and to complement the activities
and the information given to the students, antibiosis assays
against one strain of B. cereus were prepared at UV using
bacterial colonies of the same soil samples. Plates with growth
inhibition halos were shown to the elementary students in
order they saw the microbial diversity in a soil sample, the
antibiosis phenomenon among some of the soil bacteria, and
the antibiosis against a specific bacterial strain. Thereafter, some
questions were made to the primary students to favor their
knowledge acquisition related to the project. Finally, high and
primary school students and teachers received a diploma as
an acknowledgment for their participation.

Evaluation of MMTAs/Students and
Science Practices
At the end of the practical sessions at the UV and the schools,
anonymous surveys were filled by MMTAs and high/secondary
and primary school students and teachers, adapting the
questionnaire according to the involvement and educational level.
Surveys presented different blocks and allowed responses based
on a 5-value Likert scale, with 1 being the most negative and
5 the most positive (Likert, 1932). This scale was used to try
to measure the attitudes, opinions, and perceptions of the different
participating students regarding the problem of antibiotic resistance,
how some of them could help to explain the problem to younger
students and teach them practices on discovery of soil bacteria
potentially producing antibiotics, and whether the accomplishment
of these practices can improve their knowledge and awareness
of a real problem, as well as increase their interest in science.
In addition, an open block was included to provide opinions
and make proposals for the improvement of project activities.
Due to the anonymous nature of the surveys, the results could
not be separated according to the gender of the students.
MicroMundo Teaching Assistants surveys consisted of four
closed blocks to assess their opinion on the scientific interest
of the project, stress the concept of antibiotic resistance, and
expose their experience as teachers for younger students and on
their collaboration in the project. The MMTAs survey was based
on that of Valderrama et al. (2018) which, in turn, was based
on the United States SWI Undergraduate Research Student Self-
Assessment document (URSSA, SWI, United States). Surveys for
high/secondary school students were simpler, with three closed
blocks of questions on their scientific interest, their previous
knowledge about antibiotic resistance, and their participation in
the project. The secondary school teacher surveys consisted of
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two closed blocks on the interest of the project for their students
and their personal opinion. Primary school student surveys were
even shorter, with only six questions distributed in three blocks
about their learning experience, their interest in the project, and
their opinion about the high school monitors.

Computer Science
An Android application (APP) was designed and developed
to geolocate the collection sites of the soil samples, filling a
form to characterize the site, and labeling each sample. This
APP is available at the link https://www.uv.es/swi/swi.apk. Once
downloaded and installed on the phone or tablet, the APP
sends the information gathered with a form asking for the
environmental conditions of the sample collection and it is
sent using POST protocol to a spreadsheet in a Google server
that gathers this information to be processed later. A guide
was written to facilitate the use of the application as well.?
Also, the geolocation of the samples was used to draw a
map of sampling sites, in order to be able to show all the
information available from the form. The aim was that the
processing of the samples provided information on the
microorganisms able to inhibit the growth of control bacteria
(E. coli and B. cereus). With this information, different maps
were developed using spatial statistics techniques, such as
Kriging technique (Wackernagel, 2003), in order to show the
spatial statistical presence of these soil bacteria.

Soil Science

Since it was important to know the characteristics of the soil
and its environment in order to look for possible relationships
with the production of antibiotics by soil microorganisms, a
group of MMTAs participated in the soil session “Easily
identifiable soil characteristics and their influence on its microbial
inhabitants” The goal was to learn the importance of the soil
as a resource and identify some characteristics that may influence
the type of soil microorganisms. The students worked in the
Department’s Edaphology laboratory with the soil sample they
had taken to do the MicroMundo@Valencia practice in the
Microbiology laboratory. The size and number of the species
diversity of soil microorganisms depend on various factors,
mainly on the physical and chemical soil characteristics such
as texture, humidity, pH, and organic matter content (Voroney,
2007; Mansour et al., 2015). These soil properties were determined
according to the official laboratory methods of the Ministry
of Agriculture, Fisheries, and Food (MAPA, 1994).

Closing Day

All school students involved in the MicroMundo@Valencia
project were invited to prepare posters, videos, or presentations
about their results to show them in the closing day organized
by the MMPIs at UV. The event started with the presentation
of different political and academic authorities contributing to
the project. Afterward, different activities were run, photocall,
poster, and video competitions for the high/secondary school

*https://www.uv.es/swi/manualapk.pdf

students as well as a Kahoot competition® organized by MMTAs
and MMPIs to reinforce students learning consisting of asking
questions with multiple answers about the project. Finally,
students and teachers and MMTAs received diplomas and
awards for their contribution.

Extramural Dissemination Activities

Science Fair Expociencia

A group of MMTAs and MMPIs attended every year the
Expociencia science fair, promoted by the Parc Cientific of the
UV, held on the last Saturday of May. The aim was to show
the project to all education levels using this platform. A multiple
workshop consisting of two sections, an exhibition and another
for handling samples, was designed. The exhibition workshop
consisted of 5-min sessions, adapted to the age of the audience
(children, teenagers, or adults) and showed the importance of
the good use of antibiotics, as well as the present and future
dangers of not doing so. Different explanatory panels adapted
to the audience were prepared. In the second part, children
and young people swabbed samples on TSA 1/10 plates.
Participants were given a bookmark with a link where photos
of the sown plates could be viewed later. Adults received an
information card (business card format) to request additional
information/visits to schools/research institutes if desired.

Activities in Favor of Gender Equality

A priority aim was to disseminate the project both at university
and pre-university levels with a perspective of gender equality,
taking advantage of the initiative #11 February (International
Day of Women and Girls in Science). Under this scenario,
university female students gave talks in high schools in the
Valencian Community explaining the project, in terms of both
its scientific basis and the importance of their own participation
as scientists under training. After a presentation session, a debate
with the speaker ran, asking questions about her experiences.
The objective was 2-fold, to awaken scientific interest in the
proposal and to motivate undergraduate students to choose
science, technology, engineering, and mathematics (STEM) careers,
since the analyses of the future labor market offer interesting
perspectives of professional development for students of these
degrees (Education and Training Monitor EU analysis, 2019).

Meeting on Teaching and Dissemination of
Microbiology

Selected posters from the closing day and others, as well as
oral communications based in the project or results obtained
at the UV, were prepared by MMTAs under the supervision of
their MMPIs, and were presented in the meeting of the D+DM
group of the SEM in July 2018 at the UCM in Madrid (Spain).

Outreach Conferences
Conferences, round tables, and other activities were held in
high/secondary schools located in the Valencian Community

*http://kahoot.com
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(in a radius of 150 km from UV) under the suggestion of
the Scientific Culture and Innovation Unit Chair for Scientific
Dissemination of UV. Lectures were followed by question/
answer sessions in which students and teachers participated.
In addition, training sessions were organized for secondary
school teachers, also participating in monographic conferences
in the Science Weeks running in towns of our Community
or conference cycles in singular scientific centers (Institute of
Biomedicine of Valencia, City of Arts and Sciences of Valencia,
Planetarium of Castellén).

DivulSuperBugs

A group of students from the Biology degree at the UV
prepared several infographics with information on the antibiotic
crisis, antimicrobial resistance, and superbugs under the
supervision of one of the participant professors. Infographics
were submitted to a peer review system, where errors were
reviewed and more information was provided when necessary.
The following step was to establish teaching relationships
among the infographics and create a cross-linked system to
shape them as an exhibition. Two to three UV students acted
as monitors of the exhibition in each school. Firstly, a brief
explanation was given to the secondary school students and
they could visit the infographics over a period of 1 week.
Finally, direct learning was assessed using game-based classroom
quizzes which engage students (Kahoot, escape rooms, etc.)
designed by the monitors. Finally, anonymous surveys were
run to evaluate the activity.

Media Coverage
The target audience of the previous activities was mainly
adolescents. People in higher age ranges were accessible through
other channels, such as conventional television, radio stations,
or newspapers. In order to bring the problem of antimicrobial
resistance closer to these age groups, specific collaborations
were started with different public and private broadcasting
companies.

A summary of the different SL and dissemination activities
carried out for the implementation of MicroMundo@Valencia
in the Valencian Community is shown in Figure 2.

RESULTS AND DISCUSSION

Service Learning in microbiology courses is a teaching
methodology that involves the participation of university and
school students in research with the aim to improve their
education and science interest as well as the community’s health
(Webb, 2017). Two research-based programs focused on student
discovery of novel soil microorganisms potentially producing
new antibiotics, SWI, and TE, started in Spain in 2017 and
2018, respectively, under the current common name MicroMundo.

The implementation of the MicroMundo project at the UV
in the Valencian Community during the academic courses
2017-2018 and 2018-2019, allowed us to train up to 140
university students to disseminate the project to 23 high/
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FIGURE 2 | Flowchart of the different Service Learning and dissemination
activities for the implementation of MicroMundo@Valencia in the Valencian
Community. ED, extramural dissemination; S, school; U, university. Project
activities in the Valencian Community began at the Universitat de Valéncia
(U-activities) where university students (U-students) and school teachers
(S-teachers) were recruited and trained to later adapt the activities to high/
secondary and primary schools (S-activities). Project’s university and school
activities were further disseminated in the Valencian Community through the
implementation of diverse extramural activities (ED-activities) aimed at
different age groups and with a gender perspective. Results, analyzed at the
university, showed an increased sensitivity and awareness of the Valencian
society to the global crisis of antibiotic resistance.

secondary schools (Figure 3A) and one primary school in
our influence area, involving some 900 people (teachers and
students; Table 1). Particularly, in the course 2017-2018, 300
students and 14 teachers from 10 secondary schools from a
network of public centers of the Valencian Community
participated in MicroMundo@Valencia, as well as 66 MMTAs
and 15 MMPIs from the UV. In the following academic course,
314 students and 17 teachers from 13 secondary schools were
involved, together with 73 MMTAs and 10 MMPIs from the
UV. The project also approached to elementary school in
2018-2019, involving 42 students (21 per classroom) and 2
teachers from a public primary school, 14 students and 1
teacher from a public high school, and 1 MMTA and 3 MMPIs
from the UV.

Sample Collection and Isolation of Soil
Microorganisms

The collection of soil samples and the isolation of microorganisms
from these samples by the MMTAs and the students of the
participating schools were performed in the first and the second
semesters, respectively, of each academic year. In the case of
MMTASs, samplings were done during the training course in
November 2017 and November 2018, with three groups of 22-24
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FIGURE 3 | Location maps of some of MicroMundo@Valencia activities in the Valencian Community. (A) Discovery program in secondary schools (23).
(B) Sampling points 2017/2018 (173) orange and 2018/2020 (193) pink. (C) Gender quality activities (30). (D) Conferences and weekly expositions (43).

TABLE 1 | Professors and students involved in MicroMundo@Valencia initiative
at the Universitat de Valéncia in the Valencian Community.

Academic MMPIs MMTAs Schools Schools MMSs Primary
course teachers students
2017-2018 15 66 10 14 300

2018-2019 10 73 13 17 314

2018-2019 3 1 1 3 14 42
Natura project

Total 28 140 24 34 628 42

students each year. In the case of the school students, samplings
were carried out along the months of February to April in
2018 and in 2019. During the first and second academic years,
173 and 193 soil samples were collected, respectively (Table 2).
Samples were taken from soils of different geographical locations
of the Valencian Community that were geolocated. The locations
in 2017-2018 and 2018-2019 are presented in Figure 3B. Most
soil samples were collected at a depth of between 0 and 2 cm
(Figure 4), normally at temperatures ranging from 1 to 19°C
in 2017-2018 and between 6 and 18°C in 2018-2019.

Microbial counts were performed to estimate the heterotrophic
bacteria in each one of the soil samples (Figure 4). Plate counts
were carried out in a medium commonly recommended for the
isolation of soil bacteria, diluted TSA containing only 1/10 of
the nutrients (TSA 1/10; McCaig et al., 2001; Joseph et al., 2003),
to favor the isolation of facultative oligotrophic bacteria from
nutrient-poor environments such as soil. This medium was the
same used previously by Valderrama et al. (2018) in SWI@Spain
except that in our case it was not supplemented with the fungicide
cycloheximide, since colony counts with bacterial morphology
were performed after 72 h at room temperature. In our conditions,
the plate counts of aerobic mesophilic heterotrophic bacteria
obtained from the soil samples ranged from around 10° to
107 colony forming units per gram (CFU/g).

Since edaphic factors including pH, organic matter, texture,
and carbonate contents, among others, influence microbial
abundance (Mansour et al., 2015), some soil characteristics of
a selection of samples were studied. The results revealed that

most of the Mediterranean soils analyzed presented brownish
coloration, sandy texture, and slightly alkaline pH values
(7.2-8.5). Moreover, darker soils showed a higher content in
organic material and, therefore, a higher content in
microorganisms (Zhang et al., 2014). Soil samples with clay-
like texture were those with higher number of CFU/g. These
results agree with previous studies showing that cell numbers
and microbial biomass are most concentrated in the smaller
size silt and clay soil fractions (Sessitsch et al, 2001), which
can be related with the influence of soil texture on nutrient
retention and availability (Silver et al., 2000).

Soil isolates were tested by MMTAs or high/secondary
students for their potential antibiosis activity against one standard
Gram negative bacterium, E. coli CECT 101, and one standard
Gram positive bacterium, B. cereus CECT 495. In the 2017-2018
course, from a total of 3,142 soil isolates tested, 73 (2.3%)
showed growth inhibitory activity against E. coli, while 194
(6.2%) were active against B. cereus (Table 2; Figure 4). In
2018-2019, from 3,860 isolates tested, 10 of them (0.2%) were
positive showing growth inhibition halos around the E. coli
strain, whereas 278 (7.2%) showed inhibitory response against
the strain of B. cereus. Taking into account the results of the
antibiosis assays of the two courses together, from a total of
7,002 soil isolates tested, the percentages of isolates active
against the E. coli or B. cereus strains were 1.2 or 6.4%,
respectively. Only very few strains were active against both
Gram-positive and Gram-negative bacteria. Although it is
difficult to compare with the previous results of SWI@Spain
by Valderrama et al. (2018) and de Groot et al. (2020) given
that the number and type of soil isolates tested, as well as
the control strains used for the antibiosis assays were different,
the present results are similar in the sense that a higher
percentage of soil strains with antimicrobial activity against
Gram positive bacteria than Gram negative was obtained. In
our case, the percentage of positive bacterial strains was higher
than in the two previous studies which could be due, at least
in part, to the higher number of soil isolates tested. This large
number of soil isolates obtained as well as the relatively high
percentage of them with potential activity against Gram positive
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TABLE 2 | Soil samples analyzed and results of MicroMundo@Valencia initiative
at Universitat de Valéncia and high/secondary schools.

Course Samples Isolates Antibiosis G— Antibiosis G+
2017-2018 173 3,142 73 194
2018-2019 193 3,860 10 278
Total 366 7,002 83 472

or Gram negative bacteria has been made possible through
the MicroMundo@Valencia initiative in which a large number
of people have participated.

Based on our results, the antibiosis tests at the primary school
with a total of 320 soil isolates, after adapting the assay, were
only carried out against the strain of B. cereus (Figure 5). In
this case, 5.3% of soil isolates tested (17 out of 320) was positive
showing an inhibitory halo of growth around the B. cereus strain.
Thus, all our results confirmed that, similar to Valderrama et al.
(2018) and de Groot et al. (2020), it was easier to find soil
microorganisms able to inhibit Gram positive bacteria such as
B. cereus than Gram negative bacteria such as E. coli. In this
sense, it is expected that the soil bacteria tested show antibiosis
activities against other soil bacteria such as B. cereus against
which they may have to compete for space and/or resources
to survive in microbial communities (Hibbing et al, 2010;
Stubbendieck and Straight, 2016). Besides, it is more difficult
to find soil bacteria producing antimicrobial substances against
E. coli, whose natural habitat is the intestine. In addition, the
outer membrane of Gram-negative bacteria is a semi-permeable
barrier that protects them against different toxic compounds,
including antimicrobials (Miller, 2016).

The antibiosis activity observed with some of the soil isolates
was later confirmed in microbiology laboratories at UV. Those
isolates that maintained their activity after purification were
stored at —80°C for further studies since the two control
bacteria used for the antibiosis tests were safe relatives to the
bacterial pathogens grouped under the acronym “ESKAPE”
(Enterococcus  faecium,  Staphylococcus — aureus,  Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.). ESKAPE bacteria are threatening
nosocomial pathogens because of their resistance to most of
the antimicrobial agents (Rice, 2008; Navidinia, 2016). In fact,
they are in the World Health Organization (WHO) priority
list of antibiotic-resistant bacteria against which new
antimicrobials are needed (Tacconelli et al.,, 2018).

On the other hand, the geolocation of the soil samples allowed
to draw a map of sampling sites (Figure 6), showing all the
information available from the data collection form. With this
information, different maps using Kriging technique were
developed in order to show the spatial statistical presence of
these bacteria. Figure 6A shows a map with the CFU/g as a
colony density parameter of the elements that were available in
each sample and interpolated to the metropolitan area of Valencia,
not only the sampling points. This knowledge enables us to
estimate in which areas we can find a higher level of bacteria
and, later on, bacteria producing antibiotics. Further, the processed
soil samples allowed gathering information of microorganisms

able to inhibit the growth of control bacteria (E. coli or
B. cereus). Thus, by performing a Kriging analysis, five soil foci
that allowed the isolation of soil microorganisms able to inhibit
the growth of E. coli and three foci of those able to inhibit the
growth of B. cereus were detected (Figures 6B,C). These results
suggest a potential application of geomapping to optimize
antimicrobial research across large geographical regions to locate
and predict the presence of antibiotic-producing microorganisms
against E. coli and/or B. cereus.

Finally, the closing day of the MicroMundo@Valencia project
was held in mid-May in each of the academic course in which
it was carried out, to gather all the participating teachers and
students. The objectives were to emphasize again the problem
of antibiotic resistance by giving an informative talk, to show
a summary of the results obtained in the project thanks to
the effort made by all, and to promote the preparation and
dissemination of results obtained through different activities
and by conducting various competitions. As a result, a total
of 13 videos, 25 posters, and 48 photos were presented to the
assistants and numerous diplomas and prizes were awarded
to the different participants.

Evaluation of Activities at the University

The MicroMundo Teaching Assistants’ perception of the
MicroMundo@Valencia project based on the analysis of all
surveys carried out in two academic courses was very positive,
as most of the questions asked obtained the highest scores
(4 and 5) on a 5-value Likert scale (Supplementary Material).
The results, grouped into the four blocks of the questionnaire,
are shown in Figure 7A. In relation to the scientific interest
of the project, 77.8% of the students answered with 5 (37.1%)
and 4 (40.7%), respectively, that their participation in the
project increased their interest in science. Likewise, a 77.8%
of them, with 5 (37.8%) and 4 (40%), respectively, also considered
that their results could contribute to the scientific progress.
It is noteworthy that around 90% and more than 80% of
MMTAs (with scores of 4-5 points in both items), expressed
that the project was targeting a real problem and allowed
them to learn about microbial diversity in the environment,
respectively. With regards to antibiotic resistance, all students
considered that the project contributed to a better understanding
of bacterial resistance to antibiotics, with 5 (71.4%) and 4
(27.1%) points, respectively. Most of them (80.8%), with 5
(57.3%) and 4 (23.5%) scores, also expressed that the experience
improved their awareness of antibiotic use. Remarkably, survey
results on MMTAs experience as teachers for high/secondary
students in the schools were also very high, since from 57 to
68.8% of them gave 5 points in the four items. When rating
4-5 points together, 95.7% of the MMTAs knew how to answer
the questions asked by the younger students during the science
practices and 90.7% expressed that they were able to respond
to unplanned situations. Similarly, 90 and 91.4% of university
students (jointly recording scores 4 and 5) considered that
practical and theoretical explanations, respectively, were carried
out in a way that school students were able to understand.
Regarding MMTAS’ opinion on their collaboration in the project
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further details, see “Materials and Methods” section.

FIGURE 4 | Implementation of MicroMundo@Valencia initiative at high/secondary schools in the Valencian Community. From left to right and from top to bottom
representative photographs are shown about project activities, including soil sampling, diluting and plating of soil samples for isolation of microorganisms,
observation of soil microbial diversity, and selection of colonies to test their antibiosis activities and results interpretation. Except for samplings that were carried out
independently by the different groups of students over the weekend, the rest of activities were performed in the science laboratories of their respective centers. For

in the remaining five questions of the block of “other questions,”
it was very satisfying for more than 92% of them (rating 4-5
points in the five questions). In detail, three questions about
whether the project had contributed to improve the MMTAs’
scientific training, their transferable competences, or if they
would recommend participation in this project to other students,
reached scores of 5 points in 64.7, 61.9, and 69%, respectively.
Regarding the global assessment of students’ experience working
on a real problem, the percentage of students that gave it a
score of 5 to 4 was 47.8 and 44.2%, respectively. The last
question in which the student had to reflect their global opinion
on their participation in the project revealed very positive
perception by MMTAs’ with 5 (48.1%) and 4 (45.7%) scores.

Other questions with free answer were made to the students
that took part in the project in order to know their opinion
about the best and worst things related to the activity and
recommendations to improve. Regarding to the best things,
MMTAs considered that it was a gratifying activity, since they
learned new concepts and did a type of training different
from the practices they did during their studies. Furthermore,
they were pleased to transmit all these knowledge and experience
to high/secondary students and to inform them and the rest

of the community about the problem on antibiotic bacterial
resistance. Another important point is that they were satisfied
to see high/secondary students enjoying and learning doing a
scientific practice, which could encourage them to follow
scientific careers. Some MMTAs pointed out that it was a
good experience to act as teachers for younger students.
Conversely, among the worst things the MMTAs considered
that some of the practical sessions at the high/secondary schools
were overlapping with their classes at the university, so they
had to lose some of them. Other things they complained were
about the material shortage or that the sessions with high/
secondary students were too short. Therefore, these MMTAs
made some recommendations to improve project activities.
They suggested shortening the length of the formation sessions
and to use more and diverse materials, for example, different
culture media and different bacterial strains.

Evaluation of Activities in High/Secondary
Schools

Survey results on students from high/secondary schools from
two academic courses showed that they also liked the project
activities. On a 1-5 scale, considering jointly the responses
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FIGURE 5 | Implementation of MicroMundo@Valencia initiative at primary school within the framework of the Natura programme of the Universitat de Valéncia.
In this innovative Service Learning program, teaching is given by university students to high school students and subsequently by the latter to primary school
students, through adapted sessions, in their respective centers. Representative photographs of the activities of the project, including explanations and science
practices (culturing soil bacteria and observations of microbial diversity and antibiosis). For further details, see “Materials and Methods” section.

with scores of 4 and 5, results revealed that most students
had a positive opinion in all three blocks of questions
(Figure 7B and Supplementary Material). In the block on
scientific interest, 82.3% of the students, with 5 (33.3%) and
4 (49%), considered that their participation in the project
sparked their interest in science, 75%, with 5 (37.7%) and
4 (37.3%), that it brought them closer to a real problem and
67.8%, with 5 (31%) and 4 (36.8%), that the experience had
an impact on their knowledge of microbial diversity in the
environment. However, only 45.4% of the students expressed
that their results can contribute to scientific progress (rating
4-5 points). Regarding to antibiotic resistance, 76.7% of the
students, with 5 (41.2%) and 4 (35.5%), also expressed that
their participation in the project contributed to a better
understanding of the problem of antibiotic resistance and
82.3%, with 5 (50.6%) and 4 (31.7%), that this experience
modified their perception of the use of antibiotics. In the
third block of the questionnaire, considering together scores
of 4 and 5, 74.2% of the students answered that the project
improved their scientific training and 87.8% showed a very
positive global opinion about their participation in the project.
Remarkably, 94% of students, with 5 (75.8%) and 4 (18.2%),
would recommend to other colleagues or centers the
participation in this initiative. In the block of free response,
more than 50% of the students commented that one aspect
that could be improved would be to substitute the use of
disposable plastic gowns, about 40% of them indicated that
the sessions should have lasted a longer time, and about a
quarter of them expressed that the worst part of the project
was not obtaining positive antibiosis results. However, the
results of the surveys reflected the didactic value of the
sessions since the students highly valued the acquisition of

the concepts related to them, as well as their participation
in a scientific research process.

In addition to the social objective of this SL project, another
one was learning and curricular complementation within the
biology subjects, in which there is no specific microbiology block.
However, the practical sessions are considered transferable skills,
in that students put into practice and acquire several key competences.
High/secondary  school students developed mathematical
competence, since part of the results obtained during the isolation
of soil bacteria have to be expressed through mathematical
calculations. In addition to the basic competences of the project,
the participants acquired social and civic ones, making them aware
of the public health problem posed by antibiotic resistance and,
as a consequence, turning them into informed and critical citizens.

Moreover, in the context of the Natura project, secondary
school students also developed digital competence since they
had to use computer applications to transmit the project contents
to primary students. As well as the competence of language
communication to transmit the results through different channels
using a specific language. Additionally, they carried out the
competence of initiative and entrepreneurial spirit since they
were the ones who chose the way of preparing and transmitting
the information to students of lower educational levels.

Regarding surveys carried out by secondary school teachers
to evaluate the impact of the project on their students, results
were also very satisfactory. Teachers highly valued the
complementation of the students’ practical skills. They also
agreed on the suitability of these type of projects as a way
to increase their students’ interest in science (data not shown).

Overall, survey results for university and high/secondary
school students were very positive and similar to those of
Valderrama et al. (2018) and de Groot et al. (2020).
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FIGURE 6 | Kriging interpolation of the number of (A) colony forming units
per gram (CFU/qg) of soil, (B) soil isolates inhibiting Escherichia coli, and
(C) sail isolates inhibiting Bacillus cereus in the metropolitan area of Valencia.

Evaluation of Activities in Primary Schools

Results of evaluation surveys filled by primary school students
participating in the Natura project in the academic course 2018-2019
are shown in Figure 7C and in Supplementary Material. The
evaluation of the youngest students of the project was also very
positive based on their answers to the six questions of the survey,
reaching 5 points with percentages of 69-95% in five of them,
on the scale of 1-5. Based on the responses to the first three
questions related to their learning through the project activities
“I have understood when or not I have to take antibiotics,” “I
have learned new things about bacteria and antibiotics,” and “I
think I know more things than before participating in the project”

with the highest score of 5 with percentages of 95.2, 71.4, and
69%, respectively, the elementary students gave a very high valuation
to the project. Likewise, in the following two questions about
students’ interest in the project activities and how this initiative
has helped them become more interested in science, results revealed
their high degree of satisfaction for 95.2 and 81% of them [rating
4 (14.2 and 38.1%) to 5 (81 and 42.9%) points in the two
questions], respectively. Concerning the last question on whether
the monitors did their job well, 95.2% of the primary school
students rated it with 5 score.

Regarding the block of free response, about 85% of the students
considered that they would not change anything in the activity,
as well as that they really liked the theoretical and practical
explanations. As negative aspects, a few students commented that
they did not like the smell of bacterial cultures or having to wear
a gown and gloves or considered that the sessions were too short.
But, in general, primary students participating in the Natura project
gave a very positive assessment of the scientific nature of the
activity, as well as the acquisition of new knowledge and concepts
related to the subject of natural sciences, which would reinforce
the blocks of “Human beings and health” and that of “Living
beings” Additionally, in the practical sessions carried out with
the primary students, they were able to develop several key
competences, scientific ones, since they participated in the execution
of the practices and, not less important, social and civic ones,
by making them aware of a health problem that affects the society
as a whole.

Dissemination Activities

Different extramural dissemination actions were carried out
over these 2 years within the MicroMundo@Valencia initiative.
Firstly, around 500 children/teenagers, accompanied by their
respective families or teachers, visited the Expociencia science
fair and actively participated in the “antibiotics” workshop
every year. They assayed an approach to the first step in the
isolation of antibiosis producer strains whose results could
be seen later by connecting to internet. In addition, hundreds
of adults received theoretical explanations with the help of
panels in order to raise their awareness on the rational and
responsible use of antibiotics. Moreover, the adults were
provided with an information card of the project, which
encouraged several schools to contact us in order to join
our initiative.

Secondly, we ran a novel extramural activity, an exhibition
performed under the coverage of the specific subproject
“DivulSuperBugs” (DSB). Thus, 14 infographics on the antibiotic
resistance crisis, prepared by 42 students from the Biology degree
at the UV, composed the exhibition which was coordinated by
two or three university monitors in 14 secondary schools. The
school students (average of 40 by center) visited it over a week
and the monitors extended their involvement to a final session
of direct learning using classroom quizzes. University students
strongly engaged the younger students using the game-based learning
platform Kahoot and escape rooms designed by themselves. In
general, the school students highly valued the contribution of the
exhibition to their understanding of bacterial resistance to antibiotics
as well to become aware of their responsible use (data not shown).
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project and their opinion on the high/secondary school students as monitors.

FIGURE 7 | Two-year evaluation results of MicroMundo@Valencia activities by participating students in the Valencian Community. Anonymous surveys were carried
out in the academic years 2017-2018 and 2018-2019, but the results are shown globally. The survey questionnaires were adapted according to the participation
and educational level of the students. Response options were based on a 5-value Likert scale. (A) Surveys for MicroMundo Teaching Assistants (MMTAs; n = 140)
consisted of 15 questions in four blocks in which they were asked about their opinion on the scientific interest of the project, their concept about antibiotic
resistance, their experience as teachers for younger school students, and on their collaboration in the project. (B) Questionnaires for high/secondary school
students (n = 628) included nine questions divided into three blocks to ask them about their scientific interest, their previous knowledge about antibiotic resistance,
and their participation in the project. (C) Surveys for primary school students (n = 42) only included six questions about their learning experience, their interest in the

Extramural scientific activities were performed under the
perspective of gender equality. In fact, to strengthen this
philosophy, university female students explained our project
in around 30 high schools in the Valencian Community
(Figure 3C). They highlighted their role as scientists under
training and the promising professional perspectives for students
of STEM degrees, trying to motivate secondary female students
toward these university careers. In Europe, the demand for

university degrees increases by 14% each year, however, only
a very small percentage of students chooses to enroll in higher
education linked to STEM (Rohaan et al., 2010; Education
and Training Monitor EU analysis, 2019). The figures for women
are even lower, anecdotal in some STEM degrees, due to a
combination of social, cultural, and economic factors. That is
why the general objective of the global STEM and Gender
Advancement (SAGA) projects of UNESCO is to contribute
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to reduce the gender imbalance in STEM fields in all countries
at all levels of education and research.*

As an important complement to inform a mainly young
audience, we held over 40 conferences or round tables in
regional high/secondary schools and contributed to the training
of their science teachers (Figure 3D). We also participated in
monographic conferences in Science Weeks running in towns
of our Community (Gandia, Quart, ...) and in singular scientific
centers (Institute of Biomedicine of Valencia, City of Arts and
Sciences of Valencia and Planetarium of Castellén).

In addition, within an academic context, several MMPIs and
MMTAS attended the first SL MicroMundo@Valencia symposium
held at the UCM in Madrid on July 2018, by presenting four
oral communications and eight posters with the results of the
project. Besides, our group also presented eight posters based
on this SL experience on antibiotic resistance awareness in the
IV Congress of the D+DM group of the SEM also held at the
UCM. Two works presented by two MMPIs from the UV received
awards, for the best poster and an honorable mention, respectively.
Moreover, two MMTAs from BACPLANT group from UV,
students of the master’s degree in Molecular, Cellular, and Genetics
Biology, also received the award for the winning video of the
competition “Do  something about antibiotic challenge”
SWI/CDC/NIH/SEM  (Link: https://youtu.be/q92S574-NoM).
Throughout these years, we have collaborated with broadcasting
companies (Supplementary Table S1), the most relevant
contributions being two documentaries on the public television
channel A punt’ several radio programsS and a mini report
in the newspaper with the largest circulation in our region.’
Moreover, numerous references have appeared in the local written
press and radio stations. These diverse actions amply demonstrate
the recognition achieved by the project in the academic context,
as well as significant media coverage.

CONCLUSION

The implementation of MicroMundo@Valencia initiative at the
Universitat de Valencia has increased the awareness of the public
health problem posed by microbial antibiotic resistance in
university, high/secondary and primary school teachers and
students participating in the project in the Valencian Community,
and has made possible their involvement in the active search
for solutions. As a result, over 7,000 bacterial isolates were
obtained from more than 300 soil samples, increasing the chances
of finding new antimicrobials. In fact, some of these environmental
isolates were able to inhibit the growth of target bacteria and
could be tested against diverse pathogens in the future. In
addition, geomapping of sampling sites combined with Kriging

*http://www.unesco.org/new/en/natural-sciences/priority-areas/gender-and-
science/improving-measurement-of-gender-equality-in-stem/
*https://apuntmedia.es/va/noticies/punt-docs/21-12-2018-1-amenaca-dels-bastonets
and https://vimeo.com/388287770

Shttps://vimeo.com/388287770 and https://www.ivoox.com/a-ciencia-cierta-18-11-
2019-la-verdad-sobre-los-audios-mp3\_rf\_44430590\_1.html
“https://www.levante-emv.com/aula/2018/02/21/joves-recerca-nous-
antibiotics/1681964.html

analysis allowed the localization of soil foci of antibiotic-producing
bacteria, suggesting the potential of the application developed
to optimize antimicrobial research across large geographical regions.

Evaluation of the project, based on student surveys, revealed
that most of them acquired the expected scientific and pedagogical
concepts and skills, improving their self-learning capacity and
their academic and social engagement. This confirmed SL as
a powerful teaching strategy that, in turn, allowed students
involved to become a “transmission belt” to spread awareness
of the problem of antibiotic abuse to society. Moreover, the
project was able to promote student interest in science through
the discovery of soil bacteria producing antimicrobials as well
as to enable mutual cooperation among students of three
different education levels. Further, the implementation of this
initiative in a primary school, as a pilot experience, allowed
the secondary and primary students involved to develop civic,
social, and scientific competences, among others. Finally,
MicroMundo@Valencia was also extended through additional
outreach activities outside the university, and this generated
sensitivity in the Valencian Community toward the global
antibiotic crisis, while raising awareness of it.
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Using Metabolic Engineering to
Connect Molecular Biology
Techniques to Societal Challenges

Claire L. Gordy™ and Carlos C. Goller’2

" Department of Biological Sciences, North Carolina State University, Raleigh, NC, United States, ? Biotechnology Teaching
Program, North Carolina State University, Raleigh, NC, United States

Genetically modified organisms (GMOs) are a topic of broad interest and are discussed
in classes ranging from introductory biology to biocethics to more advanced methods-
focused molecular biology courses. In most cases, GMOs are discussed in the context
of introducing a single protein-coding gene to produce a single desired trait in a
crop. For example, a commercially available kit allows students to test whether food
products contain GMOs by detecting the Bacillus thuringiensis delta-endotoxin gene,
which confers resistance to European corn borers. We have developed an 8-week
laboratory module for upper-division undergraduates and graduate students that builds
upon students’ basic understanding of GMOs to introduce them to the techniques
used to sustainably produce commercially valuable products in yeast through metabolic
engineering. In this course, students use recombination-based methods to assemble
genes encoding entire metabolic pathways in Saccharomyces cerevisiae, perform
genetic screens to identify yeast genes that impact metabolite yield, and use error-
prone PCR to optimize metabolic pathway function. In parallel to these laboratory-based
activities, students engage with the societal impact of these approaches through case
studies of products made via yeast metabolic engineering, such as opioids, omega-3
fatty acids, and the Impossible Burger. In this report, we focus on these case studies
as well as an individual sustainability project assignment created for this course. This
assignment, which spans the 8-week module, asks students to find examples of yeast
metabolic engineering that could be used to address current sustainability challenges
in their communities. By the end of the course, students synthesize this information
to create a case study that could be used to teach concepts related to metabolic
engineering and sustainability to their peers. Student approaches to this project have
varied from literature reviews, to news searches, to directly contacting and interviewing
researchers using novel metabolic engineering approaches. These student-produced
projects are used as case studies in future semesters, amplifying student voices and
contributing to student ownership. While developed in the context of this course, the
sustainability project and case studies are broadly applicable and could be adapted for
use in biology or bioethics courses at the undergraduate or graduate level. Through this
report, we hope to gain collaborators interested in implementing a version of the course
at their institutions, allowing for robust assessment of the impact of the course on a
larger group of students.

Keywords: metabolic engineering, yeast, sustainability, case study, molecular biology, group work,
agency, ownership
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INTRODUCTION

As arguably one of the best-characterized, safest, least expensive,
and most genetically tractable model organisms, Saccharomyces
cerevisiae is an appealing choice for use in teaching labs
(Sitaraman, 2011; Wolyniak, 2013; Bowling et al., 2016; Oelkers,
2017; Hageman and Krikken, 2018; Pedwell et al., 2018; Sehgal
et al, 2018; de Waal et al., 2019). Yeast has been used
as a model system for a variety of different courses and
educational activities. Students have worked with S. cerevisiae to
learn about Mendelian genetics and molecular biology concepts
(Wolyniak, 2013), deletion of genes in yeast (Hageman and
Krikken, 2018), transcriptional regulation (Oelkers, 2017), and
the creation of frameshifts using CRISPR/Cas9 (de Waal et al.,
2019). Several published course-based undergraduate research
experiences (CUREs) allow students to contribute novel findings
while learning fundamental molecular biology and genetics
skills (Bowling et al., 2016; Pedwell et al., 2018). Wild yeasts
have also been used to engage the public as citizen scientists
with at-home experiments (Nichols, n.d.). The availability of
curated databases (e.g., Saccharomyces Genome Database SGD)
(Saccharomyces Genome Database [SGD], n.d a), genetic tools,
and adaptable protocols make S. cerevisiae an attractive and
powerful model system for lab-based courses that can transform
our students as scientists.

In redesigning an existing yeast genetics course, our dual
goals were to implement the elements of a course-based research
experience (CRE) and to engage students in thinking beyond
the science to its social implications. As we began this redesign,
we were inspired by Jef Boeke’s lab's work developing synthetic
biology tools in yeast. In the redesigned course, we aimed to use
the Yeast Golden Gate (yGG) and the versatile genetic assembly
system (VEGAS) methods created by the Boeke lab (Agmon
et al,, 2015; Mitchell et al., 2015) to engage students in metabolic
engineering of yeast to produce the red-orange vitamin A
precursor beta-carotene, which is used in foods, feeds, cosmetics,
and pharmaceuticals (Nelis and Leenheer, 1991; Anunciato and
da Racho Filho, 2012; Li et al., 2013). The lab component of the
course emphasized applications of yeast metabolic engineering,
while the lecture focused on sustainability and the societal
implications of the use of engineered yeast as “sustainable”
sources of commercial products. While a robust evaluation
of the impact of the course redesign on student engagement
will require assessment of multiple cohorts of students over
several years, student participation in class discussions, informal
conversations during lab sessions, and enthusiasm during end-
of-semester poster presentations suggest that the CRE structure
facilitated engagement.

COURSE DESCRIPTION

The Yeast Metabolic Engineering course is an 8-week long lab
module enrolling juniors, seniors, and graduate students from
across multiple majors, programs, and colleges at NC State
University in Raleigh, NC. It is structured as one 2-h lecture
session and one 5-h lab session per week and housed within the

Biotechnology Teaching Program (BIT). As a BIT course, it is
designed to teach students cutting-edge technical skills that can
be applied in academic research or in industry. The prerequisite
for enrolling in lab modules is the completion of a semester-long
lab-based molecular biology course (Carson et al., 2019; Garcia
et al., 2020). As technology changes, BIT courses are regularly
redesigned and updated to reflect current research and molecular
biotechnology tools. As we worked to redesign this course,
our two goals were: (1) Adopting elements of a course-based
research experience (CRE) in the lab, and (2) Engaging students
in thoughtful discussion of the societal implications of yeast
metabolic engineering, with a focus on sustainability (Figure 1A).

The course was developed using backward design, with the
following course goals:

1. Design and troubleshoot experiments to grow and genetically
manipulate S. cerevisiae.

Verify the genotype of yeast strains.

Engineer constructs for overproduction of beta-carotene.
Transform yeast with recombinant DNA constructs.
Assess the viability of genetically engineered yeast.
Measure the intensity of pigmentation (beta-carotene) in
different strains.

o o T

2. Interpret data associated with metabolic engineering of yeast.
3. Identify limitations and alternative approaches associated
with the metabolic engineering of yeast.

Weekly lecture and lab sessions had assignments with
objectives designed to align with these course goals. Assessments
included quizzes, case studies, reading assignments, electronic
lab notebook entries, lab reports, posters, a final exam, and a
sustainability project for graduate students.

LAB COMPONENT: SCIENTIFIC
PRACTICE, COLLABORATION,
DISCOVERY, AND ITERATION

Of the 8 weeks in this course, students spend 6 weeks working
to optimize the production of a commercially useful metabolite
in S. cerevisiae. In the current iteration of this course, students
produce beta-carotene, a vitamin A precursor. This particular
product was selected because students can easily perform
initial phenotypic screens, as beta-carotene-producing colonies
are visibly orange. Production of beta-carotene requires the
introduction of three exogenous genes encoding enzymes that
catalyze the stepwise conversion of acetyl coA to beta-carotene,
and optimal production is obtained when the gene encoding a
truncated form of Hmgl, an endogenous S. cerevisiae protein,
is overexpressed (Verwaal et al., 2007; Li et al., 2013; Mitchell
et al., 2015). To achieve this, students assemble these four
genes, along with a KanR selection cassette, using the versatile
genetic assembly system [VEGAS; (Mitchell et al., 2015)]. VEGAS
exploits the capacity of S. cerevisiae to join sequences with
terminal homology by homologous recombination: students
transform yeast with a digested acceptor plasmid and individual
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FIGURE 1 | Course design and example student data. (A) The three main components of the Yeast Metabolic Engineering course (blue rectangles) were designed to
train students in specific skills (pink parallelograms) while incorporating the five elements of course-based undergraduate research experiences (green ovals), leading
to the student impacts of engagement, ownership, and scientific career intention (yellow hexagons). (B) Students performed VEGAS to assemble the beta-carotene
biosynthetic pathway in wild type (WT) yeast or a pool of barcoded single gene deletion strains. Transformants displaying decreased beta-carotene production (white
colonies) or increased beta-carotene production (dark orange colonies) were selected for spot plate analysis to compare genetic fitness and barcode sequencing to
identify the deleted genes. In some cases, these experiments resulted in novel findings. Deletion strain 3 (Del. 3) in this student experiment displayed increased
accumulation of beta-carotene, and barcode sequencing identified this strain as an Mcr1 deletion mutant. This finding suggests that interfering with competing
pathways, such as the ergosterol biosynthetic pathway, can drive increased beta-carotene accumulation.

transcriptional units (TUs) consisting of a promoter, gene of
interest, and terminator, each flanked with orthogonal adapter
sequences (Agmon et al, 2015). These adapter sequences
are designed with terminal homology such that homologous
recombination assembles the genes in the desired order into the
plasmid (Mitchell et al., 2015).

To increase student engagement and ownership of the
lab-based project, we have incorporated four elements of
course-based research experiences supported by evidence as
best practices: scientific practice, collaboration, discovery, and
iteration (Auchincloss et al., 2014; Brownell and Kloser, 2015;
Corwin et al., 2018; Figure 1A). Importantly, collaboration,
discovery, and iteration have been shown to increase not only
student ownership but also students’ intention to pursue a
scientific career (Corwin et al., 2018).

Collaboration is achieved through both the laboratory and
lecture portions of the course. In the lab, students work in pairs to
carry out research projects that contribute to the overarching goal
of identifying genetic changes that improve beta-carotene yield.
Thus, each student collaborates with their partner, while the pairs
collaborate as one larger research group. In the lecture portion
of the class, students can choose to work in groups on in-class
activities, case studies, and the graduate sustainability project.
The groups students form for these activities and assignments
tend to include 3-4 students, allowing for collaboration within
larger groups than in the lab. In contrast to most CUREs, our
course enrolls both undergraduates and graduate students. This
allows for collaboration among students at different academic
levels and the formation of “near-peer” mentoring relationships,
which have been shown to benefit both the mentor and the
mentee (Tenenbaum et al., 2014; Trujillo et al., 2015).

While the lab portion of the class utilizes published techniques
for assembling a well-characterized metabolic pathway, the
element of discovery is added by performing two different
genetic screens to further optimize metabolite production.
This approach differs from other courses in which students

produce beta-carotene in yeast, such as the Cold Spring Harbor
Laboratory Yeast Genetics and Genomics course (Dunham et al.,
2015), which focus on techniques rather than experimental
design and inquiry.

Our students engage in discovery through two different
genetic screening experiments: (1) Assembly of the beta-
carotene pathway in a pool of barcoded yeast gene deletion
strains (Winzeler et al., 1999; Giaever et al., 2002), followed
by barcode sequencing of beta-carotene over- or under-
producers to identify novel genes involved in beta-carotene
production; and (2) Error-prone PCR amplification of TUs to
optimize beta-carotene production through random mutagenesis
of the genes encoding the metabolic pathway. Each pair of
students selects 2-3 strains from each of these experiments
for sequencing analysis based on visual assessment of beta-
carotene production, resulting in a total of approximately 15-
20 strains analyzed per semester. While the throughput of
this genetic screen could be increased, allowing each group
to select and work with their own strains results in a sense
of ownership, as groups compete to see which strain will
produce the highest beta-carotene yield. Moreover, even with
this simple, low-throughput genetic screen, student projects in
this course have resulted in novel findings. For example, the
deletion of the gene Mcrl, which encodes a mitochondrial
NADH-cytochrome b5 reductase that is involved in ergosterol
biosynthesis (Hahne et al, 1994; Lamb et al, 1999), results
in increased production of beta-carotene (Figure 1B and M.
Calzini and M. Whittaker, unpublished data). Discovering
new phenotypes and identifying novel roles for genes in the
production of beta-carotene encourages students to investigate
the literature and to design future experiments to further
enhance desired phenotypes. In this way, these experiments
model an authentic scientific process and facilitate student agency
(Hester et al., 2018).

Importantly, sufficient time is built into the lab schedule
to allow groups to repeat experiments when necessary, rather
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than providing students with “back-up” PCR products or
transformants. This iteration further promotes ownership, as
students carry out every step of their experiment, and have
the opportunity to learn from mistakes and master new
technical skills.

LECTURE COMPONENT: ENGAGEMENT
WITH SOCIAL ISSUES

Engagement With Social Issues: Case
Studies

The lecture portion of the course focuses on applications and
societal implications of yeast metabolic engineering to achieve
the fifth element of CUREs: broader relevance (Auchincloss
et al., 2014; Brownell and Kloser, 2015). Student engagement
with these topics is achieved through the use of three case
studies. Cases have been shown to provide realistic scenarios
that require critical thinking within a structure that can be used
to promote engagement, motivation, and information retention
(Allchin, 2013). Cases provide context and can be used to
connect real-world problems with the topics or technologies
discussed in the course. More than teasers and “hooks,” cases
can be scheduled in a course to bring forth societal issues
that complement lab techniques. We sequenced the cases we
developed to intentionally introduce current applications and
societal challenges addressed by the use of engineered yeast
(Table 1). Moreover, a common thread was the emphasis on
the sustainability of these approaches and their impact on all
members of our society.

Cases were assigned as digital Google Docs worksheets via
Doctopus (Wright et al., 2014), and students were allowed to
work in groups or independently. Each case was introduced
in class, and students were given approximately 30-45 min
to begin working. Groups continued collaborating through

Google Docs to finish the case studies outside of class.
All case studies included learning outcomes, background
information (often videos and related articles), and a series
of questions for analysis. Questions required students to think
critically about how yeast was used to produce the Impossible
Burger (Case Study 1), opioids (Case Study 2), and omega-
3 fatty acids (Case Study 3). Several questions then asked
participants to compare the methods and approaches used
in the different case studies. All cases included questions
that prompted participants to reflect and think about: (a)
whether this is an example of yeast metabolic engineering,
(b) whether the approach is “sustainable,” (c) why is yeast
genetic engineering and/or metabolic engineering useful for the
production of this substance, and (d) the ethical implications
of the technology.

Groups received feedback in their Google Docs correcting
any misconceptions and asking additional questions to push
students to think more deeply about sustainability. Most students
in this course have completed BIT 501: Ethical Issues in
Biotechnology and have a basic understanding of bioethics
and a framework for discussing the social implications of
biotechnological innovations. Based on the previous coursework
and academic background of our students, we expected students
to focus largely on environmental sustainability in their
group answers. During the class period following each case
study, a class-level discussion was used to extend students’
understanding beyond environmental sustainability to include
economic and social sustainability. Typically, one or two groups
had already considered these facets of sustainability in their
Google Docs, and their comments during the class discussion
sparked other groups to expand their initial treatment of
the sustainability implications of the technologies discussed.
Following the class discussion, instructors summarized key
points in a course announcement. Expected answers to
the questions posed in the Google Docs case studies as
well as examples of topics typically addressed during class

TABLE 1 | Summary of case studies used to engage students in discussion of ethical and societal issues raised and addressed by advances in yeast

metabolic engineering.

Case study and associated Yeast species used

Metabolic engineering

Impact on
sustainability

Ethical questions and societal
issues

publications approach

Impossible Burger (PLoS, Pichia pastoris Introduction of a single gene
2019; Wired, n.d.; FAQ, n.d a) encoding soy leghemoglobin
Semisynthetic Opioid S. cerevisiae Introduction of 16 genes from five

Production in Yeast (Galanie

et al., 2015; Saccharomyces
Genome Database [SGD], n.d
D)

Engineered Yeast and Verlasso
Salmon (Xie et al., 2015; FAQ,
n.d b)

Yarrowia lipolytica

different organisms to encode an
entire metabolic pathway

Introduction of multiple pathways
genes using marker recycling to
encode the metabolic pathway
needed to produce omega-3 and

Creation of a meat-free
burger; reduced
emissions and water
use

Can the Impossible Burger actually
be considered vegan? Is the goal to
produce a burger for vegetarians,
or to convince meat-eaters to eat
less meat?

Potential for individuals to create
illicit drugs. Yield of desired product
is very low — is this method
feasible?

Reduced water and
fertilizer use compared
to production from
poppies

Reduced need for
feeder fish for farmed
salmon

Engineered yeast released into the
ocean. After initial investment and

work, DuPont no longer uses this

strategy - why?

omega-6 fatty acids into
Y. lipolytica, which was used in
place of feeder fish to feed salmon
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discussions (including all aspects of sustainability, as well as
ethical and social justice considerations) are included in the
Case Study Keys.

Engagement With Social Issues:
Graduate Sustainability Project

In addition to case study-based learning, graduate students
enrolled in the course were required to complete a 3- to 5-
page report discussing the use of yeast metabolic engineering
for sustainable production of food, resources, biofuels, or
bioremediation, referring to at least three primary literature
publications. In addition to explaining the techniques used to
engineer yeast, optimize yield, and generate the product, students
were asked to explore state, local, and, if applicable, campus-
wide initiatives related to their project and to propose a future
direction or application that relates to the current economic
growth and needs of our state and campus.

This assignment further promotes engagement by allowing
choice. Students typically choose to analyze the sustainable
generation of a product related to their own research or
personal interests. The ability to connect the project to
existing interests and societal concerns helps students to
contextualize the science and reflect on its implications.
The format of the project and guidelines offer structure and
intentionally include the evaluation of scholarly research
(primary references), summaries of complex genetic
engineering processes for a lay audience, and connections
to local and national societal issues. The assignment includes
at least one figure or table, and students often produce
graphical abstracts.

Grading is based on a modification of specifications grading,
with clear requirements for A, B, and C work. An opportunity
to earn bonus points is included, and this is often met when
students go beyond the stated elements of the project and include
information about local/campus-wide initiatives, interviews, or
research that is impactful. For example, one exemplary project
discussed the production of pigments for solar panels using
yeast metabolic engineering, an approach that is not yet
developed commercially and is understudied but has tremendous
potential. Another project included first-person interviews with
the researchers working to develop a yeast metabolic engineering-
based technology.

Importantly, topics addressed in this project often become
starting points for discussions and assignments in future versions
of the class. In this way, these student-driven projects form the
basis for case studies used in subsequent semesters. For example,
in Spring 2021, we will use a new case study comparing the
production of pigments for solar panels to the production of
pigments for textiles using yeast metabolic engineering. This
new case study combines two previous graduate projects in a
way that lets students explore the similarities and differences
in methods, technical challenges, and societal implications.
Although the evolution of graduate student projects into case
studies for future iterations of the course necessarily occurs
after the end of the semester, when students are no longer
enrolled, students are invited to participate in case study

development and offered co-authorship if the case study results
in a publication.

DISCUSSION

This course provides an example of a course structure
intentionally designed to increase ownership and agency through
the incorporation of critical elements of CUREs while also
engaging students through case studies and projects focused
on connecting the science to societal issues. Participants
have actively searched for local technologies, companies, and
researchers using engineered yeast to continue discussions and
propose future applications of yeast metabolic engineering. For
the graduate sustainability project, students have interviewed
researchers, found examples of these technologies being used on
our campus, and connected these efforts to their own research.

As the class continues to evolve, we plan to work with
students to extend discussions about yeast metabolic engineering
and sustainability beyond the classroom through the creation
of podcasts, a website, and other public-facing educational
materials. We also plan to strengthen the connection between
this course and the existing Ethical Issues in Biotechnology
course by inviting instructors and students in that course to
provide feedback to Yeast Metabolic Engineering students
on their case studies and graduate projects. Furthermore,
discoveries made in the context of this course will be used
as starting points for future undergraduate independent
research projects and course offerings. For example,
libraries of mutants produced by the class can be further
analyzed by students in a course focused on high-throughput
technologies and automation (e.g., BIT 479/579 High-throughput
Discovery). Future educational studies will assess the impact
of these course structures and practices on learning gains,
engagement in sustainability efforts in and out of class,
and student agency.

The equipment needed to offer this course - shaking
and stationary incubators, spectrophotometers, centrifuges,
themocyclers, and gel electrophoresis equipment - is often
accessible to teaching labs. Reagents are either commercially
available (e.g., Zymo Research, TransOMIC) or can be obtained
from academic labs. The full electronic lab manual for this course
is available from the authors upon request.

Students are genuinely excited by the ability to engineer
yeast and produce a commercially relevant product that can
be readily connected to their lived experience. The striking
phenotype of yeast producing beta-carotene combined with the
number of mutant libraries and genetic screens that can be
adapted make this lab module an option for numerous different
courses, student levels, and institutions. The VEGAS approach
can be used to assemble other genetic pathways of interest that
can be selected for and linked to societal, environmental, and
public health needs. Importantly, the skills gained in the lab
working with the model organism combined with ethical and
social justice discussions directly linked to the applications of
these technologies reinforce the professional development skills
required of modern-day molecular biologists.
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According to the World Health Organization (WHO), antibacterial resistance is a serious
problem worldwide. In Spain, knowledge about the use of antibiotics is scarce, being the
third country with the highest consumption of antibiotics in the world and the first in
Europe. This problem is due, partly, to the abusive use of these drugs in human medicinge,
livestock, and agriculture. The objective of this study was to evaluate the impact that the
Tiny Earth project has had on the antibiotic knowledge in pre-university students. To do
this, a survey was conducted before and after the Tiny Earth project in three different
school years (2017-2020) to 322 pre-university students belonging to seven schools in
the province of Valencia. The survey consisted of 12 multiple-choice questions with a
single valid answer. We observed 67.6% success at the beginning and 81.2% at the end.
These data indicate that they correctly answered an average of 1.64 more questions after
completing the project. In view of the results, we can affirm that the Tiny Earth project
has contributed to an improvement in scientific knowledge and awareness of the correct
use of antibiotics and the emergence of resistances by pre-university students, which
could also be transmitted to their social environment, thus improving awareness global
on these issues.

Keywords: Tiny Earth, resistances, antibiotics, rational use, global awareness, knowledge surveys, citizen
science

INTRODUCTION

Antibacterial resistance has become a serious health problem worldwide (Prigitano et al.,
2018) and is now spreading faster in comparison to the development of new molecules. It
should be noted that only 8 of the 33 new antibiotics in development belong to new
families, a small number considering the large number of bacterial resistances we are facing
(Lewis, 2017). In fact, according to WHO, bacterial resistances will be the leading cause of
death in 2050 and the biggest challenge in the field of Biomedicine in the 21st century
(World Health Organization, 2016).
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In Spain, knowledge about the use of antibiotics is scarce,
being the third country with the highest consumption of
antibiotics in the world and the first one in Europe (Klein
et al.,, 2018). This problem is due, in part, to the misuse of
these drugs in human medicine, livestock, and agriculture
(Phillips et al., 2004). This problem is even more serious if
we bear in mind that three quarters of the antimicrobial
agents used in livestock overlap with antimicrobials used in
humans (O’Neill, 2015). This has led to the so-called “antibiotic
crisis,” result of the shared irresponsibility of health
professionals, politicians, and consumers of antibiotics
themselves, though in very different degrees of responsibility
(Cisneros Herreros and Pefialva Moreno, 2018).

In this context, it seems important to promote educational
initiatives on the proper use and prescription of antimicrobial
drugs (Scaioli et al., 2015). Following this line of action,
Tiny Earth (2018) appears as an innovative project of citizen,
participatory, educational, and social science based on a
crowdsourcing strategy for the exploration of microbial
biodiversity in soils in search of new antibiotic-producing
microorganisms (Valderrama et al, 2018). Motivation is
reinforced by the fact that there already exist compounds
described as antibacterials produced by microorganisms isolated
from soil, namely malacidins and teixobactin (Hover et al.,
2018). In this way, it motivates pre-university students toward
choosing a scientific degree while addressing a global health
threat such as the resistance of bacteria to antibiotics
(Handelsman et al., 2016; Pernaute and Jiménez, 2017).

A crowdsourcing strategy involves outsourcing tasks, rather
than being performed by institution staff, overseeing a large
group of volunteers or community through an open call. The
idea of crowdsourcing is relatively recent, it shares the perspective
defended by some academic sectors of free and open access
to scientific knowledge (Open Access) and benefits from advances
in communication technologies (internet and social networks).
It has been postulated for use in the field of Public Health
and other aspects related to Biomedicine (Brabham et al., 2014;
Bentzien et al., 2015) and, applied to the educational environment,
can provide a collaborative and practical dimension that is
highly motivating for students (Caruso et al., 2016).

At the same time that it instructs and motivates, Tiny Earth
alerts, reports and raises awareness to society and future
generations. It invites pre-university students to participate in
a real international project that addresses a very relevant health
issue such as the lack of effective antibiotics to fight the
infections caused by multi-resistant bacteria, which are already
immune to virtually our entire therapeutic arsenal (Davies and
Davies, 2010). Throughout the lab lessons, the Tiny Earth
program focuses on the idea of discovery, in which students
from around the world carry out creative fieldwork and laboratory
research on soil samples in search of new antibiotic-producing
microorganisms (Davis et al., 2017).

The implantation for the first time at the CEU Cardenal
Herrera University (CEU UCH), sponsored by the Spanish
Microbiology Society within the D+D group, of the successful
educational and informative project of American origin Tiny
Earth raises an important and original novelty compared to

the United States project. It involves integrating two educational
levels, pre-university and university, by implementing an
ambitious strategy of service learning, which implies that the
teaching activities and strategies used in the training of university
students must have a direct impact on the community and
society, integrating concepts of active learning, practical teaching,
group work, and social volunteering. Indeed, the learning aspect
of this project is not limited to the knowledge that pre-university
students can acquire, since university students also acquire a
series of new skills related to their knowledge transmission
skills, teamwork, lab work, and expertise on the subject of
antibacterial resistance.

To launch the Tiny Earth project, we recruited undergraduate
students who had already taken courses in the field of
Microbiology and students in the field of Communication
Degrees in various degrees of the CEU UCH, to highlight the
importance of divulgation and scientific communication and
raise awareness about this health issue. This project was carried
out in five private and state-funded schools in the province
of Valencia during the first year (2017-2018). The project was
expanded the second year (2018-2019) to include two more
schools. In its third year (2019-2020), the schools remained
the same.

The aim of this study is to evaluate the impact that the
Tiny Earth project has had on the knowledge about antibiotics
of the participating pre-university students. The results of our
survey, which involved people of a very narrow age range,
cannot be extended to the entire Spanish population. Nevertheless,
they provide valid elements to promote initiatives aimed at a
more conscious use of antibiotics.

MATERIALS AND METHODS

The Tiny Earth project consists of five practical sessions,
challenging young students to discover novel bioactive-producing
microorganisms from soil samples as well as raising awareness
about antibiotic resistance and their appropriate use. Throughout
3 academic years, 19 Tiny Earth teams, each consisting of
three to five undergraduate students or Tiny Earth Teaching
Assistants (Tiny Earth TAs) led by one University teacher or
Tiny Earth Partner Instructor (Tiny Earth PI).

To evaluate the pedagogical impact of the project, 322
pre-university students filled in a survey at the beginning
(practical 1) and at the end (practical 5) of their participation
in the Tiny Earth project, which consisted of 12 multiple-
choice questions with one correct answer. We wrote this survey
in Spanish and English (Figure 1) and we handed it out in
one language or the other, depending on the school. The aim
of this survey was to assess the level of knowledge about the
appropriate use of antibiotics and the level of perception
regarding the problem of antibiotic resistances. This survey
was prepared based on questions asked by Tiny Earth TAs
and Tiny Earth PIs who participated in the project.

Unlike other studies in which respondents were required
to provide certain personal data for further demographic analysis
(World Health Organization, 2015), in our case, we decided
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ANTIBIOTIC KNOWLEDGE SURVEY

Tiny Earth project

Year 2019-20

This survey allows us to know what is your knowledge on antibiotics and their use.
The data you provide is anonymous and confidential.

Ring in ® the right answer. THERE IS ONLY ONE RIGHT ANSWER.

I. What is the cause of the common cold?

A. Virus

B. Bacteria

C. Getting cold

D. Having your hair wet for a long time

2. Is a prescription necessary to buy antibiotics?
A. Yes, it is always necessary.

B. No, only sometimes (when | have something serious or | do not know what | have).

C. No, a prescription is never necessary.

3. Which of the ing drugs is an ibiotic?

A. Aspirin

B. Amoxicillin

C. Paracetamol

D. Ibuprofen

4. Are antibiotics useful for any type of infection?

A. Yes, they can be used to fight any type of microorganism.

B. No, only for infections caused by bacteria, fungi and some parasites.
C. No, only for infections caused by viruses such as the flu.

D. Yes, but it depends on the age of the person infected and if they already have a disease.

5. Can a bacterial infection be treated with any antibiotic?
A Yes.

B. No.

C. Depends on the age.

D. Depends on the stage at which it was diagnosed.

6. Which of these indications should be kept in mind when taking antibiotics?

A. Medical instructions (schedule and dose) should be followed rigorously.
B. Treatment should be ded as soon as sympt disapp
C. Itis important to keep the prescription in order to use it in
D. All of the above.

7. If we do not take antibiotics correctly:

A. We will get better.

B. We will have problems with the antibiotic resistance that bacteria will probably develop.

C. Animals will become resistant to antibiotics and will never be infected by bacteria.

D. We will use other drugs that “kill bacteria” such as paracetamol, ibuprofen and omeprazole.

8. What do you understand by antibiotic resistance?

A. Antibiotic resistance occurs when microorganisms (bacteria, virus, fungi or parasites) undergo changes, which make the drugs used to treat infections ineffective (WHO

Definition).

B. Any mechanism produced by the human body that degrades these drugs, rendering them ineffective and, therefore, lacking therapeutic effect.
C. Processes carried out by bacteria and humans jointly that cause the antibiotic to lose its efficacy for the infection we want to treat.

D. None of the above.
9. Antibiotic-resistant bacteria can be transmitted to humans:

A. Through contact with someone who has an infection caused by antibiotic-resistant bacteria.
B. Through contact with something touched by a person who has an infection caused by antibiotic resistant bacteria (for instance, in hospitals with deficient hygiene, by the hands

of health workers or by the instruments they use).

C. Through contact with animals, food or water carrying antibiotic resistant bacteria.
D. All of the above.

10. Which of the following is essential in combating antibiotic resistance?
A. Vaccination

B. Taking antibiotics only under medical prescription, at the correct dose and during the necessary time.

C. Investing in the research of new antibiotics.
D. All of the above.
I'l. Choose the incorrect statement:

A. | can always recommend someone | know a treatment that | used to treat a bactreial infection. Furthermore, if | had leftover medication, it would be correct to share it with

them in order to reduce health expenses.

B. | should never recommend/lend an infection treatment to anyone. In fact, if | had leftovers, | should take them to the nearest pharmacy so they can dispose of them in the

correct way.
C. | should never take antibiotics for a viral infection such as the flu or a cold

D. Even if symptoms have disappeared, | will never stop taking antibiotics halfway through the treatment, since that would favor the appearance of antibiotic resistances
12. According to the World Health Organization (WHO), in 2050 it is estimated that the first cause of death will be:

A. Cancer.

B. Infections caused by antibiotic-resistant bacteria.

C. Cardiovascular diseases such as stroke or ictus.

D. Neurodegenerative diseases such as Alzheimer’s disease.

FIGURE 1 | Tiny Earth project’s survey (in English) consisting of 12 test questions with a single valid answer.

the future, if the same symptoms appear.

to carry out the surveys anonymously in order not to exert
added pressure to students and preserve the relaxed albeit
rigorous character of the activities carried out.

Statistical parameters (such as mean, standard deviation,
and variances) were calculated using the Microsoft Excel 2016
program. The Fisher-Snedecor test (F-test) was used to analyze
the equality of the variances and the Student’s t-test was used
to determine statistical significances, both tests performed at
95% confidence interval (CI).

RESULTS

After analyzing the survey results, we observed 67.6% (8.11/12)
of success at the beginning and 81.2% (9.74/12) at the end

of the project. These data indicate that students correctly
answered an average of 1.64 more questions after completing
the practical sessions of the project (Figure 2). The statistical
data reveal that there are significative differences at 95% CI
when comparing the overall results at the beginning and at
the end of the project (Table 1).

When we analyze the results before and after the project,
we highlight the following data: to question 1, “What is the
cause of the common cold?)” 55.0% was correctly answered
at the beginning and 64.0% at the end of the practical sessions
(Figure 3). To question 2, “Is a prescription necessary to buy
antibiotics?,” 62.1% was correctly answered at the beginning
and 90.6% at the end of the practical sessions (Figure 4). To
question 4, “Are antibiotics useful for any type of infection?,
70.2% was correctly answered at the beginning and 83.2% at
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FIGURE 2 | Percentages of correct answers to the 12 questions of the test carried out by pre-university students at the start (purple bars with vertical stripes) and
at the end (yellow bars with horizontal stripes) of the Tiny Earth project during the courses 2017-2020.

the end of the practical sessions (Figure 5). To question 5, Nevertheless, we do believe that the results obtained in
“Can a bacterial infection be treated with any antibiotic?,”  some of the questions asked deserve special attention, either
46.9% was correctly answered at the beginning and 81.5% at  because the difference in the correct answers to a specific
the end of the practical sessions (Figure 6). To question 6, question has been negligible, or because this difference has
“Which of these indications should be kept in mind when been especially noteworthy.
taking antibiotics?,” 59.3% was correctly answered at the beginning In question 1, “What is the cause of common cold?’ a
and 71.0% at the end of the practical sessions (Figure 7). To  slight drop (1.1%) was detected between the answers at the
question 8, “What do you understand by antibiotic resistance?,”  beginning (50.0%) and at the end (48.9%) of the project during
66.1% was correctly answered at the beginning and 80.5% at  the course 2017-2018 (Figure 3). A possible explanation for
the end of the practical sessions (Figure 8). To question 10, these data would be that, having carried out sessions dedicated
“Which of the following is essential in combating antibiotic =~ mainly to bacteria, it might had influenced the perception
resistance?,” 49.7% was correctly answered at the beginning that diseases are always caused by bacteria. We felt that the
and 61.6% at the end of the practical sessions (Figure 2). The  results on question 1 were too low on the first course, so in
differences in the results before and after the project have later editions, we tried to deepen our explanation regarding
proven to be statistically significant at 95% CI for questions  other diseases caused by other microorganisms, which gave
2 and 8 (Table 1). place to a significant rise in the percentage of correct answers
(10.0% in 2018-2019 and 17.1% in 2019-2020). We could say
that the explanation was more efficient or effective in the

DISCUSSION following courses since, without changing it, it was more
emphasized and better understood.
From the results of the survey, in which there has been an Question 2, “Is a prescription necessary to buy antibiotics?,”

increase close to 14% when comparing the number of questions ~ underwent a very considerable change with a 28.5% overall
answered correctly at beginning and at the end of the sessions,  increase in correct answers given before and after the project
we can affirm that there has been a significant overall (Figure 4). These data are probably due to the emphasis shown
improvement in scientific knowledge from pre-university students by Tiny Earth TAs and Tiny Earth PIs about the risks, both
participating in this project. for the patient and for society, associated with the sale of
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TABLE 1 | Statistical parameters at 95% confidence interval of the comparison between results obtained at the start and at the end of the project.

Standard deviation Variance F-test Variance equality Weighted variance t-test Significative differences
Q1 start 5.048 16.988
Q1 end 19915 99.472 5.855 Equal 87.345 1.131 No
Q2 start 11.058 81.518
Q2 end 4568 13.909 5.861 Equal 71.570 4.200 Yes
Q8 start 10.005 66.735
Q3 end 2505 4184 156.951 Equal 53.189 2.378 No
Q4 start 11.192 83.504
Q4 end 3864 9.953 8.390 Equal 70.093 1.997 No
Q5 start 37.219 923.491
Q5 end 3.091 6.369 144,997 Unequal 697.395 2.133 No
Q6 start 5.698 21.645
Q6 end 24910 390,741 18.052 Equal 309.290 0.783 No
Q7 start 2.211 3.259
Q7 end 0.952 0.605 5.388 Equal 2.898 2.481 No
Q8 start 4.018 10.765
Q8 end 5.850 20818 2.120 Equal 25.188 3.512 Yes
QQ start 7.473 37.235
Q9 end 5.688 21.569 1.726 Equal 44104 1.190 No
Q10 start 138.975 130.197
Q10 end 9.059 54.711 2.380 Equal 138.681 1.265 No
Q11 start 13.293 117.802
Q11 end 7940 34.946 3.371 Equal 114.561 1.020 No
Q12 start 5.389 19.358
Q12 end 1350 1915 15.928 Equal 15.430 2.327 No
Overall start 3.818 9.717
Overall end 1.261 1.060 9.165 Equal 8.083 5.998 ves
80 100 94.8
90.5 - 90.6
69.8 70.1 % . >
70 64.0 ]
59.9 — 80 =
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FIGURE 3 | Percentages of correct answers to Question 1 “What is the FIGURE 4 | Percentages of correct answers to Question 2 “Is a prescription
cause of the common cold?” at the start (purple bars with vertical stripes) and necessary to buy antibiotics?” at the start (purple bars with vertical stripes)
at the end (yellow bars with horizontal stripes) of the Tiny Earth project during and at the end (yellow bars with horizontal stripes) of the Tiny Earth project
the courses 2017-2020. during the courses 2017-2020.

antibiotics without a prescription (Guinovart et al., 2018).
We would like to highlight that, year after year, the percentage
of correct answers at the end has not ceased to increase
(85.7% in 2017-2018, 90.5% in 2018-2019, and 94.8% in
2019-2020). Thus, we can conclude that the tendency of the
gap between the percentage of correct answers before and
after the project to shrink has more to do with the fact
that students had a better knowledge on this question to

begin with (48.9% of correct answers at the beginning of
course 2017-2018, 65.2% in 2018-2019, and 70.0% in
2019-2020).

Another question that underwent a remarkable change, with
a 13.0% increase in correct answers before and after the project
was question 4, “Are antibiotics useful for any type of infection?”
(Figure 5). Behind this improvement could be the continuous
reminder by Tiny Earth TAs and Tiny Earth PIs throughout
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FIGURE 5 | Percentages of correct answers to Question 4 “Are antibiotics
useful for any type of infection?” at the start (purple bars with vertical stripes)
and at the end (yellow bars with horizontal stripes) of the Tiny Earth project
during the courses 2017-2020.
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FIGURE 7 | Percentages of correct answers to Question 6 “Which of these
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infection be treated with any antibiotic?” at the start (purple bars with vertical
stripes) and at the end (yellow bars with horizontal stripes) of the Tiny Earth
project during the courses 2017-2020.

all practical sessions that antibiotics are indeed not useful for
all infections. Similarly to question 2, even though the percentage
of correct answers at the end of the project was quite high
(82.1% in 2017-2018, 80.2% in 2018-2019, and 87.6% in
2019-2020), the general knowledge about this question before
the project grew year after year (57.8% in 2017-2018, 71.2%
in 2018-2019, and 80.0% in 2019-2020), reason why yearly
gaps have decreased.

In question 5, “Can a bacterial infection be treated with
any antibiotic?)” there has been a striking increase (34.6%)
in the percentage of correct answers before and after the
project (Figure 6). This could be due to the emphasis shown
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FIGURE 8 | Percentages of correct answers to Question 8 “What do

you understand by antibiotic resistance?” at the start (purple bars with vertical
stripes) and at the end (yellow bars with horizontal stripes) of the Tiny Earth
project during the courses 2017-2020.

during the project, in which we explained that not all bacteria
are alike, that they can cause various and very different
infectious diseases, in addition to the own experience that
pre-university students have had when viewing the different
degrees of antibiosis against the same bacteria in the lab. A
similar pattern to question 4 has been obtained. The percentage
of correct answers at the end of the project were quite high
(84.5% in 2017-2018, 78.4% in 2018-2019, and 82.5% in
2019-2020), the general knowledge about this question before
the project grew year after year (2.2% in 2017-2018, 57.6%
in 2018-2019, and 73.0% in 2019-2020), reason why yearly
gaps have also decreased.
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In question 6, “Which of these indications should be kept
in mind when taking antibiotics?,” there has been an overall
increase of 11.7% correctly answered questions between the
beginning and the end of the practical sessions (Figure 7).
However, if we focus on the yearly data, very good results
were obtained in the first two courses (17.3% increase in
2017-2018 and 26.1% in 2018-2019), but there was a significant
drop (9.7%) of correct answers between the beginning and
the end of this courses project. This result serves as a lesson
to not to forget the importance of the rational use of antibiotics.
Therefore, we should put a stronger emphasis on this matter
in the coming years.

In question 8, “What do you understand by antibiotic
resistance?,” there has been an overall increase of 14.3% in
correct answers from the beginning to the end of the practical
sessions (Figure 8). One of the reasons for these good results
might be, besides the theoretical explanations on the concept
of resistance given throughout the project, the fact that they
have been able to recognize resistances visually by observation
of inhibition halos.

In question 10, “Which of the following is essential in
combating antibiotic resistance?,” there has been an overall
increase of 11.9% in correct answers from the beginning to
the end of the practical sessions (Figure 2). Even though there
have been questions with less improvement between the beginning
and the end, it is the question with the lowest success rate
at the end of the project (61.6%). This might be due to the
fact that it is a question in which all the answers are correct
and, therefore, they must have learned all the concepts stated
in the question.

We must say that our first goal was not to obtain uniform
results from the tests. However, after analyzing the results on
our first year, we tried to do some improvements in our
presentations based on that information and, thus, results
became more uniform for the last 2 years. However, we sincerely
hope that teachers who may want to start a similar project
could benefit from our findings.

We should also note that in schools where the number of
students has been lower, both the results and collaboration
have been more positive because the sessions were held more
calmly and with a more personalized attention. In schools
where there have been more students, although the results
have also been satisfactory, attention could not have been so
individualized. These results are consistent with various studies
showing that while a significant proportion of the general
public still believe that antibiotics are an effective treatment
for cold symptoms, they also report increased awareness of
antibiotic resistance (European Commission, 2013; Carter
et al., 2016).

Chronic infectious diseases such as HIV and tuberculosis
and emerging infections with the potential for rapid expansion
such as the 2014 Ebola epidemic and the 2020 COVID-19
pandemic remain a substantial global health threat to mankind
(Shahmanesh et al., 2020). Infectious diseases have profound
effects beyond health, especially on local and global economies,
which intensifies existing socioeconomic fragilities (United Nations
Development Programme and International Federation of Red

Cross and Red Crescent Societies, 2017). However, the prevalence
of antimicrobial resistance grows by the year and we will soon
be speaking about millions of deaths from antibiotic-resistant
infections (Collignon et al., 2018).

We think that there is an urgent need for educational
and awareness programs integrating methods to optimize
the prevention of, and response to, infectious diseases. This
might mean training science teachers and broadcasters to
improve their dissemination on human health (Samet and
Woodward, 2019).

CONCLUSION

The global experience of the Tiny Earth project has been very
positive. Participation in the Tiny Earth project has positively
contributed to the development of scientific interest, the awareness
on the proper use of antibiotics, and the emergence of resistances
in pre-university studies, as well as improved their skills in
the laboratory.

Likewise, in view of the results obtained with the survey,
we can affirm that the students participating in this project
have improved their scientific knowledge. Besides, these newly
learned skills may also be transmitted to their social environment,
thus improving the overall awareness of this issue. We can
also conclude that the Tiny Earth project has awakened and
expanded the scientific training and interest in students.

We would also like to highlight the need for new approaches
in order to reach the general public in the field of infectious
diseases.
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Propelling a Course-Based
Undergraduate Research Experience
Using an Open-Access Online
Undergraduate Research Journal

Evelyn Sun, Marcia L. Graves and David C. Oliver*

Department of Microbiology and Immunology, University of British Columbia, Vancouver, BC, Canada

The University of British Columbia has developed a course-based undergraduate
research experience (CURE) that engages students in authentic molecular microbiology
research. This capstone course is uniquely built around an open-access online
undergraduate research journal entitled Undergraduate Journal of Experimental
Microbiology and Immunology (UJEMI). Students work in teams to derive an original
research question, formulate a testable hypothesis, draft a research proposal, carry out
experiments in the laboratory, and publish their results in UJEMI. The CURE operates
in a feed forward manner whereby student-authored UJEMI publications drive research
questions in subsequent terms of the course. Progress toward submission of an original
manuscript is scaffolded using a series of communication assignments which facilitate
formative development. We present a periodic model of our CURE that guides students
through a research cycle. We review two ongoing course-based projects to highlight
how UJEMI publications prime new research questions in the course. A journal-driven
CURE represents a broadly applicable pedagogical tool that immerses students in the
process of doing science.

Keywords: course-based undergraduate research experience, undergraduate research journal, scientific

enculturation, pedagogy, curriculum, molecular microbiology, STEM-science technology engineering
mathematics

INTRODUCTION

Becoming a scientist is a complex endeavor that requires multiple levels of development. An
essential goal for any successful undergraduate program in STEM is to provide opportunities for
students to develop skills in the context of being able to do real-world science (Laursen et al.,
2010; American Association for the Advancement of Science, 2011; Feldman et al., 2013). To
support students as scientists in training, activities in the curriculum ought to ensure that students
acquire technical skills, the ability to read and interpret scientific literature, learn how to design
experiments, document observations, analyze and interpret data, and have the opportunity to
disseminate research findings (Coil et al., 2010). These fundamental skills form a foundation to
support higher order activities including innovation, teamwork, self-authorship, expert thinking,
collaboration, and meaningful engagement with the scientific community. Collectively, this
developmental process can be described as scientific enculturation (Florence and Yore, 2004;
Auchincloss et al., 2014; Linn et al., 2015).
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Scientific enculturation requires opportunities for students
to “do science” (Linn et al, 2015). Research experiences and
mentorship from scientists are needed for students to acquire on
the ground training, disciplinary knowledge and understanding
of the scientific method (Linn et al, 2015; Estrada et al,
2018). Several types of undergraduate research opportunities
have been documented to provide a range of different scientific
experiences (Lopatto, 2004, 2010; Seymour et al., 2004; Russell
et al, 2007; Sadler et al, 2010; Linn et al., 2015; Robnett
et al,, 2015). Credit-based undergraduate research opportunities
include protocol-driven teaching laboratories, inquiry-based
teaching laboratories such as course-based undergraduate
research experience (CUREs), and research internships. While
protocol-driven teaching labs generally involve activities where
the experimental results are known at the outset, at least to the
instructor (Weaver et al., 2008), CUREs and research internships
tend to address novel research questions where the experimental
outcome is usually unknown (Auchincloss et al., 2014; Beck
et al., 2014). Research internships, often called directed studies
or honors thesis projects, typically have a one-to-one structure
where an undergraduate student mentee is paired with a
more senior scientist as a mentor (Shapiro et al., 2015). With
capable mentors, internships can provide high quality research
experiences; however, because mentor:mentee pairings tend to
be self-selecting, student diversity, and equitable access can be
limited (Bangera and Brownell, 2014). In contrast, CUREs are
designed to be scalable and accessible by accommodating a few to
several hundred student mentees to one or more faculty mentors
(Linn et al., 2015). The course-based nature of CUREs also means
that lectures and tutorials can be paired with research activities
to provide consistent training in fundamental research skills.
CUREs are a rapidly growing pedagogical model for teaching
science curricula to promote enculturation and scientific identity
among all students in a program, and not an exclusive few
(Bangera and Brownell, 2014; Esparza et al., 2020).

Auchincloss et al. (2014) proposed that science-based CUREs
can be defined by five main domains in which students: (1) engage
in scientific practices, which include technical skills development
and the use of the scientific method, (2) experience discovery, as
the outcome of an experiment is not known by the students or
the instructor at the outset, (3) pursue research questions with
broad relevance and meaning beyond the classroom setting, (4)
collaborate with their peers, as fellow scientists, and sometimes
with practicing scientists in the broader community, and (5)
iterate, as experiments are repeated, refined, and cross-examined
to generate more robust models and concrete knowledge. Taken
together, these domains provide students with an experience
that integrates the complex facets of doing authentic research
(Brownell et al., 2015). As a result, positive outcomes of CUREs
on student development have been documented in several
areas of research competency including science identity and
confidence, content knowledge, and science literacy (Brownell
et al,, 2015; Olimpo et al., 2016).

A broad range of science-based CUREs have been developed
within disciplines (e.g., biology, chemistry, physics, mathematics,
geography) as well as across disciplines (Brownell et al., 2015;
Kerr and Yan, 2016; Sarmah et al., 2016; Shanle et al., 2016; Alford

etal., 2017; Ballen et al., 2017; Ayella and Beck, 2018; Light et al,,
2019; Shelby, 2019; Stoeckman et al., 2019; Wolkow et al., 2019).
Bhattacharyya et al. (2020) showcase the wide range of diversity
in CURE design (Bhattacharyya et al., 2020). Some CURE courses
focus on one main biological model such as expression of
p53 tumor suppressor gene in yeast (Brownell et al., 2015),
protein interactions with Mer tyrosine kinase (Shelby, 2019),
mutagenesis of lactate dehydrogenase (Ayella and Beck, 2018), or
the effect of nicotine and caffeine on the development of zebrafish
(Sarmah et al., 2016). Some involve students collaborating with an
outside institution to conduct their research projects such as the
Rosetta Research Experience for Undergraduates where students
undertake their CUREs outside of the institution following a
2 weeks programming boot camp (Alford et al., 2017). Others
involve consecutive CURE courses taken throughout a student’s
degree that progressively building a single research topic (e.g.,
antibiotic resistance) (Light et al., 2019).

Here we review a capstone CURE developed at the
University of British Columbia that centers around student-
driven microbiology-based projects, and culminates in the
generation of original research articles published in an online
undergraduate research journal titled the Undergraduate Journal
of Experimental Microbiology and Immunology (UJEMI). We
describe the structure and function of our CURE model and
discuss UJEMI as a tool with the potential to objectively
assess student development and observe the process of scientific
enculturation. We hope that insights gleaned from our
experiences may be helpful to others seeking to design and
understand the pedagogical value of CUREs.

AN UNDERGRADUATE RESEARCH
JOURNAL-DRIVEN CURE

The University of British Columbia’s (UBC) Point Grey campus
located in Vancouver, Canada is a large research intensive post-
secondary institution which serves over 45,000 undergraduate
students and 10,000 graduate students annually (The University
of British Columbia, 2020). Since 2001, UBC has been developing
a capstone molecular microbiology CURE that serves students
in the final year of their 4 year undergraduate program offered
by the Department of Microbiology and Immunology. Initially
starting out as an optional course enrolling a few students,
the course is now required for graduation and has grown
to accommodate up to 60 students per semester, totaling
approximately 120 students per academic year. Prior to enrolling
in the CURE, students are required to complete two lab courses.
One is a traditional, protocol-driven lab while the other is
a guided inquiry-based lab; together they provide students
with fundamental knowledge and skills required to begin
working independently in a molecular microbiology laboratory.
Resourced with a single instructor and one to two graduate
student teaching assistants, the CURE unfolds over 16 weeks
(September-December or January-April).

The course is equipped with four learning centers: an
interactive classroom lecture (1.5-3 h per week), a team-
based meeting (1 h per week), web-based resources including
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classroom management tools for communication and an open-
access undergraduate research journal', and a wet-bench research
laboratory outfitted with the majority of the tools necessary
to conduct microbiology and molecular biology which is open
to students throughout the week. In addition, students are
encouraged to interact with researchers working in grant-funded
laboratories at UBC, which increases the scope and breadth of the
scientific and technological resources available in the course.

The primary instructor of the CURE manages our
undergraduate research journal, UJEMI. The structure and
function of UJEMI have been previously described (Sun et al,
2020). Briefly, the CURE instructor mentors graduate student
editors employed as teaching assistants over the summer months
to administer a student-centered peer-review experience, and
prepare the manuscripts for online publication (Sun et al., 2020).
In addition to papers generated from research conducted in
our CURE, UJEMI invites submissions from undergraduate
students doing scientific research projects in microbiology
and/or immunology at accredited universities around the world.
Taken together, UJEMI provides a platform for undergraduate
researchers to participate in the authentic process of research
dissemination as published authors, and the novel findings
published as UJEMI articles drive new research questions in our
CURE term after term.

Our CURE is divided into three phases where students engage
in planning, experimentation, and dissemination, respectively
(Figure 1). Writing assignments are used to scaffold the process
and provide clear milestones as the course unfolds.

The planning phase (weeks 1-6) begins by directing students
to papers published in UJEMI by former students in the
course. Students review the UJEMI literature and consider the
data and proposed models. Students are encouraged to link
their reading to the broader literature. Based on their reading,
individual students submit a flowchart as well as a 1-page letter of
intent explaining their proposed research question, hypothesis,
experimental questions, and potential outcomes. Students also
present a brief feasibility analysis. Written feedback on each
proposal is provided by the instructor and teaching assistant(s)
(week 2). Teaching assistants in the CURE are typically senior
graduate students with backgrounds in microbiology and/or
immunology who have a demonstrated aptitude for experimental
research and teaching.

During the planning phase, students self-assemble into teams
of 3 or 4 people and are assigned a weekly meeting time. Each
team evaluates each individual proposal and selects a lead project
to carry forward for the term. The team’s decision considers the
potential scientific impact of the project, areas of development
that individuals or the team would like to pursue (e.g., experience
with a specific technique), feasibility, and the risk to reward ratio.
The course learning objectives do not include a prescribed set of
techniques that the students must learn; rather the focus is on
working through a hypothesis-driven research project using the
tools best suited to address the research question.

The team then moves into a series of team meetings in which
the lead proposal is developed (weeks 2-6). The instructor and

Uhttps://ujemi.microbiology.ubc.ca/

teaching assistants provide guidance as students refine their
proposal to ensure that their hypothesis is testable, that their
experiments are well designed and technically feasible, that they
are sourcing reliable protocols and methods, and that they create
strategies to execute their project within the constraints of the
course (e.g., time, resources, expertise). It is important to note
that the instructor and teaching assistants do not direct project
development, but instead facilitate the process. The students are
expected to guide their own research direction, which promotes
project ownership. The development of a novel research question
and self-directed approach to project management are elements
of CUREs that have shown to increase student perceptions of
ownership over their own projects and the outcomes associated
with their projects (Cooper et al., 2019). This planning phase
concludes with submission and feedback on an extensive team-
based proposal that details the scientific background, hypothesis,
experimental aims, protocols, and methods, laboratory safety
considerations, a timeline, and pitfalls and workarounds (week
8). The team proposal becomes a road map for the project.

The experimentation phase is carried over weeks 6-12.
Student teams are assigned a lab bay and prepare their own
reagents including stock solutions and growth media. They also
design primers and culture lab-based Escherichia coli strains
which they can request from the course strain collection,
the Coli Genetic Stock Center at Yale University, or from
academic researchers around the world who have published
strain descriptions. Students plan their own lab work schedules
and are encouraged to divide the work amongst their team
members so as not to over burden any one individual. The lab
is open during the week from approximately 8a.m. to 5p.m.
and students come and go during the day. Although we don’t
monitor the time spent working on the project, student teams
are given the same explicit deadlines. We estimate that individual
students spend approximately 4-6 h per week working on
their project which, if equitably distributed across their team,
accounts for about 16-24 h of team-based lab work per week.
Instructors and teaching assistants are available for guidance
and demonstrations of technical steps. Similar to most research
experiences, experiments rarely work on the first attempt and
students often repeat steps before achieving a result. Bi-weekly
written research reports and team meetings are used for reflection
and feedback (weeks 9, 11, and 13). Students are often able to
troubleshoot their own experiments after systematic reflection
in written form. The experimentation phase concludes with an
oral presentation to the class summarizing their research question
and findings (week 12). Peer- and instructor-based feedback is
gathered to support the dissemination phase.

The final phase involves dissemination of research results in
the form of an original research article (weeks 12-16). Building
off instructor and peer feedback from their oral presentation,
as well as classroom activities in which strategies for drafting
an original research manuscript are discussed, the students
assemble their data as figures and tables and attempt to construct
a coherent story. Instructors and teaching assistants provide
guidance especially with deeper data analysis and reaching
well-supported conclusions to provide students with enough
scaffolding to facilitate the drafting process. Student teams
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FIGURE 1 | Research cycle over a 16 week academic term. Planning, experimentation, and dissemination phases are denoted. Due dates for communication
assignments and feedback scaffolding the CURE are shown on the periphery. Individual proposals are submitted after the first week of classes. The team proposal is
submitted at the conclusion of the planning phase in week 6. Teams conduct oral presentations on week 12 at the beginning of the dissemination phase. Draft
manuscripts are submitted at the end of week 14 and the final manuscript just before the end of the course around week 15.

Start of Course
Flow Chart

Individual Proposal
Individual Proposal Feedback

Team Project Chosen

3

Planning

Team Proposal

submit a draft manuscript, formatted as per the Instructions
for Authors guidelines set out by the Journal of Bacteriology.
The manuscripts are reviewed by the instructor and teaching
assistants (week 15) and returned to the student teams for
revision (week 16). Students revise their work (often extensively)
prior to final submission and provide a response to reviewers
(week 16). A course grade is not assigned until the paper is
accepted for publication in UJEMI. Students have the option of
advancing their manuscript to a peer review phase if their work
communicates a bona fide well-controlled finding (either negative
or positive data). The peer review process extends beyond the end
of the course (Sun et al., 2020). Importantly, papers published in
UJEMI serve as fuel for the next iteration of the course, and the
research cycle continues.

CONNECTING RESEARCH PROJECTS

Over 4 months, student teams work through a research
cycle (Figure 1). The publication of a UJEMI article creates
a body of knowledge that can be used to derive new
research questions. A broad range of projects have been
developed by students in the course that span the fields of
molecular biology, biochemistry, and microbiology. Projects
include research on bacteriophage (Chiu et al., 2017; Dimou
et al., 2019), bacteria (Cramb et al.,, 2015; Backstrom et al.,
2017; Hartstein et al., 2017), and yeast (Goldhawke et al,
2016), as well as Caenorhabditis elegans as a model host

organism (James et al., 2018; Cheng et al.,, 2019). Students have
employed a wide range of microbiology and molecular biology
techniques including standard PCR, quantitative PCR, Gibson’s
cloning, flow cytometry, and Next Generation Sequencing. As
of 2019, UJEMI had published 493 original research articles
solely authored by undergraduate students. Individual articles
investigating common research questions can be clustered into
ongoing course-based projects. Two ongoing research projects
are summarized in Supplementary Table S1 and are mapped
chronologically in Figure 2. We review these two projects as case
studies to provide insight into how research evolves over multiple
terms of the course.

THE WZA STORY: ANTIBIOTIC
SUSCEPTIBILITY AND CAPSULE
SECRETION GENES

It has been suggested that capsule, a discrete layer of
polysaccharide linked to the cell surface of some bacteria
including E. coli, could create a physical barrier to impede
the movement of molecules such as antibiotics into the cell
(Slack and Nichols, 1982). Decreased intracellular concentration
of the antibiotic may result in tolerance to high extracellular
concentration of the antibiotic (i.e., increased resistance). Several
mechanisms of capsule mediated resistance have been proposed
including the idea that charged-based interactions between

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 589025


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sun et al. An Undergraduate Research Journal-Driven CURE
A -
d e
m:m unit: J/ ’ meP P2 -JEGEE-C
Gllal m% periplasm
2004/05 Shah Kazem
2006/07
Fowler et al.
2008/09 Luetal. Nami etal
Kam et al.
Liu et al. Drayson
2010/11 otal
2012/13 Duronio
2014/15 Suetal. Botros et al.
2016/17 Yuen etal.
2018/19
2020

FIGURE 2 | UJEMI case studies demonstrate how each CURE build on each other over time. (A) Left: working model of proteins involved in the secretion of capsule
in E. coli strain K30 (reprinted with permission, Yuen et al., 2017). Gene products discussed include Wza (red), Wzb (green), Wzc (blue). Capsule subunits are shown
in small blue and black circles. Auxiliary secretion machinery subunits (Wzx, Wzy) are not discussed in the text. Right: Plasmid map, P12-MBP fusion protein domain
architecture, and primary amino acid sequence of P12 (reprinted with permission, Grewal et al., 2020). Cysteine residues are shown in bold font. (B) Chronology of
ongoing CURE-based research projects published in UJEMI investigating the capsule on antibiotic resistance (left, blue/red project nodes) and the expression and
purification of protease inhibitor 2 (PI2) (right, purple/red project nodes). Projects are labeled with the name of the first author in the corresponding UJEMI publication
(refer to Supplementary Table S1). Projects sharing similar research aims are depicted as the same shape project node. The red project nodes represent research
articles describing key advancements in each project.
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capsular polysaccharides and antibiotics may slow diffusion
across the membrane (Slack and Nichols, 1982). Further, the
regulation of capsule synthesis has been linked to stress response
regulons in E. coli (Gottesman and Stout, 1991), leading to the
notion that stress such as exposure to antibiotics may play a role
in the regulation of capsule expression.

This project first began in our course when a student team
decided to investigate the effects of sub-lethal doses of the
antibiotics streptomycin and kanamycin on the synthesis of
macromolecules in E. coli strain B23 (Chung et al., 2006). The
students measured an increase in the concentration of hexose, a
component of capsule, after treatment with the sub-lethal doses
of the antibiotics (Chung et al., 2006). This study was followed
up by two student teams who hypothesized that E. coli strain
B23 treated with sub-lethal doses of kanamycin and streptomycin
would increase capsule production (Ganal et al., 2007; Lu et al.,
2008). The students found that capsule production increased
following sublethal treatment with streptomycin and kanamycin
(Ganal et al,, 2007; Lu et al., 2008). However, follow-up studies
were unable to link this phenotype with increased resistance
to streptomycin (Fowler et al.,, 2009; Naimi et al., 2009), and
increased resistance to kanamycin was observed in two studies
(Kam et al., 2009; Al Zahrani et al., 2013), but not in a third
(Drayson et al., 2011).

In 2014, the student team of Parmar et al. followed
up on a report published in the journal Environmental
Science and Pollution Research by researchers outside of
the course suggesting that tetracycline interacts with capsular
polysaccharides (Song et al., 2013). Parmar et al. asked whether
capsule deficient mutants showed decreased resistance to
tetracycline. The results of this study did not show a change
in resistance to tetracycline (or streptomycin) in the capsular
mutants (Parmar et al., 2014).

In 2014, the student team of Botros et al. initiated a new
arm of the project by devising a screen to ask whether or
not capsule contributes to resistance against a panel of 10
antibiotics representing different structural classes. The students
drew upon the extensive research of Dr. Chris Whitfield at
Guelph University in Canada whose lab has constructed defined
deletion strains of the capsule secretion machinery in E. coli
strain K30 (Figure 2A left; Whitfield, 2006). The students
contacted Dr. Whitfield who generously provided wild type
E. coli strain K30 and an isogenic strain (Awza—wzb—wzc)
bearing a deletion of the genes encoding the outer membrane
channel protein (Wza), the intermembrane ATPase (Wzb), and
the inner membrane bound phosphatase (Wzc). Botros et al.
developed a disk diffusion assay to semi-quantitatively compare
the resistance of capsule deficient mutant strains and the wild
type strain. After optimization, the disk diffusion assay was
shown to be efficient and reliable. The results showed statistically
significant differences in the zones of inhibition between the
wild type and a capsule deficient mutant when treated with
erythromycin and nitrofurantoin. Interestingly, resistance to
erythromycin increased in the capsule deficient strain whereas
resistance to nitrofurantoin decreased. Botros et al. chose to focus
on the erythromycin result and followed up by showing that
the phenotype was also observed for other macrolide antibiotics

(e.g., clarithromycin, roxithromycin) but not for a ketolide (e.g.,
telithromycin). The student team concluded that deletion of the
E. coli K30 group I capsule biosynthesis genes wza, wzb, and wzc
confers capsule-independent resistance to macrolide antibiotics
(Botros et al., 2015).

The next series of course projects utilized single gene deletion
strains of Awza, Awzb, Awzc contributed again by Dr. Whitfield.
After corroborating the results of Botros et al., student teams
went on to show that deletion of wza is sufficient in conferring
resistance to the macrolide erythromycin (Su et al., 2017) whereas
deletion of wzb is not (Rana et al., 2016). Students also tested a
Awzc deletion mutant which also showed a partially macrolide
resistant phenotype (Jazdarehee et al., 2017).

The next set of student team projects asked whether
complementation of wza in a strain bearing a deletion of this
gene would restore the wild type (less erythromycin resistant)
phenotype. The first attempt involved PCR amplification of the
wza gene product and ligation into the TA TOPO cloning vector
(Yuen et al,, 2017). The student team of Yuen et al. designed
PCR primers to amplify a product encompassing the putative wza
promoter region to allow constitutive wza expression. The team
obtained clones which they analyzed using Sanger sequencing. All
of the inserts were found to be oriented in the same direction
opposing the plasmid borne lac promoter sequence used for
blue/white screening. The team surmised that the wza gene
product may be lethal when overexpressed. Based on these
results, the student team of Pochanart et al. decided to subclone
the wza gene into a pBAD24 vector which encodes a promoter
that can be upregulated and downregulated with the addition
of media-based L-arabinose or glucose, respectively (Pochanart
et al., 2018). The students were able to obtain clones which were
verified by Sanger sequencing. Growth experiments showed that
the high inducer concentration reduced the growth rate of the
clones transformed with the wza-containing plasmid (Pochanart
etal., 2018). This was consistent with the previous suggestion that
overexpression of wza may be lethal (Yuen et al., 2017). The next
student project set out to optimize the concentration of arabinose
inducer to minimize the effect on growth rate (Abuan etal., 2018).
After optimizing the inducer concentration, the students were
able to show that in a strain bearing a deletion of wza, arabinose
induction of a plasmid-encoded copy of wza was sufficient to
restore erythromycin sensitivity of a Awza deletion strain using a
disk diffusion assay (Abuan et al., 2018).

Students have started to explore the structure and function
of the outer membrane channel protein Wza to understand
how it is linked to the macrolide sensitivity. Using the crystal
structure Wza (Dong et al., 2006), Su et al were able to measure
the diameter, electrostatic properties and hydrophobicity of the
pore. The students estimated the Wza pore to have a diameter
of approximately 17 angstroms whereas the approximate size
of erythromycin is 12 angstroms, suggesting that the channel
may be sufficiently large enough to accommodate the antibiotic.
The team acknowledged that electrostatic interactions and
hydrophobicity of the Wza channel may also influence antibiotic
movement through the channel. The student team of Chiu et al.
(2017) followed up with a study that tested mutant specific
tolerance to macrolides with different structural properties
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including erythromycin, clarithromycin, and roxithromycin,
and telithromycin. The authors reported that wza linked
resistance was observed for erythromycin, clarithromycin, and
roxithromycin but not for telithromycin, the latter having
distinctive aromatic rings and ketone groups. Chiu et al. (2017)
speculated that the additional ketone groups on telithromycin
may increase its polarity which may influence how it crosses the
membrane relative to the other tested macrolides. Surprisingly,
a single wza deletion mutant was shown to be more resistant
than a Awza—wzb—wzc triple deletion mutant when treated with
azithromycin, perhaps insinuating a more complex, structure-
specific model of antibiotic uptake (Chui et al., 2017).

The students have proposed a range of models to explain
how deletion of Awza renders E. coli strain K30 resistant to
macrolides. Su et al. (2017) suggested a model in which Wza
stabilizes other outer membrane proteins involved in outer
membrane integrity. Botros et al. suggested that the formation
of K-LPS in the absence of the capsule secretion genes alter
the stability of permeability of the outer membrane (personal
communication with Dr. Chris Whitfield, 46). Finally, several
studies on the macrolide resistant phenotype linked to wza have
observed that the effect is limited to experiments done on solid
media (disk diffusion assays) as opposed to liquid media (broth
dilution assays) (Rana et al., 2016; Jazdarehee et al., 2017; Su
et al,, 2017). How the nature of the growth media influences the
observed phenotype remains an open question. The student team
of James et al. (2020) have asked whether the discrepancy between
experiments performed in liquid vs. solid phase media reflect
a phenotype related to biofilm formation (James et al., 2020).
While a compelling hypothesis, James et al. reported that their
data showed no correlation between biofilm production in liquid
media and erythromycin resistance in E. coli K30 wild-type,
Awza, and Awza—wzb—wzc (James et al., 2020).

A recent study by the student team of Gu et al. (2018) revisited
the initial data describing the antibiotic screen published by
Botros et al. (2015). Gu et al. (2018) were specifically interested
in the observation that a triple deletion of Awza—wzb—wzc
results in a decreased resistance to the antibiotic nitrofurantoin.
Following an extensive effort to verify the DNA sequence of each
of the mutations in each strain, the students showed that deletion
of wzb is sufficient to decrease resistance to nitrofurantoin. To
explain their data, Gu et al. (2018) present a working model in
which nitrofurantoin toxicity is reduced in the absence of the
wzb phosphatase, possibly by increasing the concentration of a
phosphorylated form of a putative reductase.

THE PI2 STORY: PROTEIN EXPRESSION
AND DISULPHIDE BOND FORMATION

The production of recombinant protein in a functionally folded
conformation is a long-standing challenge faced by many
microbiologists and biotechnologists (Rosano et al, 2019).
The expression of proteins containing disulphide bonds in
prokaryotic organisms such as E. coli is confounded by the
naturally occurring net reducing redox state of the cytosol (Ren
et al., 2016). Interested in better understanding the function of

the reductase protein domain thioredoxin (Trx) that has been
shown to promote the solubility of fusion proteins containing
disulphide bonds, Shah (2004) initiated a study within our CURE
to investigate the effect of a Trx fusion on solubility of proteinase
inhibitor 2 (PI2) from potatoes. PI2 is a relatively small 21
kDa, dimeric, cysteine-rich, heat-stable, endo-acting peptidase
that inhibits chymotrypsin and trypsin protein containing 16
cysteine residues predicted to form 8 disulphide bonds (Keil et al.,
1986). Using a plasmid containing the PI2 gene sequence that was
donated to the course, several iterative attempts were made at
cloning the gene into the pET32 expression vector (Invitrogen)
(Kazem, 2004; Shah, 2004; Park, 2006; Duronio, 2012; Przeworski
et al, 2015). The student team of Geum et al. eventually
constructed a PI2-Trx fusion plasmid that was confirmed by
restriction enzyme analysis, however, overexpression of the PI2-
Trx protein product was not observed in whole cell lysates
of E. coli strain BL21(DE3) using SDS-PAGE analysis stained
with Coomassie blue. Geum et al. tentatively concluded that
pET32 and/or strain BL21(DE3) may not be a suitable expression
vector/host for overexpression of PI2. In section “Future
directions,” the authors suggested Sanger sequencing to rule out
mutations within their construct as well as Western blots as a
more sensitive method of analysis (Geum et al., 2015).

In 2016, the student team of Fogarty et al. (2016) revisited the
PI2 expression project. They began by using Sanger sequencing
to determine the DNA sequence of the pi2 insert and its genetic
fusion to the thioredoxin domain (Fogarty et al., 2016). The
authors analyzed the resulting DNA sequence to discover that the
insert contained eukaryotic introns that resulted in a truncated
protein due to an in-frame stop codon. The potato-derived pi2
gene sequence also contained codons rarely used in E. coli.
Fogarty et al. (2016) therefore adapted their project goal to design
a version of the pi2 sequence that lacked introns and was codon
optimized for expression in E. coli. The team had their newly
engineered DNA sequence synthesized as a gene block which they
subcloned into a TOPO TA cloning plasmid. The next term, the
student team of Lapointe et al. explored whether or not the newly
designed pi2 would be expressed when fused to either a maltose
binding protein (MBP) domain or a hexahistidine tag (6XHis).
The team subcloned the engineered pi2 sequence from the TOPO
TA plasmid construct into the commercially available pMALc2x
and pET30b expression vectors that encode MBP and 6xHis tags,
respectively (Figure 2A right). Expression analysis in BL21(DE3)
transformed with each plasmid revealed a band in SDS-PAGE
gels corresponding to the predicted molecular mass of PI2 fused
to the MBP tag, although some protein degradation products
were observed (Lapointe et al., 2016). Lapointe et al were the first
to demonstrate PI2 expression and purification in our lab.

Ang et al. (2017) then opened a new branch of the project in
our CURE by exploring whether or not altering the expression
conditions or the cytosolic redox state of the E. coli expression
host would impact PI2 expression levels. The authors compared
PI2-MBP expression levels in E. coli strain Origami 2 (DE3)
and E. coli wild type strain BL21(DE3). Origami 2 (DE3)
bears mutations in glutaredoxin (gor) and thioredoxin (trxB)
resulting in a net oxidizing cytoplasm. E. coli strain BL21 (DE3)
encodes wild type copies of gor and trxB resulting in a net
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reducing cytoplasm. Contrary to their hypothesis predicting
higher expression levels of the cysteine rich PI2 in E. coli strain
Origami 2, SDS PAGE analysis of whole cell lysates showed over-
expressed protein corresponding with the molecular mass of P12-
MBP in BL21(DE3) but not in Origami 2 (DE3) (Ang et al., 2017).

In 2019, the student team of Grewal et al. followed up by
attempting to express PI2-MBP in E. coli strain SHuffle (C3028),
which has a net oxidative cytoplasm (Lobstein et al., 2012; Grewal
et al., 2020). Unlike Origami 2, SHuflle expresses a disulfide
bond isomerase, DsbC, that facilitates proper protein folding by
disrupting the formation of non-native disulfide bonds (Grewal
etal., 2020). SDS PAGE analysis revealed a band that corresponds
to the expected molecular mass of PI2-MBP. Using maltose
affinity chromatography, the students purified a soluble form of
PI2-MBP. They probed the tertiary structure of the protein using
limited proteolysis and observed distinct bands indicative of a
uniformly folded protein structure as opposed to an irregular
aggregated protein. The team recommended follow up studies to
further assess folding and function of purified PI2-MBP.

DISCUSSION

These two case studies describe a series of authentic scientific
research projects that build on each other over time. Carried
out by undergraduate student teams pursuing hypothesis-driven
questions as part of a CURE, each individual research project
focuses on novel investigations and original ideas that contribute
to working biological models (Figure 2A). The two case studies
follow distinct branching patterns which are defined by the results
of experimentation and curiosity driven research questions
depicted as nodes in Figure 2B.

Consistent with the use of original research articles as
the conventional approach to the dissemination of research
results in science, UJEMI articles serve as concise records of
a series of small student-driven research projects that provide
literature-based linkages between projects within the course. This
model has been an effective approach to CURE development
for several reasons. First, similar to a maturing grant-funded
research laboratory, the accumulation of reagents, and scientific
knowledge increases the power and efficiency of the ongoing
research projects, which is motivating to students as it has
the potential to yield more frequent, impactful, and exciting
discoveries. Second, by focusing on novel research questions the
participants engage in dynamic projects with broad meaning
and relevance. In fact, UJEMI articles have been cited in articles
published by well-established professional research journals
(Chang et al., 2010 cited in Burmeister et al., 2020). Third, the
UJEMI literature-base creates a “community of practice.” At the
outset of the course, students are introduced to the journal as
a repository of scientific investigations conducted by students
who have come before them. Similar to any research project,
they begin by “standing on the shoulders of giants” and they
are expected to meet or exceed the effort and scientific rigor of
their predecessors.

Each phase of the course uses UJEMI articles to facilitate
student learning. In the planning phase, students read UJEMI
papers, and derive new, follow-up research questions. In

the experimentation phase, students experimentally verify the
reliability of data in previous UJEMI papers looking for
similarities and differences in results and interpretation before
conducting novel analysis. In the dissemination phase, UJEMI
articles are used as models for constructing a draft paper, as
well as providing points for discussion. While the dissemination
phase is notably short (i.e., 2-3 weeks to draft a manuscript),
the students become familiar with the structure and function
of UJEMI articles over the term before authoring their own
manuscript. We surmise that by extensively working with the
UJEMI articles in different contexts, the task of drafting a
manuscript is made more efficient by indirectly scaffolding the
writing phase with activities throughout the term that are linked
to journal articles.

UJEMI articles provide students with concrete research topics
and summaries of future directions, which enables student-
driven project development by allowing the course instructor
to provide arms-length verbal and written feedback to facilitate
project development. In the planning phase, the instructor and
teaching assistants provide written feedback on the individual
proposal as well as the team proposal. The instructor and teaching
assistants are also able to use team meetings to highlight aspects
of previous studies that may impact the proposed research.
Instructors often point out key papers in the field that the
team should be aware of, known study limitations, and available
research methods. The influence of the instructor on project
development is more apparent in the dissemination phase when
feedback is provided on the draft manuscript. Most often the
instructor and teaching assistants work with the student authors
to refine their paper in order to communicate evidence-based
conclusions, clarify definitions, and explain ideas for future
experiments that are both feasible and relevant. In cases where the
research is communicated effectively in a UJEMI article, student
teams tend to follow up with new research projects. If the research
is communicated poorly, the projects tend to stall.

The prospect of being an author on a scientific manuscript is
an aspect of our CURE model that promotes project ownership.
Student authorship has previously been shown to benefit learning
and research skill development in the context of CUREs
(Cooper and Brownell, 2018; Corwin et al., 2018). All students
participating in the course have the option of being included
as an author on their team’s manuscript. The default approach
to authorship order is alphabetically by last name; however, in
some instances, teams have decided to change the authorship
order to acknowledge specific contributions. To change from
the alphabetically ordered authorship, all team members must
approve. The team-based nature of the course, and co-authorship
on a UJEMI publication, also promotes a sense of collaborative
ownership of the project. For example, we observe a trend in
our students written reflections about their research progress
where they make statements moving from “...my project” to
“...our project.” We hypothesize that systematic analyses of
student reflections written over the course of the term will
be a valuable metric to measure positive shifts in student
confidence, ownership and the value of collaboration in the
scientific process.

Analysis of individual UJEMI papers provides evidence of
practices consistent with the notion of scientific enculturation.
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Case studies 1 and 2 include UJEMI articles that describe
stages of scientific development in line with the outcomes of
CURE participation predicted by Auchincloss et al. (2014).
For example, writing the Introduction and Discussion sections
requires content knowledge supported by credible scientific
literature. The Methods and Materials section, as well as the
Results section, capture a range of technical skill development,
as well as collaboration skills as students share reagents within
the course and interact with practicing scientists in the field.
Since experimentation rarely follows a direct path, students
learn to adapt their project goals and navigate uncertainty in
their data. The conclusions sections of UJEMI papers reflect
scientific maturity, as conclusions and claims are adjusted to
more accurately reflect the data. Taken together, the process of
doing authentic research through a journal-driven CURE means
that students are fully immersed in the scientific experience. In
order to meet the goal of publishing a scientific journal article,
students need to engage with each of the CURE domains which
comprehensively integrate the complex and dynamic processes
underpinning the development of a scientist. A scientific project
culminating in an original research article is an effective product
to teach the process of doing science.

UJEMI articles are rich sources of objective data for
understanding how our students are developing as scientists.
A meta-analysis conducted by Linn et al. (2015) reported
that more than half of 60 studies on undergraduate research
experiences relied on subjective student-based, self-reporting
surveys or interviews. The results of the study called for powerful
and generalizable assessments to document student development
to complement student surveys of perceived learning (Linn
et al., 2015). Indeed, numerous studies have since described
the development of validated and reliable survey instruments to
assess student development in undergraduate research settings
(Corwin et al., 2015; Shortlidge and Brownell, 2016; Ballen et al.,
2017). Toward this end, we have collected preliminary data using
the laboratory course assessment survey (LCAS) (Corwin et al.,
2015) which showed student perceptions of learning aligned
with the core domains of a CURE as outlined by Auchincloss
et al. (2014). We are beginning to data mine and develop
coding schemes for UJEMI articles to provide evidence of student
learning within each domain of our CURE. One example is
an assessment of scientific methodologies and skills developed
as part of the CURE. Analysis of the Methods and Materials
section of UJEMI articles provide evidence of techniques used
by students in the course. Our preliminary data show that
almost all student teams engage in E. coli strain isolation, PCR,
Sanger Sequencing, and assay development/optimization. Since
the projects are student-driven, the portfolio of techniques is
not always predictable. Nevertheless, knowing what techniques
are most commonly used helps the teaching team tailor
scaffolding activities to guide student learning in the course.
As a second example, evidence of collaboration can be gleaned
from analyzing the Methods and Materials section as well as
the Acknowledgments section of papers. Teams often recognize
the contributions of other students in the course as well as
researchers within and beyond the boundaries of our institution.
Collaboration data informs course instructors of instances where

scientific interactions can be fostered and better supported
in future iterations of the course. We are also conducting
deeper analyses of the writing assignments used to scaffold
our CURE. Artifacts of learning, such as bi-weekly research
summaries or research proposals, provide detailed accounts of
activities including troubleshooting, reflection, and planning. We
anticipate that additional meta-analyses of UJEMI papers, and
associated writing assignments, will provide valuable integrated
metrics of student development as scientists. Analyses over
time will also provide dynamic perspectives reflecting the inner
workings of our CURE to inform future curricula development
to continually refine how best to meet the needs of our students.

The CURE described herein challenges students to develop
and execute a novel research project with the goal of delivering a
publication quality scientific manuscript in only 4 months. From
the outset of the CURE, the students are made aware that their
goal can be achieved by working as a team in a disciplined manner
through a series of structured assignments that contribute to
each research phase. A 2016 survey of alumni (n = 67) from
our program showed that 93.9% of the respondents perceived
their CURE experience as worthwhile, with 49 students (74.2%)
indicating that the experience was “definitely” worthwhile and 13
students (19.7%) indicating that the experience was “somewhat”
worthwhile. Three students (4.5%) indicated that the experience
“had no value to them” and one student (1.5%) indicated that
they felt the experience was “not a good use of their time.” These
survey data were supported by comments which included these
reflections from two alumni:

“Being able to do a project from scratch with so much freedom
is something that I have not yet seen in any other course, but I feel
is extremely important and helpful. In addition to the learning, the
freedom was quite thrilling, it provided a feel of what science really
is like (lots of time reading papers and troubleshooting), rather
than sitting in a lecture theatre memorizing what a professor says,
or following step by step procedures for an experiment I may not
completely understand or care about how well the results for it
turned out.”

“Overall, I think it was a really valuable experience, as all the
other lab courses are basically cookbook style courses and here we
were able to figure things out for ourselves and research what we
were interested in. [...] it seemed a little daunting when starting
the course, but it was really a lot of fun in the long run and I think
I'learned a lot.”

These comments support the idea that student perceptions
of learning align with the overall learning objectives of our
CURE. Going forward we envision using mixed methods
approaches combining validated survey instruments such as the
LCAS, student reflections on learning, and coded analyses of
learning artifacts such as UJEMI articles to better understand
how CURE experiences can be designed and optimized to
meet student needs.

CONCLUSION

Our journal-driven CURE model provides students with an
opportunity to engage in a disciplined experience that guides
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them through three critical phases of doing science: planning,
experimentation, and dissemination. We depict these phases and
their corresponding writing assignments as a cycle (Figure 1).
Through iterative cycles of the course we have learned to
appreciate the value of the time invested in each phase. A well-
planned project with a testable hypothesis tends to provide
concrete results and can be quite productive, especially in the
context of a relatively short undergraduate course. The functional
linkages between projects in the course underscore the value
of the dissemination phase in terms of distilling information
needed to carry on the project in another academic term.
Further, the time constraint placed on the dissemination phase
motivates students to summarize and communicate their findings
in a timely manner. This model ostensibly reflects the process
that most scientists would envision when taking on a new
project; however, without structure, it is not uncommon for the
planning and dissemination phases to be rushed or unbounded,
respectively. Moreover, without formal milestones such as writing
assignments, feedback critical for progressive development may
be limited or absent altogether. We suggest that the research cycle
model presented here may be useful, not only in CURE settings,
but in other research settings in which trainees are developing
including undergraduate internships or graduate studies.
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The Human Microbiome as a Focus
of Antibiotic Discovery: Neisseria
mucosa Displays Activity Against
Neisseria gonorrhoeae

Ellen L. Aho*, Jenie M. Oglet and Anna M. Finckt

Department of Biology, Concordia College, Moorhead, MN, United States

Neisseria gonorrhoeae infections are a serious global health problem. This organism
has developed disturbing levels of antibiotic resistance, resulting in the need for new
approaches to prevent and treat gonorrhea. The genus Neisseria also includes several
members of the human microbiome that live in close association with an array of
microbial partners in a variety of niches. We designed an undergraduate antibiotic
discovery project to examine a panel of nonpathogenic Neisseria species for their ability
to produce antimicrobial secondary metabolites. Five strains belonging to the N. mucosa
species group displayed activity against other Neisseria in delayed antagonism assays;
three of these were active against N. gonorrhoeae. The antimicrobial compound
secreted by N. mucosa NRL 9300 remained active in the presence of catalase, trypsin,
and HEPES buffer, and effectively inhibited a DNA uptake mutant of N. gonorrhoeae.
Antimicrobial activity was also retained in an ethyl acetate extract of plate grown
N. mucosa NRL 9300. These data suggest N. mucosa produces an antimicrobial
secondary metabolite that is distinct from previously described antigonococcal agents.
This work also serves as a demonstration project that could easily be adapted to
studying other members of the human microbiome in undergraduate settings. We
offer the perspective that both introductory and more advanced course-based and
apprentice-style antibiotic discovery projects focused on the microbiome have the
potential to enrich undergraduate curricula and we describe transferrable techniques
and strategies to facilitate project design.

Keywords: human microbiome, antibiotic discovery, undergraduate research, antibiotic resistance,
nonpathogenic Neisseria species, Neisseria mucosa, gonorrhea, secondary metabolites

INTRODUCTION

Antimicrobial resistance (AMR) in Neisseria gonorrhoeae represents a major public health concern.
This human-restricted Gram negative diplococcus is responsible for approximately 87 million cases
of gonorrhea per year globally (Rowley et al., 2019). Sexual transmission of N. gonorrhoeae can
result in infection of the female and male urogenital tract, rectum, and pharynx. In addition,
infected women can transmit the organism during delivery, resulting in neonatal conjunctivitis.
Treatment options are generally limited to dual therapy with two antibiotics (ceftriaxone plus
azithromycin), and gonococcal strains exhibiting resistance to all recommended antimicrobial
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agents have recently been identified (Eyre et al., 2018; Whiley
et al., 2018; Unemo et al., 2019). This pressing global problem
has prompted the US Centers for Disease Control and Prevention
(2012), World Health Organization, Department of Reproductive
Health and Research (2012), and European Centre for Disease
Prevention and Control (2019) to develop public health response
plans addressing N. gonorrhoeae AMR, and new approaches
for the prevention and treatment of gonococcal infections are
desperately needed.

Neisseria species include N. gonorrhoeae, N. meningitidis,
which can asymptomatically colonize the human nasopharynx
and also cause deadly meningococcal meningitis, several
nonpathogenic species that are components of the normal human
oropharyngeal microbiome, and nonhuman isolates (Liu et al.,
2015). The genus Neisseria is among the ten most abundant
genera in the human microbiome (Human Microbiome Project
Consortium, 2012), and co-colonization and horizontal gene
transfer involving pathogenic and nonpathogenic Neisseria are
well documented (e.g., Spratt et al., 1992; Maiden, 1998; Marri
et al., 2010; Weyand, 2017). The nonpathogenic Neisseria are
of particular interest because natural products produced by
members of the human microbiome may represent a source of
novel antimicrobial agents (Donia and Fischbach, 2015; Wilson
et al., 2017; Milshteyn et al., 2018). For example, the commensal
organism Staphylococcus lugdunensis found in the human nasal
microbiome produces the secondary metabolite lugdunin, which
displays antimicrobial activity against AMR S. aureus (Zipperer
et al, 2016). Little is known about production of secondary
metabolites by Neisseria, however, some nonpathogenic species
have been shown to inhibit pathogens. N. lactamica (Deasy
et al,, 2015) and N. cinerea (Custodio et al., 2020) inhibit
the colonization of N. meningitidis in human infection and
epithelial cell culture models, respectively, and DNA released
by N. elongata and multiple other nonpathogenic Neisseria
species kills N. gonorrhoeae (Kim et al.,, 2019). In the project
described here, we initiated a search for neisserial antimicrobial
secondary metabolites by analyzing a panel of 36 nonpathogenic
Neisseria strains for activity against other Neisseria, including
N. gonorrhoeae. We identified five active isolates, all from
the N. mucosa species group, and used inhibitor studies and
chemical extraction to characterize the activity displayed by
N. mucosa strain 9300.

This work was accomplished in a liberal arts college
setting utilizing both traditional apprentice-style and course-
based undergraduate research approaches that included both
introductory and more advanced students. Projects focusing on
AMR and antibiotic discovery have proven to be particularly
effective at involving undergraduate students in meaningful
research, connecting them to important social issues, and
enlivening their study of various aspects of microbiology (e.g.,
Hoskisson et al, 2015; Smyth, 2017; Dube, 2018; Genné-
Bacon and Bascom-Slack, 2018; Hernandez et al., 2018). Many
prior projects focused on searching for antibiotic producing
bacteria in environmental samples. For example, Tiny Earth'
represents a highly successful initiative in which students

Uhttps:/tinyearth.wisc.edu/

analyze soil for the presence of bacteria that display inhibitory
activity against a panel of target strains, or “safe relatives,
closely related to a set of pathogens commonly responsible
for nosocomial infections displaying AMR (Hernandez
et al, 2018). Here, we offer the perspective the human
microbiome represents another ecosystem that is ripe for
undergraduate antibiotic discovery projects. We describe tools
for screening nonpathogenic members of the microbiome for
antimicrobial activity and offer a multiphasic project design
for engaging different populations of undergraduate students
in traditional and course-based research as a project evolves
over time. The strategies, methods, and results described below
demonstrate the scientific promise of this approach and offer
an undergraduate research model that might be adapted and
expanded by others interested in microbiome-based natural
products discovery.

MATERIALS AND METHODS

Bacterial Isolates, Growth Conditions,
and Species Confirmation by rplF

Sequence Analysis

Table 1 lists the nonpathogenic Neisseria strains used in this
study. Neisseria were grown on GCB agar (Difco Laboratories)
containing Kellogg’s supplements I and II (Kellogg et al., 1963)
and incubated at 37°C with 5% CO,. Isolate identity for NRL
strains was confirmed by PCR amplification and sequencing
of a 413 bp fragment of the rplF gene followed by analysis
using the PubMLST Neisseria database as previously described
(Bennett et al., 2014; Jolley et al., 2018). The rplF sequences
generated in this study were deposited in GenBank under the
accession numbers given in Table 1. Strains were assigned to
species groups as proposed by Bennett et al. (2012). The following
well-established laboratory strains of N. gonorrhoeae were used as
targets to test for antibiotic activity: ATCC 19424, ATCC 43070,
FA19, F62, MS11, FA1090, and FA6140.

Screening for Antimicrobial Activity

Delayed antagonism cross-streak assays were used to test 24-h
cultures of nonpathogenic Neisseria for their ability to produce
antimicrobial substances (Figure 1). A linear streak of each
potential producer isolate was made down the center of a GCB
agar plate. Plates were incubated for 48 h and target strains were
then streaked at right angles to the line of original growth. Plates
were examined after 24 h of additional incubation for inhibition
of target strain growth in the vicinity of the central streak. A strain
was considered positive for antimicrobial activity against the
target if a clear zone greater than 0.5 mm was present where the
target strain had been inhibited (n = at least three trials per strain
for each target).

A confirmatory agar overlay assay was performed on all
Neisseria strains that displayed antimicrobial activity in the initial
cross streak screening. PBS (Amresco) suspensions containing
10° CFU/ml of producer strains were prepared from 24 h plate
cultures and 10 pl samples of the suspensions were spotted
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TABLE 1 | Inhibitory activity of nonpathogenic Neisseria in delayed antagonism assays.

Target Strains

N. lactamica N. flavescens N. gonorrhoeae Additional N. gonorrhoeae strains*
ATCC 23970 N47 ATCC43070 FA1090 FA19 F62 19424 MS11 FA6140
Nonpathogenic Neisseria species’23  CS AO cs AO cs AO AO AO AO AO AO AO
N. mucosa group
N. mucosa NRL 9300 [MW166311] + 8 + 15 + iRl 10 10 9 10 11 10
mucosa NRL 9297 [MW166312] — — + 12 + 10
mucosa ATCC 25996 — — + 14 + 10
mucosa ATCC 19696 - — — — — —
sicca NRL 30016 [MW166313] - — + 9 - -
sicca ATCC 29256 — — + iR — —

sicca ATCC 9913 - - - - — —
sicca NRL 272 [MW166314] - - - - - -
cinerea group — — —
cinerea ATCC 14685 - - —
cinerea NRL 32828 [MW160215] — — -
cinerea NRL 33295 [MW160216] — — —
cinerea NRL 33683 [MW166303] - — —
cinerea NRL 33807 [MW166304] - - -
lactamica group

lactamica ATCC 23970 - - —
lactamica NRL 36016 [MW166305] - - —
lactamica NRL 36046 [MW166306] — — -
lactamica NRL 36121 [MW166308] - — —
lactamica NRL 37168 [MW166309] - - —
lactamica NRL 37170 [MW166310] — — -
lactamica NRL37174 [MW166307] - — —
subflava group

flava NRL 30008 [MW166315] - — -
flava NRL 30037 [MW166316] - — —
flava NRL 9994 [MW166317] - — -
flava NRL 9298 [MW166318] - — -
N. flavescens NRL 30031 [MW166319] - — —
N. perflava NRL 9292 [MW166320] - - -
N. subflava ATCC 49275 — - —
N. subflava ATCC 14221 — — —
N. subflava NRL 9992 [MW166321] - — —
Other isolates

N. bacilliformis ATCC BAA-1200 — — —
N. elongata ATCC 25295 - - —
N. polysaccharea ATCC 43768 — - —
N. animalis ATCC 49930 (guinea pig) - - —
N. canis ATCC 14687 (dog) - - —
N. denitrificans ATCC 14686 (guinea pig) — - -
N. weaveri ATCC 51223 (dog bite) - - —

zzzzzzzzzzzz2R22z2z2zZ2ZRZZZZZZEZ

T All species were isolated from human hosts unless otherwise indicated in parentheses.

2Species groups are as proposed by Bennett et al. (2012).

SGenbank accession numbers for rplF sequences generated in this study are given in brackets.

4N. mucosa NRL 9300 also displayed activity against each of these strains in the cross streak assay.

CS, cross streak assay; +, zone of inhibition present; —, zone of inhibition absent; no symbol, not done.

AO, agar overlay assay; values indicate average diameter of zone of inhibition (mm); —, zone of inhibition absent; no symbol, not done.
n = 3 for each assay against each target.
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Species confirmation by rplF sequencing

CURE: Research Seminar course

Screening for antibiotic producers, inhibitor studies
CURE: General Microbiology course
Summer undergraduate research team

Faculty research

Chemical extraction of secondary metabolites

CURE: General Microbiology course

FIGURE 1 | Project design and example data from each project phase. Undergraduate involvement in each phase is given in shaded boxes. (A) Products of rplF
amplification. Left to right: size standard (bottom to top: 300, 400, 500, and 750 bp), PCR products from N. mucosa NRL 9300, N. mucosa NRL 9297, N. mucosa
ATCC 25996, N. sicca NRL 30016, and N. sicca ATCC 29256. (B) Cross streak assay of N. mucosa NRL 9300 inhibiting N. flavescens N47 (left of center) and

N. gonorrhoeae ATCC 43070 (right of center), n = 3. (C) Agar overlay assay of a colony of N. mucosa NRL 9300 inhibiting the growth of a lawn of N. flavescens N47,
n = 3. (D) Agar overlay assay of a purified ethyl acetate extract prepared from N. mucosa NRL 9300 inhibiting the growth of a lawn of N. gonorrhoeae FA6140, n = 5.
(E) Control agar overlay assay of an ethyl acetate extract prepared from uninoculated GCB agar tested against a lawn of N. gonorrhoeae FA6140, n = 5.

onto GCB agar. After 24 h of incubation, 10 ml of melted
GCB agar containing 10® CFU of a target strain was poured
onto each plate and plates were reincubated. The diameter of
the zone of inhibition surrounding the original producer strain
was measured at 24 h (n = at least three trials per strain for
each target). The number of CFU in the producer and target
strain suspensions was confirmed by standard serial dilution and
culture techniques.

Inhibitor Studies and Chemical
Extraction

Inhibitor studies were used to investigate the antimicrobial
activity displayed by N. mucosa NRL 9300 against N. gonorrhoeae
strains MS11 and FA6140. Agar overlay assays in which the
overlay contained 5, 50, or 500 U bovine catalase (Worthington
Biochemicals) per ml or 500 pg bovine pancreatic trypsin
(Sigma-Aldrich) per ml were performed to inhibit H,O, (St.
Amant et al., 2002) and protein (Jyssum and Allunans, 1982),
respectively. Assays in which base and top agar contained 30 mM
HEPES buffer (Sigma Life Sciences) pH 7.4 were used to inhibit
activity due to acidification (Knapp et al., 1975). All inhibitor
assays were performed in triplicate and zones of inhibition
were compared to control plates lacking inhibitors. We also
tested for the possibility of DNA mediated antimicrobial activity
in our agar overlay assay by testing N. mucosa NRL 9300
against a AcomP mutant strain of N. gonorrhoeae MS11 that is
incapable of DNA uptake. Controls for this assay included wild
type strain N. gonorrhoeae MS11 and a complemented AcomP
mutant strain. All MS11 strains were generously provided by Dr.
Magdalene So (Kim et al., 2019).

A crude extract containing the N. mucosa NRL 9300
antimicrobial compound was isolated using the technique to
enrich for small, nonpolar secondary metabolites described by
Hernandez et al. (2018). Briefly, a lawn of plate grown bacteria
and their secreted substances were harvested by chopping the
agar from a 100 mm diameter petri plate into approximately 1
cm? pieces, freezing the material at —70°C, and performing an
ethyl acetate extraction. The organic layer was dried, resuspended
in methanol, and 30 pl samples containing 300 g of extract,
which represented approximately 20% of the yield, were spotted
on an agar plate, allowed to dry, and tested against N. gonorrhoeae
FA6140 using an agar overlay technique (n = 5). Control
extractions were performed using uninoculated GBC agar (all
chemicals were from Fisher Scientific).

RESULTS

N. mucosa lIsolates Secrete Antimicrobial

Compounds

We examined a panel of 36 nonpathogenic Neisseria isolates
representing 15 species. The collection included 32 strains
isolated from the human oropharynx, including reference strains
utilized in the Human Microbiome Project (HMP) (Human
Microbiome Jumpstart Reference Strains Consortium, 2010), and
four strains from nonhuman animals. Although all strains were
obtained from established isolate collections, the NRL strains
are less well studied and their species identities had not been
previously confirmed by genetic analyses. We used a validated
technique to analyze a 413-bp region of the neisserial rplF gene,
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which encodes the 50S ribosomal protein L6 (Bennett et al.,
2014), from these strains and assigned isolates to neisserial species
groups proposed by Bennett et al. (2012) (Table 1).

Delayed antagonism assays were used to test Neisseria
species for their ability to produce antimicrobial compounds
(Table 1, representative experiments shown in Figure 1).
A semiquantitative cross-streak assay was used to screen all
36 isolates against three target strains: N. lactamica ATCC
23970, N. flavescens N47, and N. gonorrhoeae ATCC 43070. Five
strains, all of which are members of the N. mucosa species
group, displayed antimicrobial activity, although they did not
exhibit identical activity profiles with respect to the target
strains they inhibited (Table 1). Members of other neisserial
species groups failed to show antineisserial activity under these
conditions. Confirmatory agar overlay assays against the same
three targets were carried out on all members of the N. mucosa
group, yielding activity profiles identical to those seen in the
initial screening experiments. Agar overlay zone of inhibition
measurements suggest the N. mucosa producer strains may
also differ from one another in their levels of antimicrobial
activity, although these data should be interpreted with caution
due to possible strain specific differences in growth rate and
the limited quantitative power of this assay. The producer
strain active against all screening targets, N. mucosa NRL
9300, was further tested against six additional N. gonorrhoeae
strains, including the antibiotic resistant strain FA6140 (Veal
et al, 2002), and displayed comparable activity against all
gonococci in both assays (Table 1). Collectively, these data show
nonpathogenic Neisseria species vary in their ability to secrete
inhibitory compounds, and some N. mucosa strains are active
against N. gonorrhoeae.

N. mucosa NRL 9300 Activity Is Not
Affected by Common Inhibitors and Can

Be Isolated by Chemical Extraction

Inhibitor studies were used to characterize the antimicrobial
activity displayed by N. mucosa NRL 9300. Agar overlay assays
against the target strains N. gonorrhoeae MS11 and FA6140 were
performed in the presence of catalase, trypsin, and HEPES buffer.
N. mucosa NRL 9300 displayed activity identical to that seen
on control plates lacking inhibitor in all cases (Supplementary
Table 1), suggesting the inhibitory activity is not due to H,O,
a trypsin sensitive protein toxin, or acidification. Kim et al.
(2019) showed nonpathogenic Neisseria can kill N. gonorrhoeae
in coculture assays via a mechanism in which N. gonorrhoeae
takes up commensal DNA. These authors also demonstrated
gonococcal DNA uptake mutants deficient in the protein ComP
are no longer killed by this mechanism. We tested N. mucosa
NRL 9300 inhibitory activity against a AcomP mutant strain of
N. gonorrhoeae MS11 using our agar overlay assay. N. mucosa
inhibited the mutant strain to the same degree that it inhibited
wild type MSI1 and a complemented AcomP mutant strain
(Supplementary Table 1), indicating the inhibition detected
by our delayed antagonism assays is not due to a DNA
uptake mediated mechanism. Finally, an ethyl acetate extraction
procedure was performed on plate-grown N. mucosa NRL

9300. The resulting crude extract inhibits N. gonorrhoeae strain
FA6140 in an agar overlay assay (Figure 1), suggesting the
antimicrobial activity displayed by N. mucosa may be due to a
novel secondary metabolite.

UNDERGRADUATE INVOLVEMENT AND
TRANSFERRABLE STRATEGIES

This project was designed to provide engaging undergraduate
research experiences to as many students as possible while
advancing the scientific objectives of the study. Although
assessment of student learning outcomes was not a component
of this work, a brief description of the project design and
phasing from a pedagogical perspective may serve as a helpful
model to others interested in designing human microbiome
based antibiotic discovery experiences in undergraduate settings
(Figure 1). The work described above involved over 70 students
enrolled in three undergraduate biology classes in course-based
undergraduate research experiences (CUREs) and provided
a full-time summer research opportunity to a team of two
students. Straightforward, relatively low-cost techniques were
used throughout the project. Students involved in CUREs
worked exclusively with nonpathogenic bacteria that could be
handled safely in the teaching laboratory environment, while
the faculty member and summer team carried out experiments
utilizing N. gonorrhoeae under more stringent training and
safety conditions. Participants in each research phase learned
about the overarching goals of the neisserial antibiotic discovery
project, and studied data generated by previous teams and
relevant primary literature. Students in an upper-level genomics
focused Research Seminar course carried out the DNA sequence
based strain characterization in conjunction with learning about
PubMLST and other databases, which they subsequently used
to carry out additional independent bioinformatics projects.
Participants in a General Microbiology course composed largely
of students interested in health professions carried out initial
screening of the isolate collection for inhibitory activity against
the nonpathogenic target strains. This course represents students’
first exposure to working with bacteria in the laboratory.
Participation in this study provided students with opportunities
to learn not only the assays used in the project, but also
basic microbiology techniques such as media preparation,
streak plating, and maintaining pure cultures, in the context
of an engaging research question. In addition, the project
complemented classroom activities addressing symbiosis, the
human microbiome, and antibiotic resistance. The summer
research team, which was composed of a first year student,
a third year student, and the faculty member, replicated
these assays, developed the agar overlay confirmatory assay,
included screening against N. gonorrhoeae, and carried out
inhibitor studies. Finally, N. mucosa chemical extractions were
incorporated into a subsequent section of General Microbiology.
Students presented their findings from various stages of the
project to the broader campus community as part of a yearly
Celebration of Student Scholarship, and the summer team also
presented at regional and national conferences. This phased
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model blending faculty research interests, course goals, and
both introductory and upper-level of undergraduate research
involvement has allowed a broad range of students with various
levels of experience to engage with and contribute to this project.

Our laboratory has a long history of Neisseria research, but this
undergraduate antibiotic discovery model could easily be adapted
to the study of other members of the human microbiome. The
NIH Human Microbiome Project included both metagenomic
analyses of body site samples from human volunteers and
sequencing of approximately 800 previously isolated reference
strains representing an array of species found in the microbiome
(Human Microbiome Jumpstart Reference Strains Consortium,
2010; Human Microbiome Project Consortium, 2012). The HMP
reference strains are well described in a searchable catalog® and
many are readily available from commercial strain collections.
While the choice to screen HMP reference strains and/or other
known strain collections for antibiotic production limits the
number of representatives of the microbiome one can test, it has
the advantage of avoiding the need for human subject research
approval and safeguards that might be challenging in some
undergraduate settings. Additionally, the ready availability of
many reference strain genome sequences opens the possibility of
linking functional screening to bioinformatics projects related to
antibiotic discovery.

DISCUSSION

Bacteria residing in a common habitat display a wide array
of competitive and cooperative interactions. The human
oropharynx is home to over 700 prokaryotic species, including
at least 12 Neisseria species, which are in intimate contact with
one another, and with their host, in variety of niches (Liu
et al,, 2015). Several recent studies utilizing metagenomic data
from the HMP have demonstrated N. mucosa is a common
colonizer of the healthy oropharynx and displays niche specificity
for sites including the buccal mucosa and supragingival plaque
(Eren et al., 2014; Kraal et al., 2014; Mark Welch et al., 2014,
2016; Donati et al., 2016). For example, Kraal et al. (2014)
reported supragingival plaque contained N. mucosa in 70/70
subjects tested, although the abundance of the organism varied
among subjects. The normal mutualistic roles N. mucosa and
other Neisseria species play as members of the healthy human
microbiome are not well understood, however, we reasoned that
nonpathogenic species may secrete secondary metabolites active
against other Neisseria. Even though our study focused on a
relatively small panel of isolates, we identified five N. mucosa
group strains exhibiting antimicrobial activity against tester
strains of nonpathogenic Neisseria, three of which also displayed
activity against N. gonorrhoeae. This activity was retained in
a crude ethyl acetate extract enriched for small nonpolar
secondary metabolites.

The N. mucosa antigonococcal activity we observed does not
appear to be due to previously described inhibitory mechanisms.
Other genera residing in human microbiome, including vaginal

Zhttps://www.hmpdacc.org/hmp/catalog/

Lactobacillus species, also display activity against N. gonorrhoeae
in vitro. Lactobacillus-mediated inhibition is mediated by H,O»,
bacteriocins, organic acids, or a combination of the three (St.
Amant et al., 2002; Graver and Wade, 2011; Ruiz et al., 2015;
Foschi et al., 2017). Inhibitors of these agents had no effect on
N. mucosa antigonococcal activity. We also used DNA uptake
mutants of N. gonorrhoeae to rule out the possibility we were
detecting DNA mediated gonococcal killing previously described
in nonpathogenic Neisseria (Kim et al., 2019). These findings
suggest further characterization of the compounds secreted by
N. mucosa NRL 9300 is warranted and raise the possibility
nonpathogenic Neisseria may employ multiple mechanisms for
inhibiting other bacteria. This would not be surprising given that
each unique nonpathogenic species interacts with a variety of
other organisms in a diverse array of dynamic body site habitats.

Natural products have not been well studied in the genus
Neisseria as a whole, and to the best of our knowledge this
is the first report describing secondary metabolite activity in
N. mucosa. Future directions for this project include chemical
and quantitative analyses of the components of the N. mucosa
ethyl acetate extract, validation of antigonoccal activity in animal
models, and examination of neisserial genomes for potential
biosynthetic gene clusters. The antibiotic discovery potential
we have identified in Neisseria species is likely also present in
many other uncharacterized members of the human microbiome
that await investigation. This demonstration project has shown
undergraduate teams participating in CUREs and other guided
research experiences can make continued contributions to this
emerging area of natural products research.
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Undergraduate microbiology curriculum should be amenable to periodic changes to
incorporate new developments and ideas. The curriculum should be used not merely
as a way to disseminate facts but also as a way to allow students to experience
the process of science. In the context of undergraduate microbiology education in
Osmania University (Hyderabad, India), existing curriculum does not explicitly allow
students to engage in deeper understanding of concepts and understanding of the
process of science, both in lecture and laboratory courses. The assessment methods
that are currently used are limited in scope as they only test factual recall and
superficial understanding of the subject and very minimally assess critical thinking
skills. Another factor hampering innovation in the broader context of undergraduate
education is the unavailability and inaccessibility to adequate resources. To address
the issue of resource-limitations in implementing activities that expose undergraduate
students to real-world microbiology experiences, a collaboration between a research
institute and two teaching colleges was formed. This collaboration involved teacher
and student workshops on exploring microbial diversity using 16S rRNA analysis with a
view of blending novel research questions with technical skills in the undergraduate
microbiology lab. This effort is an example of educators providing students with
authentic experiences and, helping them gain critical knowledge and research skills in
microbiology even under resource constraints, and students demonstrating motivation
to participate in similar activities in the future. The collaborative effort described here can
be a broadly sustainable model to improve overall undergraduate education in relatively
resource-limited environments.

Keywords: microbial diversity, undergraduate academic success, resource limitations, faculty professional
development, student workshops, primary research articles

INTRODUCTION

The goals of undergraduate biology education can range from enabling students to gain broad
knowledge and experiences that will prepare them to be become socially conscious citizens who
can effectively contribute to the needs of the community (Ferren and Anderson, 2016; Hatcher,
2011; Association of American Colleges and Universities, 2007; Penn, 2011; Zai, 2015). Learning
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spaces should be engaging, enriching and empowering in order
to help students achieve these goals. Real world experiences are
inherently rich in context, have the power to engage and are
relevant. Bringing these real-world experiences into classrooms
can significantly improve the quality of teaching and learning
(Alberts, 2005).

Basic science education in India at the undergraduate
level, unlike technical and professional education, predomi-
nantly happens not on University campuses but in over 10,000
colleges affiliated to degree granting Universities under the
purview of the University Grants Commission (Government
of India and University Grants Commission [UGC], 2019).
With a greater emphasis on didactic classroom instruction, and
constrained by resource limitations, it is believed that most
of these colleges are unable to provide adequate training to
their students to meet the needs of academia and industry. In
addition, existing problems with the current higher education
system in India pointed by Saberwal (2019), pose a challenge
to the introduction of newer ideas and methods, especially in
biology education. In a meeting report on “Policy framework
for catalyzing excellence in science education and research
in India” (Lakhotia et al., 2013), the authors state that “..a
rejuvenation of the existing undergraduate and postgradu-
ate science education system together with an integration of
teaching with high-quality research is also desperately needed”
and point to a steady decline of the infrastructure, quality
of faculty and the research capacity of the higher educational
system as a whole for over three decades. One of their
specific recommendations for improving the current state of
undergraduate education is to recognize good teaching practices
and development of open-ended laboratory work/research
projects by students.

While a top down approach via policy statements and
national plans have their role in transforming undergraduate
education, true transformation is only possible when individ-
ual colleges and informed teachers are empowered to take
action. Under the purview of University Grants Commission
of India (UGC), which is charged with coordination, determi-
nation and maintenance of standards of higher education in
India, out of all educational institutions in India, about 750
colleges are autonomous allowing them to design and implement
small courses or programs by themselves and supplement the
University prescribed syllabus. This autonomy allows adminis-
trators and teachers the freedom to experiment and pursue
alternative pedagogies to develop innovative and exemplary
teaching practices and create rich open-ended learning experi-
ences for students.

While extended research internships in an apprentice model
are highly desired to provide rich and comprehensive experi-
ences to students, they are not always possible and scalable due
to resource constraints. Studies show that well designed shorter
experiences can have equally enriching experiences for students
(Wei and Woodin, 2011; Frantz et al., 2017). Here, we describe a
program developed through a collaboration between a research
institute and teachers at two private autonomous colleges to
expose undergraduate students majoring in microbiology to real-
world microbiology experiences in Hyderabad, India.

PROFESSIONAL DEVELOPMENT
PROGRAM - CATALYST FOR
TRANSFORMATION

A series of teacher (faculty development) workshops developed
by the Center for Advancement of Research Skills (CARS) at Dr.
Reddy’s Institute of Life Sciences (Hyderabad, India) initiated a
dialog between its researchers and undergraduate educators in
the local colleges to create specific interventions that would result
in changes with respect to student engagement and learning
outcomes in college classrooms. Typically, faculty professional
development workshops are focused either on discipline-specific
content or exclusively on pedagogy. The CARS workshop series
made a deliberate attempt to blende these two aspects and
placed emphasis on teachers sharing their skill and experi-
ences with their students. The workshops, which were conducted
at the research institute, involved teachers assuming student
personas to experience a research project while discussing ideas
in pedagogy and potential challenges in classroom implementa-
tion. The final aspect of the workshops was to create classroom
modules or co-curricular activities that they could implement
in their respective institutions. A 3-day hands-on workshop on
“Exploring Microbial Diversity” was organized for educators with
an explicit goal of enabling them to plan and implement student
programs that align closely to the existing microbiology curricu-
lum in their respective colleges. Subsequent to the workshop, the
research institute provided continuous support to the teachers,
as needed, throughout the duration of the student programs
in the colleges.

CLASSROOM IMPLEMENTATION

The current undergraduate degree programs in the sciences
are offered as 3-year programs in India. Students opt for
specific combinations of subjects upon enrolling into college and
continue with the same combination for 3 years. For example,
students interested in microbiology can select combinations such
as Microbiology, Botany, Chemistry (MBC) or Microbiology,
Biochemistry and Chemistry (MBiC), Microbiology, Genetics,
Chemistry (MGC), or Microbiology, Zoology, Chemistry (MZC).
The syllabus for the courses taught in the above programs is
framed and prescribed by the Boards of Studies at the degree-
granting University. While University constituents and affili-
ated colleges are mandated to strictly follow these syllabi, the
autonomous colleges (which are a focus of this study) have
some flexibility in modifying their curricula and syllabi. This
also includes the control of 20-30% of student grades within the
college, through internal assessments. This autonomy allowed
us the freedom to - design and implement the “Exploring
Microbial Diversity” workshop for undergraduate students
in two colleges.

Following the teacher workshop, we designed a laboratory
workflow that is likely to succeed during classroom implementa-
tion, keeping in view the academic semester schedules, alignment
with the syllabus and available material resources in the colleges.
There were differences between the two colleges that resulted
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TABLE 1 | Outline of the collaborative program development in two phases.

Phase |

Phase 2

College 1 College 2

Microbiology
majors
Women
Men
Exploring Microbial Diversity by 16S rRNA profiling

Activity Teacher workshop

Organizer Research Scientist

Venue Research Institute

Participants College Teachers (4)

Duration 3 days (6 h per day)

Assessment Implementation of student

workshops in the colleges

100 x 3 years = 300 90 x 3 years =270

154 (51%)
146 (48.6%)

270 (100%)
0 (0%)

Student workshop Student workshop
College Teachers (5) Research Scientist + Teaching Assistant
Bhavan’s Vivekananda College

BSc Il year students (30) 23
women; 7 men

St. Ann’s College for Women

BSc I and Ill year students (15) 13 |
year; 2 lll year

6 students per team 3 students per team
1 week (4 h per day)* 2 weeks (2 h per day)*

Informal conversations,
self-reported student feedback

Poster presentation at the research
institute, self-reported student feedback

Phase I included an undergraduate teacher workshop followed by Phase Il where student workshops were conducted at two colleges. * The workshop was split into two
sessions of 2 h, in the morning prior to regular classes and in the afternoon after formal college hours; **the workshop was conducted at the end of the formal college hours.

in unique challenges for classroom implementation. Apart from
structural constraints, there were inclusivity issues with respect
to student enrollments into the workshop. Since the activi-
ties would be conducted beyond the official college hours,
only those students who could and chose to stay beyond
regular class time could enroll in the workshop (Table 1). With
regards to the instructional team, two undergraduate instruc-
tors from one college who participated in the teacher workshop
trained three additional instructors at their own institution to
strengthen the program with adequate resources by all means.
All the five instructors who were conversant with the labora-
tory workflow conducted a 3-day trial run at the college to
test and ensure proper functioning of chemicals, reagents and
equipment. Critical reagents and consumables were supplied by
the research institute while the colleges provided the basic labora-
tory infrastructure. With respect to instruments, micropipette
sets, a miniPCR™ thermocycler, a blueGel™ gel electrophore-
sis unit and a PCR microcentrifuge were made available on
loan from the research institute. They were extensively used in
one college while the other college did not need all of them to
run the workshops.

EXPLORING MICROBIAL DIVERSITY IN
THE LABORATORY

One of the specific goals of this program was to integrate
practical laboratory experiments prescribed in the University
syllabus into a research project, changing the focus from labora-
tory techniques to investigating authentic, real-world biological
questions (Supplementary Table 1). This program was designed
as a short and intense 1- to 2-week workshop focused on
exploring bacterial diversity using 16S RNA T-RFLP workflow
(Schiitte et al., 2008). Similar workflows can be seen in success-
ful programs such as Small World Initiative and Tiny Earth

(Basalla et al.,, 2020), and Urban Barcode Project (Henter et al.,
2016). Students at both colleges worked in teams to explore
bacterial diversity in an environmental sample of their choice.
They were required to provide reasons for their choice of samples
brought for analysis; the samples included raw unpasteurized
milk, spoiled fruits and vegetables, cockroach gut, water and soil
from a lake and a polluted local river (Musi), iron rust, compost
pit, cow dung and effluent from a local chemical industry. All
microbial cultures were handled under aseptic conditions and
proper lab safety measures were ensured starting from inocula-
tion of cultures to their eventual disposal by autoclaving; safety
considerations were discussed before each step of the workflow
was executed. After practicing the micropipetting technique and
making serial dilutions, students streaked the samples on LB
media plates to isolate single bacterial colonies and use those
single colonies to perform PCR amplification of the 16S rRNA
gene locus using Universal primers (27F and 1492R; Frank et al,,
2008). PCR amplicons thus obtained were analyzed using either
agarose or polyacrylamide gel electrophoresis (PAGE) before
and after digestion with restriction endonucleases such as Alul,
Dpnl, Mbol, and Taql, which are frequent (4 bp) cutters. The
banding patterns corresponding to different bacterial colonies
were compared to infer diversity. A brief introduction to genome
databases and bioinformatics tools enabling sequence analysis
was also given toward the end of the program. In silico restriction
digestion of 16S rRNA gene sequences from different bacterial
species using NEB/web cutter' allowed the students to compare
their experimental results with computational analysis. This
workflow allowed us to cover several molecular methods and
techniques that undergraduate microbiology students benefit
from learning and are part of the prescribed syllabus.

Despite the short duration, students were not only able to
go through the complete workflow but were able to collect

'http://nc2.neb.com/NEBcutter2/
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FIGURE 1 | Stacked bar graph showing student rating the impact of college courses and “Exploring Microbial Diversity” workshop on their research and scientific
attitudes and skills. (A) Rating of college experiences by students who did not participate in the workshop (control) and (B) rating of college and workshop
experiences by student participants. 1 corresponds to the lowest rating and 5 to the highest rating.
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data and document their findings. The collected data included
geographical location and nature of samples, serial dilutions
and the corresponding density of bacterial colonies on media
plates, presence of PCR amplified 16S rRNA gene fragment
after gel electrophoresis, observed RFLP patterns, and simulated
RFLP patterns using gene sequences from genomic databases.
Documentation of their findings became especially important
since students had to present the summary of their work at the
conclusion of the activity.

Alongside the content of the student activity, several pedagog-
ical considerations were deliberated during the teacher workshop
and implemented in the colleges. We made teamwork an essential
component so as to enable peer interactions and enhance peer
learning. Moreover, the entire activity was based on experien-
tial, hands-on laboratory work beginning from sample collection,
planning and executing individual steps of the experiments, and
ending with comparing and discussing the results. Therefore,
student interactions became essential for successful comple-
tion of the experiments and thus were ensured. During the
course of the laboratory work, we emphasized on the process
of science alongside the execution of instructions and protocols.
Questions regarding the underlying principles and logical reasons
behind various steps in the experimental protocol were raised at
appropriate times.

IMPACT OF THE STUDENT
WORKSHOPS ON STUDENT LEARNING

To understand and assess the impact of this program, we
collected self-reported student feedback at the end of the
workshop using a questionnaire with response options in the
Likert-scale and open-ended questions. The questions aimed at
understanding students’ views on different aspects of the curricu-
lum, teaching and learning practices, and gain of cognitive skills,
both in their regular college courses and the workshop. Another
set of first- and second-year students who did not attend the
workshops were given a similar set of questions focusing only on

their college experiences, and their anonymous responses were
used as “controls.” A total of 41 students from the two colleges
who participated in the workshops (91% response rate) and 102
students from the “control” group completed the questionnaire.

With regards to rating the impact of college courses and
the workshop on academic experiences, especially developing
science identity and process skills, there is a clear distinction
in the number of students who gave a rating of “5” (highest)
attributed to regular courses/classes and the “Exploring Microbial
Diversity” workshop; 49% of the workshop participants rated the
workshop experience at “57; 31.7% of the workshop participants
rated the impact of their college experience at “5”; only 17.65%
of the students in the control group rated the impact of college
courses at “5” (Figure 1).

The questions focused on three broad categories of students’
learning experiences; key questions from each category included
(a) Emphasis, how much either the college or the workshop
emphasized on memorization, analysis, synthesis and applica-
tion (Supplementary Figure 1); (b) Impact, how either the
college or the workshop helped them to think independently
and analyze concepts (beyond memorization), actively engaged
them with academic learning, enhancing their interest in the
subject, and gave them full autonomy to plan and execute lab
experiments (Supplementary Figure 2); and (c) Involvement,
how well they prepared for regular college courses and for the
workshop by reading study material, writing extensive notes,
reading beyond the prescribed material, and discussing course
material with classmates (Supplementary Figure 3). The analysis
of all the responses generally indicated that the students gained
more from the workshop experience, when compared to their
experiences in regular classes. However, the responses do not
allow us to draw specific conclusions with regards to differ-
ences between student “involvement” with various activities
(Supplementary Figure 3).

When asked to comment (as free responses) on the differ-
ences they noticed between regular college classes and the
workshop, students felt that the workshop enabled them to
learn things which they were not able to do and analyze in
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regular courses, made them to ask questions, think indepen-
dently, understand concepts better and to apply them effectively.
Many students mentioned that they would look forward to more
such workshops during their undergraduate studies. One student
comment captures the essence of many of these responses -
“Without doubt the “Exploring Microbial Diversity” workshop was
better than classes as it involved doing something we do not usually
do in classes. Practical experience is the best teacher. But I think a
little emphasis on research papers for reference should be included
as part of the [laboratory] practicals, and if possible, in classes, as
that will not only intensify the research component of the subject
but also will give fundamental exposure to scientific literature.” An
analysis of the responses represented in the stacked bar graphs, in
conjunction with the free responses, suggests that the workshop
experience had a positive impact on most of the students with
respect to their engagement with discipline-specific content and
also science process skills.

AN OUTSIDE PERSPECTIVE ON
STUDENT PERFORMANCE

Students from one of the colleges (Table 1) had an opportunity to
present their work to scientists (principal investigators, postdoc-
toral researchers, graduate students and research associates) at
the research institute. This was the only interaction they had
with the students. Judging from the presentations, in spite of
the variation in the quality, the scientists felt that the students
were well prepared, interested, enthusiastic, and demonstrated an
ability to understand and critically analyze primary research and
experimental findings.

TEACHER PERSPECTIVES

The teachers were aware of the limitations and shortcom-
ings related to both material and time resources. Nevertheless,
they were encouraged by the fact that we were able to create
and implement these pilot programs to engage students, give
them an opportunity to explore research questions and enable
them to gain deeper insights into real-world microbiology. The
key learnings from the first implementation of the “Exploring
Microbial Diversity” workshops are that material limitations can
be overcome with creative program design in collaboration with
the research institute, and time limitations can be overcome by
scheduling the programs around regular college hours.

DISCUSSION

There are several well documented microbiology education
programs aimed at providing authentic experiences to
undergraduate students (Jordan et al, 2014; Henter et al,
2016; Staub et al., 2016; Basalla et al., 2020). However, in India
there are strong perceptions about the difficulty of implement-
ing such programs to systematically improve undergraduate
programs. These perceptions are strengthened in the light of

poor infrastructure and inadequate facilities in colleges, and
time constraints imposed by rigid curricular outcomes. Most
of these challenges are likely to be common and widespread in
similar academic settings, therefore we need to examine practical
ways to overcome these challenges by creating focused college
faculty development programs aimed at fostering collabora-
tive programs with research institutes by way of sharing of
their resources.

The pilot study described here provides a model for redesign-
ing undergraduate microbiology education in resource-limited
environments such as small, private, autonomous, University-
affiliated colleges in India. The program focused on inquiry
and problem solving in an environment that fosters teamwork
and collaboration amongst students. In an academic system
rife with intense competition, this is an alternative to expose
students to working in teams and enhancing their learning
experiences. It is vital that any of these efforts aimed at improv-
ing undergraduate STEM education should include rigorous
designs and assessments that will help us evaluate learning
outcomes of students and thereby the effectiveness of programs
(Linn et al., 2015).

The success of high-standard abbreviated “nanocourses” that
provide high-impact learning experiences to students (Bentley
et al., 2008) provide templates upon which shorter, workshop-
style courses can be developed and implemented that address
the constraints of time and material resources. Scaffolding
authentic research across the curriculum (Sieg et al., 2019) by
way of short workshops can be an effective way to leverage
academic autonomy and overcome the said constraints. With
either internal support from college administration or external
support through collaboration with research institutes, teachers
can design workshops that cater to the knowledge and skills
needs of students while spreading their efforts to implement
these workshops. If limited physical presence in colleges is
imposed, lecture/discussion-based instruction can happen using
synchronous or asynchronous online platforms, while the in-
person time can be spent in laboratories to gain important hands-
on skills. Scientists in research laboratories are also likely to get
involved and collaborate with college teachers to organize such
short student programs.

The most significant factor that made this pilot study feasible
is the autonomy (even in the limited sense) the participat-
ing colleges had in terms of creating and implementing small
programs, which allowed the undergraduate instructors to engage
in professional development at a research institute. The research
institute’s participation was rooted in their interest in ensuring
that these students who are prospective recruits are well trained
to fuel their future scientific research programs. The active collab-
oration between research institutes like Cold Spring Harbor
Laboratory, Howard Hughes Medical Institute’s (HHMI) Janelia
Farms, and undergraduate teaching institutes have given rise to
exemplary educational innovations. Similar partnerships, on a
smaller scale, can be built and nurtured to support educational
activities in local undergraduate institutions. In fact, these smaller
partnerships are likely to be stronger and become successful
because of greater connectedness. In India, research laboratories
belonging to the Council for Scientific and Industrial Research
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(CSIR), Department of Biotechnology (DBT), Indian Council
for Medical Research (ICMR), Indian Council for Agricultural
Research (ICAR) are spread across the country and have a
wide variety of microbiology-related research programs, which
can provide modest support through knowledge- and resource-
sharing. This support can result in deep and far-reaching impact
on the quality of undergraduate microbiology education.

As long as colleges are willing to find creative ways to use even
a limited amount of autonomy at their disposal to innovate in
their classrooms, and research institutions with greater resources
at their disposal are willing to become enthusiastic support-
ers and enablers of high-quality educational experiences, there
is immense opportunity for students to engage in authentic
learning experiences.

CONCLUSION

With India unveiling a new National Education Policy in 2020,
there is a promise to revamp the entire education landscape in the
country. As alluded to earlier, while policies do have a top-down
influence on the system, true change is possible when the teachers
and colleges are developing and practicing exemplary work at
the grassroots. The collaborative model showcased here has given
the necessary impetus to the teachers to continue providing rich
authentic, real-world microbiology experiences to undergradu-
ate students. We hope that our modest effort and its positive
impact on student experiences will inspire and motivate several
such local initiatives in resource-limited settings.

The “Vision and Change in Undergraduate Biology Education:
A Call to Change” document has recommendations about
utilizing innovative pedagogy and the integration of authen-
tic research experiences into individual courses and biology
programs overall to ensure that all undergraduates can experi-
ence the processes, nature, and limits of science. However, there
are several undergraduate institutions with limited resources
that are unlikely to provide such experiences to their students.
Our Perspective article showcases a collaborative model where
a research institute collaborated with two teaching colleges to
devise and implement a small program that was effective in
providing an authentic research experience to undergraduate
students that can be sustainable. The model can be used by
other undergraduate institutions with either perceived or real
resource limitations.
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Undergraduate research (UR) is a high-impact practice (HIP) to engage undergraduate
student in science, technology, engineering and mathematics (STEM), especially from
underrepresented groups. UR experiences (UREs) can be integrated into the classroom,
making authentic research experiences inclusive and available to all students. However,
developing UR pedagogy can be challenging for faculty in resource-limited labs, such
as community colleges and small liberal arts colleges. Often molecular biology research
methods are expensive, time-consuming and need equipment not readily available
or affordable in small schools. Polymerase chain reaction (PCR) is one of the most
commonly used techniques in research labs and many UREs. We have investigated
loop-mediated isothermal amplification (LAMP) as an inexpensive, accessible alternative
to PCR for DNA ampilification enabling the identification of microorganisms in the context
of UREs. LAMP does not require expensive instrumentation or reagents and uses
equipment commonly found in teaching labs. By performing the technique, students
learn several key scientific skills that will be useful in their undergraduate or graduate
STEM careers. We designed guided independent research experiences for several
undergraduates that included the use of LAMP. Students successfully applied the
technique to culture samples of common environmental bacteria, including Escherichia
coli, Salmonella spp., Staphylococcus aureus, and Enterococcus, and were in addition,
able to detect both Salmonella and Enterococcus in directly sampled environmental
waters. To highlight the accessibility and affordability of this URE, a simple boiling
method was used for DNA preparation from environmental samples. Student response
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data show positive attitudes toward UR when LAMP is utilized as a research tool to
tackle relevant biological questions. The feasibility of using simplified LAMP in UREs
points to a potential, more expanded application to public engagement with science
and broader and more inclusive interactions with the research community.

Keywords: LAMP, research tool, undergraduate research (UR), HIP’s, stem education

INTRODUCTION

The Association of American Colleges and Universities has
recognized several instructional modalities as high-impact
practices (HIPs) that increase student retention rates and student
engagement (Kuh, 2008). Among these practices, undergraduate
research (UR) has been found to be a particularly effective
pedagogy for the engagement and retention of undergraduate
students (Kuh, 2008). UR can provide students with not only
scientific skills but also increased self-confidence, improved oral
and written presentation skills and enhanced critical thinking
(Kuh and O’Donnell, 2013).

Two main challenges are faced when creating UR experiences
(UREs). First, it may be difficult to design projects that
are realistically feasible and that also engage students in
relevant authentic queries. Second, many procedures require
reagents, equipment and/or central technical support that are
beyond the means of many undergraduate institutions. One
category of studies that can address the first issue consists of
projects that focus on environmental sampling, such as the
identification of pathogens from environmental samples like soil
and water. The current COVID-19 pandemic has heightened
student awareness of the value of such studies. However,
environmental pathogen identification typically involves the use
of polymerase chain reaction (PCR) for DNA amplification,
which is time consuming, expensive and can be difficult for
students to perform accurately. At Queensborough Community
College (QCC) we have developed UREs in which loop-
mediated isothermal amplification (LAMP) can be used as a
simpler, sensitive and far less expensive alternative to PCR
for the identification of microbes in samples obtained from
locations on campus as well as from the surrounding urban
environment. While comparable in its value as a teaching
tool to PCR, LAMP is over tenfold less expensive, as well
as more sensitive and more robust in handling complex
biological samples (Kaneko et al,, 2007; Mori and Notomi,
2009; Law et al., 2014; Warghane et al., 2017). The simplicity
of colorimetric readouts, coupled with the simplicity of the
amplification procedure itself, makes it easy to incorporate
LAMP in a classroom context, so that the method can be used
to support course-based UREs (CUREs) as well as independent
UR projects.

The standard LAMP assay does not require equipment
beyond those that are available in standard biology laboratories
(see Supplementary Figure S1). The simplicity of the setup
derives from the dependence of LAMP on the inherent
strand-displacing activity of the Bst polymerase, avoiding the
need for the repeated high-temperature intervals employed
in PCR, so that the entire reaction can be performed at a

single temperature (60-68°C), using a non-denatured double-
stranded DNA template (see Supplementary Figure S2).
However, sample preparation methods prior to the assay
may still consume classroom time and require specialized
equipment and/or expensive supplies. By using the simple
boiling method of sample preparation, LAMP can be made
accessible not only to on-campus undergraduates but also
to the at-home student in the context of distance learning,
now emerging as a dominant mode of instruction during the
COVID-19 pandemic. Even beyond the at-home student, we
suggest that simplified LAMP protocols that avoid or minimize
sample preparation may be uniquely positioned to promote a
broader scientific engagement with lay communities and foster
enhanced interactions between the research community and
the public.

We describe here some initial illustrative data generated
by several of our undergraduates with whom we designed
guided UREs. These students were able to use LAMP to
detect several bacterial microorganisms commonly found in
the environment: Escherichia coli (E. coli), Salmonella spp. (S.
spp.), Staphylococcus aureus (S. aureus), methicillin-resistant
Staphylococcus aureus (MRSA), and Enterococcus (Hill et al.,
2008; Tang et al., 2012; Wang et al., 2015; Lin et al., 2017;
Hu et al., 2018).

MATERIALS AND METHODS

Setting the URE

The students who participated part in the URE were
either Biotechnology or Chemistry majors in an urban
community college who had enrolled in a research laboratory
internship course. Students had taken two semesters of
introductory biology as well as biotechnology either prior to or
concurrent with the URE.

Bacterial Strains and Growth Media
Escherichia coli, Salmonella spp., Staphylococcus aureus,
Enterococcus faecalis, and methicillin-resistant Staphylococcus
aureus (MRSA) were grown in Brain Heart Infusion Broth or
Tryptic Soy Broth.

Sample Preparation

Soil samples (approximately 5 ml) were suspended in 50 ml
water in conical tubes and allowed to settle prior to removal
of 10 ml supernatant for DNA extraction by the boiling
method (De Medici et al., 2003). DNA extraction from standing
water samples (10 ml) was carried out by the boiling method.
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TABLE 1 | Target genes and protocols for LAMP assays.

Target gene Incubation temperature References
E. coli malB 66°C Hill et al. (2008)
Salmonella spp. fimY 65°C Tang et al. (2012)
Salmonella enteritidis safA 65°C Azinheiro et al. (2018)
S. aureus nucAfemA (MRSA) 60°C60°C Wang et al. (2015)Lin et al. (2017)Chen et al. (2017)
Enterococcus spp. 23S rRNA 64°C Martzy et al. (2017)
For Enterococcus tests, samples (10 ml) were collected from Laboratory Safety

the East River (40.80557°N, 73.79661°W) and extracted by
the boiling method.

DNA preparation was either by column-based purification
(Quick-DNA  Microprep Kit, Zymo Research, Irvine, CA,
United States) or by the boiling method (De Medici et al.,
2003). For the boiling method, all samples were first spun and
resuspended at 1/10" original volume.

LAMP Assay

The target genes and protocols employed in the study are
summarized in Table 1. Note that fimY (encodes for the Fimbriae
Y protein) and nucA (encodes for the nuclease) are conserved
targets for all serotypes of Salmonella and S. aureus, respectively,
while safA (encodes for the major subunit of S. enterica atypical
fimbriae) is specific for Salmonella enteritidis. malB (encodes for
maltose operon protein B) is specific to E. coli and femA (encodes
for protein that affect the level of methicillin resistance) is specific
for methicillin-resistant S. aureus (MRSA).

All LAMP incubations were for 1 hour. Reaction products
were visualized by ethidium bromide staining of agarose gels.
The amplified products from the LAMP reaction are not single-
size amplicons but rather exhibit a range of different product
sizes (Supplementary Figure S2, Part 5b). Thus, a positive LAMP
reaction appears as a smear or a ladder of amplified products on
an agarose gel, rather than a single band as seen with PCR (Hill
etal.,, 2008; Tang et al., 2012; Wang et al., 2015; Lin et al., 2017; Hu
et al,, 2018). For detection of Enterococcus spp. in environmental
samples, the LAMP amplification of the 23S rRNA target was
performed with the addition of SYBR Green I, and the reaction
was performed for 60 min in a qPCR machine (Quantstudio
6, Applied Biosystems in order to quantitate fluorescence each
minute as a measure of product yield).

Detection of Enterococcus by Enterolert
The Enterolert test (IDEXX Laboratories, Westbrook, Maine)
is an enzymatic reaction based on the ability of Enterococcus
beta-glucosidase to cleave 4-methyl-umbelliferyl b-D-glucoside,
yielding a fluorescent product. Briefly, water samples for
enumeration of Enteroccoci via IDEXX Enterolert Media were
collected from the East River (40.80557°N, 73.79661°W) in 1 L
acid washed high-density polyethylene bottles. Samples were
processed the same day per the manufacturer’s protocol. After
incubation at 41°C for 24 h, samples were read using a 6-
watt, 365 nm UV light box, and enumerated using the IDEXX
MPN table.

The URE in which students participated includes education
in the biology and clinical impact of the pathogens studied.
Standard biosafety practices for microbiology laboratory work
were enforced, including adherence to Biosafety Level 2 (BSL2)
procedures. Aseptic technique with a Bunsen burner was used
for bacterial work. No enrichments of environmental samples
were performed, although students were made aware that these
samples can contain disease-causing organisms.

RESULTS

Amplification From DNA of Known

Strains

Optimization

As a first step toward the incorporation of LAMP in an URE,
students performed amplifications using column-purified DNA
prepared from cultures of E. coli, S. aureus, Salmonella spp.,
and Enterococcus spp. As shown in Figures 1-4, successful
amplification was obtained with all four strains. The E. coli and
S. aureus amplifications were used as a basis for optimization
studies, and students were able to demonstrate a range of product

FIGURE 1 | LAMP amplification of E. coli. (A) Temperature optimization of
E. coli LAMP. Lane 1, lambda Hindlll marker. Lanes 2, 4, and 6 were
generated with chromosomal DNA and Lanes 3, 5, and 7 with water as
negative control. Lanes 2 and 3 were incubated at 70°C, Lanes 4 and 5 at
66°C and Lanes 6 and 7 at 62°C. (B) Specificity of E. coli LAMP. Lane 1;
E. coli, Lane 2; S. typhimurium, Lane 3; Staphylococcus aureus, Lane 4;
water, Lane 5; 1 Kb marker. All reactions were carried out at 66°C.
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FIGURE 2 | Optimization of S. aureus LAMP ampilification. (A) Optimization of
LAMP targeting the femA gene. Lane M, lambda Hindlll marker. Reactions
carried out at 55°C (lane 1), 60°C (lane 2), 65°C (lane 3), and 70°C (lane 4).
(B) Optimization of LAMP targeting the nuc gene. Lane M, lambda Hindlll
marker. Lanes 2, 4, and 6 have S. aureus template and lanes 1, 3 and 5 are
negative controls with water in place of template. Lanes 1, 2: 57°C. Lanes 3,
4:62°C. Lanes 5, 6: 67°C.

yields by temperature variation, with optimal results within the
60-66°C range as expected (Figures 1, 2). LAMP affords multiple
additional parameters for student design of optimization studies,
including inner/outer primer ratio, magnesium concentration
and incubation time, which will be incorporated in future
development of the URE.

Specificity

Students were able to confirm the specificity of LAMP for
E. coli (Figure 1), Salmonella spp. (Figure 3), and Enterococcus
(Figure 4), as well as the conservation of the fimY target
in multiple Salmonella strains (Figure 3). Students were
also able to observe non-specific elements, such as primer
bands and chromosomal DNA (Figure 1B, lane 2). An
ambiguous result was obtained with Streptococcus (Enterococcus)
(Figure 3A, lane 5), likely reflecting contamination and/or excess
chromosomal DNA. The exquisite sensitivity of LAMP enhances
the opportunity for students to observe such false positives,
providing opportunity for critical thinking and troubleshooting.

FIGURE 4 | Detection of the 23S rRNA gene of Enterococcus faecalis using
LAMP. Lane 1, lambda Hindlll marker. Lane 2, water (negative control). Lane
3, E. coli. Lane 4, E. faecalis DNA.

DNA-Preparation Method

To assess the dispensability of column-based DNA preparation
in the pedagogical use of LAMP, students were given a
blind series of sixteen distinct S. aureus strains, of which
six were MRSA, and used both column and boiling methods
for each strain, prior to performing mecA LAMP to identify
MRSA strains. Similar performance was observed with the
two DNA preparation methods: in each case, two MRSA

FIGURE 3 | (A, B) Specificity of LAMP amplification of Saimonella spp. (fimY target). (A) Lane 1, lambda Hindlll marker. Lane 2, S. typhimurium. Lane 3, S. Newport.
Lane 4, E. coli. Lane 5. Enterococcus (Streptococcus) faecalis. Lane 6, S. aureus. Lane 7, Proteus vulgaris. Lane 8, Serratia marcescens. Lane 9, water (negative
control). (B) Lane 1, lambda Hindlll marker. Lane 2, S. typhimurium. Lane 3, S. heidelberg. Lane 4, S. enteritidis. Lane 5, S. Newport. Lane 6, water (negative
control). (C) LAMP amplification of S. enteritidis (safA target). Lane 1, Lambda Hindlll marker. Lane 2, S. enteritidis. Lane 3, water.
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123456

FIGURE 5 | Use of LAMP to detect Salmonella spp. in environmental samples
(fimY target). Lane 1, lambda Hindlll marker. Lane 2, water spiked with

S. typhimurium (positive control). Lane 3, Alley Pond water. Lane 4, standing
water in the QCC parking lot. Lane 5, soil at QCC resuspended in water. Lane
6, distilled water (negative control).

strains were correctly identified (one of which was identified
by both methods) and in each case there were four false
negatives (data not shown). Overall, these data are supportive

of the utilization of LAMP in classroom-based and distance
learning settings.

Amplification From Environmental

Samples

Our students used the LAMP assays they had established to
assess environmental samples for either Salmonella spp. or
Enterococcus spp. Enrichments were not performed, since the
goal was to determine whether LAMP assay was adequate to
allow students to detect these microorganisms with minimal
processing. Salmonella spp. was detected in a water sample
from a kettle pond in an urban park (Alley Pond, Bayside,
NY, United States), as well as in standing water and soil
samples within the college campus (Figure 5). Enterococcus was
assessed by LAMP in a series of samples taken over several
months from three locations in an urban waterway (East River
in New York City). Enterococcus levels in these samples were
also quantitatively assessed by defined substrate technology
(Enterolert; IDEXX). To allow the students to more objectively
relate the Enterolert data to their qualitative LAMP findings,
the LAMP results were made semi-quantitative by determining
the reaction time (T;) required to achieve a threshold level of
SYBR Green fluorescence. The T; values were used to divide the
samples into a LAMP-High group (T; < 22) and a LAMP-Low
group (T; > 30). The samples were also divided on the basis of
the Enterolert data into groups that were either high or low for
most probable number (MPN, comparable to CFU). The MPN-
High group had MPN values of 110-3,578) while the MPN-Low
group had MPN <10-30. It was observed that seven of eight

mples reorder MPN val

Sample Date MPN LAMP Sample MPN LAMP

IT1 5/23/2019 3578 High IT1 3578/ High |7

HC1 5/23/2019 <10 High HC2 2282| High

MAR1 5/23/2019 354 High HC4 1565| High

T2 5/30/2019 1515 High T2 1515/ High

HC2 5/30/2019 2282 Tligh REN TGS — IT4 402 losw_—

MAR2 5/30/2019 145 High MAR1 354| High

IT3 6/6/2019 20 Low MAR2 145| High

HC3 6/6/2019 10 High MARS 110/ High

MAR3 6/6/2019 10 Low — .

T4 6/13/2019 402 Low HCS 30 Llow |9 — p=0.02

HC4 6/13/2019 1565 High IT3 20| Llow

MAR4 6/13/2019 10 Low ITS 20| High

ITS 6/20/2019 20 High HC6 20| Llow

HCS 6/20/2019 30 Low HC3 10| High

MARS _ |6/20/2019] _ 110] _ High REREONE T [Mars 10| tow

IT6 6/27/2019 <10 Low MAR4 10| Low

HC6 6/27/2019 20 Low MARG6 10| Low

MAR6 6/27/2019 10 Low HC1 <10| High

IT6 <10/ Llow

FIGURE 6 | Assessing Enterococcus spp. in water samples using LAMP. Water samples were collected at the indicated times from three different locations in the
East River in New York City. Samples were tested for Enterococcus spp. both by Enterolert IDEXX) and LAMP. LAMP results were made semi-quantitative by kinetic
monitoring of SYBR Green fluorescence (see text). The association of high LAMP values with high MPN values was assessed by one-tailed Fisher’s exact test.
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TABLE 2 | Materials required to set up LAMP and PCR.

Power supply Electrophoresis UV transilluminator Thermocycler Water bath Total cost
($600) tank ($400) ($1,000-5,000) ($3,000) ($500)
PCR v v v v — $5,500
LAMP v v v — v $2,500
Simple LAMP* — — — — v $500
At-home — — — — — $0
LAMP*

*LAMP using colorimetric readout and samples prepared by boiling.

MPN-High samples were LAMP-High, compared to three of ten
samples in the MPN-Low group. This difference was significant
at p = 0.02 by Fisher’s exact text (Figure 6). These results
show that students are able to apply LAMP semi-quantitatively
to assess environmental levels of bacterial pathogens as part
of an URE.

DISCUSSION

We sought a new approach to developing UR projects to
identify common microorganisms that can be detected in
environmental samples. Standard methods for the detection
of these microorganisms involve culturing and isolating the
bacteria, which is a time-consuming and laborious process.
Amplification of genomic DNA by PCR is considerably faster
but requires an expensive thermocycler and somewhat expensive
reagents. We propose LAMP as a promising alternative method
to detect microorganisms, as it is rapid, inexpensive with respect
to both equipment and reagents, and does not require much effort
to set up (Tables 2, 3 and Supplementary Figure S1).

We demonstrate here that, even in the undergraduate setting,
the LAMP technique can be effectively used to replace PCR to
help identify bacterial microorganisms. Our data demonstrate
that students with modest training in molecular biology can
be involved in authentic research aimed at detecting microbes
in unknown environmental samples. We have trained eleven
students over the course of three semesters to successfully use
this technique to detect environmental microbes. We used LAMP
to amplify four common and clinically relevant environmental
bacteria: E. coli, S. enteritidis, Enterococcus, and S. aureus. All
of the data presented here were generated in student-performed
studies conducted within a semester time frame, as part of
an independent study research course. The students not only
acquired basic laboratory proficiency but were able to engage the
primary literature.

Two of our student researchers went on to present
their findings at regional and national conferences and
won prizes for their posters. One student went on to
obtain a Research Experiences for Undergraduates (REU)
internship in a prestigious 4-year college. Our preliminary
data illustrate the abundant opportunities provided by LAMP
technology for students to develop skills in critical thinking
and experimental design. Students can optimize multiple
parameters, troubleshoot unexpected or discrepant findings,
develop comparisons with alternative assays, and test hypotheses

with respect to the incidence and distribution of multiple
microbial microorganisms. A student response survey data shows
that majority of the students had a positive and engaging UR
experience (Figure 7).

TABLE 3 | Reagent cost comparison between LAMP, PCR, and gPCR.

LAMP
(per reaction)

Traditional
PCR
(per reaction)

Real time
PCR
(per reaction)

Enzyme

(Tag or Bst)

SYBR™ Green PCR
Master mix
1ml=$125
(ThermoFisher)

Taqg Polymerase

500 Unit (U) = $236
0.25-2.5 U/50 pl
reaction
(ThermoFisher)

Bst Enzyme

8,000 U/ml = $70
(New England Biolabs)

$2.50 - -
$0.47 per Unit -
$0.07

$0.42/strip - -
$0.0525/well

Plates or Strip
300 strips = $126
Microfuge tubes
(ThermoFisher)
500 = $22

PCR tubes - -
1,000 = $119 $0.12
(ThermoFisher)

$0.044 $0.044 $0.044

Primers:
0.1-1 uM)
100 pM-$40
dNTP’s

100 mM

4 x 250 pl = $320

(ThermoFisher)

Agarose gel
(ThermoFisher)
100 g = $145
TOTAL*

Forward and
Backward
$0.04

1% gel-$1.45
$0.08 per lane

$2.71%

Forward and
Backward
$0.04

50 pM each
2,000 reactions
$0.16

1% gel-$1.45
$0.08 per lane

$0.918

F3/B3 = $0.04
LF/FB = $0.04
FIP/BIP = $0.08
50 pM each
2,000 reactions
$0.16

1% gel-$1.45
$0.08 per lane

$0.528

*This is an underestimate as plastic tips/DNA markers/buffers are not calculated.

¥Most real time PCR reactions are run in

internal controls.

8Samples can be run in duplicate.
The estimate here is within reported data for the cost per LAMP reaction to be
approximately 60-70 cents (1) while most DNA amplification cost between $1-2
per reaction and $5-7 per reaction for real time PCR (2).

triplicate  with appropriate
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-1. Participatingin the LAMP research projectasan UR experience helped me
understand the scientificmethods better
2. Aftertheresearch experience, | can apply the learned knowledgeto the other
scientificconcepts in broader disciplines such as, Biology, Chemistry, Physics etc.

3. Afterthe UR experience, |am able to comprehend the scientificconceptsand
_materials better

4. How much did the UR experience help you to integrate scientificconceptsin
your learning of other science courses?

5. How much do you think the scientific (biological) concepts or course materials
were integrated into your research experience?

6. How welldoyouthinkany (Biology) were integrated into the UR experience?

7a. How much did the UR experience help yourlearningin the following aspects:
Designing your scientific question or your own experiences independently?
7b. How much did the UR experiencehelp yourlearningin the following aspects:
Performing the scientificexperiments?

.7c. How much did the UR experience help yourlearning in the following aspects:
Using technology, analyzing data and learning/using presentation techniques?

8. Would you consider ascience-science career where research is part of it?

9. Would you recommend a friend/peer/classmateand refer them to participate in
~ aresearch project to getan UR experience?

10. Givenan opportunity, would you liketo participate in another research asan
: : . ) UR experience?
0 10 : 20 30 20 50 60 70 80 © 90 100 WSigiificantly/agreat deal . . WALGt . .8 Somewhat. . RNot at all. . W Not Applicable

FIGURE 7 | Survey of student attitudes. An anonymous survey was conducted using Google forms.

LAMP-based
CURE

Reproducibility/error

LAMP-based
lab activity

1

Optimization
Robustness
PCR walidation

 —

Socicaultural studies: Scientist-guided ‘
Attitudes to challenges
science/technology —————— Open-ended student

Citizen scientist Crowd-sourced
“ 7 #
experimentation methoddogy

Propagationofthe | 4™ ~~| (Citizen scientist . Community-
culture of sdence V| communties driven science

FIGURE 8 | A potential usage of LAMP in distance learning.
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Loop-mediated isothermal amplification technology shares
with PCR a notable potential to connect URE with important
public health issues. Since E. coli, Salmonella spp., Enterococcus
spp., and S. aureus spread via contaminated food or water,
as well as via infected individuals, environmental detection of
these microorganisms can limit the occurrence and magnitude
of outbreaks (Curran, 2017). Notably, LAMP has emerged as a
relevant technology for the detection of norovirus, Clostridium
perfringens, and Campylobacter jejuni, three of the five most
prevalent foodborne pathogens in the United States (Fukuda
et al., 2006; Yamazaki et al., 2009; Kaneko et al., 2011), and has
recently been used to detect COVID-19 (Kashir and Yaqinuddin,
2020). Students could use LAMP to detect these and other types
of microorganisms in the course of developing their own projects.
The only additional reagents required would be new primers.

Incorporating  authentic research in  undergraduate
curriculum is challenging due to technical demands and
time constraints (Smyth, 2017). Implementing LAMP-based
research projects as a CURE is a potential solution. Our data
show that both cultures and environmental samples can be
effectively processed for LAMP by simple boiling, which should
greatly facilitate the design of these experiences in a classroom
setting. We intend to implement LAMP-based CURE:s in several
major and non-major Biology courses using environmental
samples. Students will be encouraged to formulate hypotheses
as to which environmental sites or site categories are likely to
harbor the greatest prevalence of pathogenic microorganisms.
Faculty mentors will assist by engaging students in learning
about microbes in the context of urban ecology and public
health. Pre/post surveys will be used to assess impact on student
understanding of scientific method and microbial biology, as
well as attitudes toward potential STEM careers.

Finally, a unique feature of LAMP is the potential for its
use in distance learning, and more broadly for both student-
and community-based research activity, presenting an unusual
opportunity for the expansion of public engagement in science
as well as interaction with the research community. This
potential developmental sequence is summarized in Figure 8.
In the context of distance learning, LAMP is uniquely suited
to at-home use in a manner that parallels on-site procedures.
All components are stable, including the Bst polymerase,
which displays remarkable stability (Meridian Bioscience). Any
household with an oven, a pot and a thermometer can establish
the necessary constant-temperature incubation conditions, and
colorimetric readout is readily accomplished. The boiling
method for DNA prep can be readily adapted for at-home
implementation: inexpensive oven-safe evaporating dishes can be
used for sample concentration, substituting for centrifugation.
Non-specific products are expected to be rare due to the
requirement for hybridization at six independent sequences in
the target. Furthermore, it is likely that paper strip-based readout
methods will become available that will facilitate semiquantitative
analysis (Hongwarittorrn et al, 2017). Quantitation by such
methods, as well as by dilution, will allow at-home students
to pursue expanded LAMP-based lab activities, including error
analysis and protocol variations, which take advantage of the
time and flexibility afforded by flipped lab designs. Similarly,

at-home CUREs offer expanded possibilities in comparison to
on-site research, as students can develop research questions and
collect samples in a manner that is tailored to the unique as
well as shared aspects of their individual locations. Continual
access to the home “laboratory” is likely to encourage students to
generate additional research projects in an open-ended manner,
providing an unusual opportunity for training in project design
at the undergraduate level.

Moreover, the possibilities for at-home LAMP are not limited
to the student body, which may serve as a vanguard for
the encouragement of similar scientific research activity in
communities. Therein potentially lies a unique opportunity
for the development of the public culture of science. For
example, while it is becoming increasingly common for
scientists to crowdsource sample acquisition from the lay public,
LAMP is perhaps the unique technology that may permit lay
crowdsourcing, not only of samples, but also of methodological
data. Lay LAMP-tinkerers may make a contribution to the
professional research community, if their numbers outweigh
their lack of scientific sophistication. Scientists may contribute
to and help guide this process by offering research challenges
to such lay communities. Communities of citizen scientists can
potentially organize projects of their own, and they may also
be a source of sociocultural data for the professional study of
the culture of science (Figure 8). By engaging the public this
way, we anticipate that this may increase understanding and
engagement with science as well as broadening access to and
increasing inclusiveness in the process of science.

In summary, incorporation of LAMP in URE has many
benefits, including low cost, speed, ease of training, and the
ability to engage undergraduates in meaningful UREs. Moreover,
beyond these technical advantages, LAMP has unusual promise
as a technology for expanding student and community experience
in authentic scientific inquiry. UR has become a hallmark
national trend as a component of HIP pedagogy. We have been
able to observe the value of UR to undergraduate education
on a personal level, noting the growth in self-confidence,
independence and communication skills in our students as they
progress through the program. Further development of LAMP-
based approaches to UR will allow students to gain first-hand
knowledge of STEM careers, and more broadly to apply newly
acquired skills and experience to their further education and
professional development.
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Course-based undergraduate research experiences (CURESs) often involve a component
where the outcomes of student research are broadly relevant to outside stakeholders.
We wanted to see if building courses around an environmental justice issue relevant
to the local community would impact students’ sense of civic engagement and
appreciation of the relevance of scientific research to the community. In this quasi-
experimental study, we assessed civic engagement and scientific identity gains (N = 98)
using pre- and post-semester surveys and open-ended interview responses in three
different CUREs taught simultaneously at three different universities. All three CURES
were focused on an environmental heavy metal pollution issue predominantly affecting
African-Americans in Birmingham, Alabama. While we found increases in students’
sense of science efficacy and identity, our team was unable to detect meaningful
changes in civic engagement levels, all of which were initially quite high. However,
interviews suggested that students were motivated to do well in their research because
the project was of interest to outside stakeholders. Our observations suggest that rather
than directly influencing students’ civic engagement, the “broadly relevant” component
of our CUREs engaged their pre-existing high levels of engagement to increase their
engagement with the material, possibly influencing gains in science efficacy and science
identity. Our observations are consistent with broader community relevance being an
important component of CURE success, but do not support our initial hypothesis that
CURE participation would influence students’ attitudes toward the civic importance
of science.

Keywords: civic engagement, community, microbiology laboratory education, science identity, course-based
undergraduate research experience

INTRODUCTION

Course-based undergraduate research experiences (or CUREs) are becoming increasingly popular
in higher education in the United States for their ability to engage university students in authentic
research in the context of a course (AAAS, 2009). CUREs are often set apart from more traditional
laboratory experiences as allowing students to: (1) learn authentic science practices; (2) discover
outcomes not already known to the instructors or students; (3) collaborate; (4) repeat and iterate
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experiments; and (5) engage with a “broadly relevant” project
(Auchincloss et al., 2014). Research results are mixed regarding
how much each of these factors contribute to positive student
learning outcomes, and not all educators agree that all five
factors are necessary parts of every CURE (Ballen et al., 2018).
In particular, the “broadly relevant” criterion has come under
scrutiny, as it is the most difficult of the five criteria to achieve
in practice, particularly at less well-funded institutions. In the
meeting report of CUREnet, an online CURE repository, the
authors posit “CUREs involve students in work that fits into
a broader scientific endeavor that has meaning beyond the
particular course context” (Auchincloss et al., 2014). Put another
way, broad relevance indicates the presence of, or need for, an
outside stakeholder.

Strategies for engaging stakeholders in CUREs vary. The
most common solution is to couch the CURE in the context
of a larger research project, essentially crowd-sourcing research
using student labor (e.g., PARE, Genné-Bacon and Bascom-Slack,
2018; HHMI SEA-PHAGES, Jordan et al, 2014; Tiny Earth,
Basalla et al, 2020; and Small World Initiative, Davis et al,
2017) but some effort has been placed into achieving broad
relevance through more direct interactions with stakeholders.
Ballen et al. (2018) suggested that something as simple as
students e-mailing products of their work to an external professor
stakeholder could qualify, although Corwin et al. (2018) argue
an e-mail may not be sufficient to classify as a broader impact.
A wide range of other approaches have also been considered,
including acknowledging students in a manuscript, contributing
to external databases, and partnering with specific community
needs (Corwin et al., 2018). For example, Malotky et al. (2020)
paired student research projects like assessing literacy with
community-partner engagement such as having students read
to an elderly population. These types of examples straddle
the line between CUREs and Service-Learning, where course
material achieves goals complimentary with direct needs within
the community (Smith, 2003; Mendoza et al., 2020).

Student scientific gains in CUREs are also well-documented
(Gormally et al., 2009): students i) gain confidence in their
ability to do science and to perceive themselves as scientists
(Hanauer et al,, 2016), ii) are more likely to persist in STEM
majors (Estrada et al., 2011), and iii) are more likely to pursue
science as a career (Lopatto, 2007). Situated learning theory
(Korthagen, 2010) posits that immersion in the cultural milieu of
science in the context of authentic research can foster a student’s
sense of belonging to the field, but it also suggested to us that
broad community relevance in a CUREs might increase feelings
of involvement with the impacted stakeholder communities.
Sanders and Hirsch (2014) found students who were part of a
civically engaged CURE were more likely to want to go into a
science career. However, the degree to which broader impacts
in CUREs play a role in science identity and persistence gains
remains an open question (Corwin et al., 2015, 2018).

Here, we present our results from implementing three
different but simultaneous CUREs related to the same
environmental justice issue in North Birmingham, Alabama.
Since the late 19th century, large-scale industrial activity and
political corruption have created a legacy of heavy metal and

toxic organic pollution in Birmingham’s 35207 zip code (Allen
et al., 2019). In 2012, the evidence of contamination was so
significant and widespread that it was declared the 35th Avenue
Superfund Site by the Environmental Protection Agency (this
site will henceforth be referred to by its zip code, 35207). The
residents of 35207 are predominantly African-American, of low
socioeconomic status, and suffer from elevated risk of respiratory
disease relative to similar populations due to their chronic
exposure to toxic heavy metals in their living environment (Allen
et al., 2019). As a consequence, understanding how the legacy
of pollution influences both the human and environmental
health of this area is an issue of social and environmental justice
that is directly relevant to members of the greater Birmingham
community including all of the students in our study.

The research component of our CUREs focused on various
aspects of the co-evolution of heavy metal tolerance and
antibiotic resistance in bacteria. Bacteria exposed to either
antibiotic or heavy metal stress often evolve resistance to
both simultaneously because there is substantial overlap in
the genes underlying these phenotypes (Baker-Austin et al,
2006). Thus, as shown in previous contaminated sites (Chen
et al,, 2019), the possibility exists that long-term exposure to
elevated heavy metal concentrations has led to the development
of a reservoir of antibiotic-resistant bacteria in the 35207
environment, particularly in the soil. Either through direct
infection by environmental microbes, or because of horizontal
transfer of resistance genes between environmental and human-
associated microbes, 35207 residents could be exposed to elevated
risk of recalcitrant antibiotic-resistant infections (Seiler and
Berendonk, 2012), although the clinical aspects of this research
project are beyond the scope of the student projects described
here. Students in our CUREs assessed the degree to which soil
bacteria in 35207, compared to a demographically comparable
control zip code without elevated heavy metal exposure, were
influenced by the history of pollution. Specific research projects
are briefly described in the Methods section, and our scientific
results will be published in a forthcoming manuscript.

The possible microbiological impact of pollution on human
health in 35207 has clear relevance to 35207 residents, and we
sought to incorporate that broad community relevance in our
courses by i) assigning reading material and videos about 35207
and its residents, ii) incorporating 35207 and data associated
with it into lectures, iii) tasking students to generate relevant
data, and iv) assigning students to generate products (student-
created videos or data) designed to be shared with community
stakeholders after the class was completed. These broadly relevant
tasks (readings, working with real data, and creating videos) are
straightforward educational practices which do not rely on an
outside stakeholder during the course and thus could be ideal
for CURE educators wishing to incorporate broad relevance in
their course. We hypothesized that the inclusion of broader
social relevance into the coursework would lead to increases in
students’ senses of civic engagement and appreciation for the
importance of scientific research for achieving local community
goals, while also achieving the increases in scientific efficacy and
self-identification commonly observed in CUREs. Specifically, we
sought to answer the following questions:
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1. To what degree do students at these three universities
already agree with statements about civic engagement,
science identity, and the role of science in the community
prior to their participation in their CURE research
project?

2. Are our attempts to include broader community
relevance sufficient for students to make gains in their
sense of community engagement, and does community
engagement interact with gains in science identity and/or
science efficacy?

MATERIALS AND METHODS

Preparation

Researchers (SA and QR) collected six homogenized soil samples
from public areas in 35207 and six homogenized soil samples
from the neighboring control 35214 zip code. 35214 has
similar demographics and physical characteristics, but no history
of heavy metal pollution. Soil was tested for heavy metal
contamination by Sutherland Environmental Testing, which
found elevated concentrations of lead, manganese, and zinc in
the 35207 zip code areas (data not shown). Approximately 1 g of
soil from each public area was given to the teaching teams at the
three universities for their analyses; sample IDs were randomized
before distribution so that neither students nor instructors would
know where a given sample came from.

Course Descriptions

Participants were recruited during a 14-week Fall 2019 semester
from classes at three universities in Birmingham, Alabama.
Across all classes, we first identified the CURE learning objectives
and research goals based on the recommendations in the CURE
literature (Shortlidge and Brownell, 2016; Cooper et al., 2017),
which are summarized in Table 1.

University 1 (U1), the University of Alabama at Birmingham,
is a research-intensive public university and doctorate granting
institution, Microbial Ecology enrolled 15 students (including
both graduate and undergraduate students) for 50-min evening
classes Monday, Wednesday, and Friday. Microbial Ecology
is cross-listed as an upper division (400-level) undergraduate
course as well as a graduate course, with a prerequisite
of introductory microbiology. The course was a mixture of
lecture, usually on Monday and Wednesday, and bioinformatics
workshops, usually on Friday. The lecture portion examined
microbial life in natural habitats, such as soil and aquatic
ecosystems, with a focus on taxonomic diversity and ecosystem-
scale biogeochemical processes. During the workshops, students
learned the Standard Operating Procedure for processing next-
generation DNA sequence data using mothur (Kozich et al,
2013). Total genomic DNA was extracted from all 12 soil samples
with Qiagen PowerSoil kits and used to generate Illumina MiSeq
16S rRNA barcode libraries (Caporaso et al., 2012). In the last
month of the semester, U1 students worked in 3-person teams to
execute their own bioinformatics projects testing 35207-related
hypotheses with this data.

University 2 (U2), Birmingham Southern College, is a private,
undergraduate-only liberal arts college. The Cell and Molecular
Biology course had an enrollment of 120 undergraduate
students. They all attended the same lecture at the same
time, however, they were split into six hour-long laboratory
sections on Monday and Wednesday mornings. The course
served as a 100-level prerequisite for all upper-level biology
courses. The teaching team previously pioneered the Metal and
Antibiotic Resistance Evolution (MARE) Project, which had
students explore the effects of long-term industrial pollution in
Birmingham using environmental samples from a Birmingham
landmark, Sloss Furnace. Aside from where the environmental
samples were collected (North Birmingham residential areas
instead of Sloss Furnace), there were no substantial changes
to how this course had previously been taught. In their labs,
after learning aseptic technique and other fundamental skills
(e.g., Gram staining and PCR), students used culture-based
methods to screen 35207 and 35214 bacteria for resistance to
antibiotics and heavy metals. Agar media had either no addition
or contained antibiotics (ampicillin, tetracycline, ciprofloxacin,
or a carbapenem drug) or heavy metals (Zn, Mn, and Pb)
at concentrations that were previously established to inhibit
microbial growth.

University 3 (U3), Samford University, is a private Christian
university that awards both undergraduate and graduate degrees.
At U3, 48 students across 2 morning sections (24 students per
section) took the Foundations of Biology lecture and lab class,
which served as a 200-level prerequisite for all upper-level biology
courses. The class, composed mostly of freshmen pre-health
students and biology majors, met MWF for 110 min per session.
The content covered basic biochemistry, cellular metabolism,
molecular biology and genetics, taxonomy, and phylogeny, as
well as evolution. In the laboratory portion of the course, students
began by learning basic microbiology and molecular biology
skills. About mid-semester, students worked in 4-person teams
to quantify the abundance of total bacteria as well as antibiotic
and heavy metal resistance genes in soil-extracted DNA using
quantitative PCR (Di Cesare et al., 2016).

In addition to completing the research projects described
in Table 1, students in all courses were required to read
a news article on the environmental pollution in North
Birmingham (Pillion, 2017). Instructors also regularly discussed
the importance of the study with students (instructional
tools available upon request). Additionally, because student
learning objectives in all courses included collaboration and
communication, all instructors agreed to include a collaborative
video assignment as a part of the course. The video assignments
at U1, U2, and U3 were worth 10, 5, and 7.5%, percent of student
final grades, respectively. In these assignments, students were
tasked with creating 3-5 min instructional videos to share with
their student colleagues at the other universities what they had
accomplished through their research. These videos needed to
also explain the civic engagement component where students
contextualized how their specific research aim was related
to the environmental justice problem in North Birmingham.
Instructors had meetings in-person or through video chat twice
a month to provide updates related to education research or
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TABLE 1 | Curricular research goals and learning objectives among three non-synchronous CURE courses.

Course Research goals

Student goals

Microbial Ecology 1. Discover bacterial taxa that are shared between

(ut) metal-exposed people and their environments that are absent (or

rare) in metal-naive populations

2. Analyze differences in metabolic capacities of metal-exposed

soils in comparison with metal-naive soils

Cell and Molecular

Biology from contaminated soil

(U2) 2. ldentify resistant bacteria using morphological, biochemical,

and molecular data

Foundations of Biology 1. Isolate bacteria from soil environments

(Ug) 2. ID/quantify genes that confer antibiotic/heavy metal resistance

in tainted soils

1. Determine prevalence of metal and antibiotic resistant bacteria

1. Master experimental design/scientific method

2. Gain confidence with command-line biocinformatics tools and
their interpretation

3. Learn to apply ecological principles to human health questions
4. Collaborate with other student researchers to accomplish a
larger task with social relevance

1. Apply scientific method to look at the relationship between
metal and antibiotic resistance

2. Discuss role of science in social discourse

3. Communicate scientific results

1. Apply modern scientific method to a practical experimental
design/interpretation of data

2. Interact with peer group to communicate results

curricular progress, including supplies needed for students to
carry out their research project.

Recruitment and Procedure

We surveyed students enrolled in all three courses prior to their
first assignment related to experimental design (Table 2) using
an online Google survey (see Supplementary Material). We also
asked students to self-report their professional goals from a list
of academic and non-academic careers at the end of the survey
(see Supplementary Material). Students were asked to complete
the surveys, outside of class time, 1 week prior to beginning their
CURE projects, though students at Ul were given 20 min at
the beginning of a class period to incentivize their participation.
Students completed the same survey as a post survey in the
last week of class. Students at all three universities identified
themselves using their student ID numbers to enable pre and
post data to be matched as well as to associate survey responses
with demographic information (including race, gender, class
standing, ACT or SAT equivalent and cumulative GPA) from
the university’s registrar. Additionally, a researcher other than
the professor assigning grades (either SA or RA) came into each
course in the last week of the semester, prior to final exams, to
gage students’ attitudes through recorded class discussions using
semi-structured interviews. To accommodate the professor and
course scheduling, U2 and U3 interviews took place following
course-wide review sessions for the final exam and the interviews
at U1 took place immediately prior to students taking their final
examination. Note that there were two separate course section
interviews for U2 but these student comments were combined
for purposes of analysis as the instructional curriculum was
identical save for the course meeting times. In sum, at U1, eight
consenting students took the pre-survey (53% of the class) and

TABLE 2 | Procedures across all three CURES.

Total # of times
procedure performed

Procedure Length of time required

of participants

Google surveys (pre 20 min x 2 = 40 min

and post surveys)

2 (Pre semester and
Post semester)

Discussion interviews 20-50 min 1 (Post semester)

two students completed the post surveys (13% of the class). Six
U1 students participated in the end of semester interviews. At
U2, there were 92 students who consented (77% of the class)
and took the pre-surveys and 38 who took the post surveys (32%
of the class). 9 U2 students participated in the interviews. In
the U3 course, nine students consented (19% of the class) and
completed the pre-surveys and five students completed the post
surveys (11% of the class). There were 36 total U3 students who
were interviewed during two class-wide interviews, one interview
with 17 students present and the other with 19 students present.
Class discussions were manually transcribed and identifying
information was removed.

Instruments

We compiled questions from three Likert-scaled surveys (Box 1)
relevant to our learning goals, where lower Likert numbers
represent greater levels of agreement with the question. To
survey engagement with the community, we used the Civic
Engagement Scale (CES), a validated survey for gaging student
attitudes and behaviors of engagement related to scholastic
service-learning (Doolittle and Faul, 2013). We included CES
questions on community mindedness (questions 1, 2, and 6),
but excluded questions on volunteering as volunteering was not
a focus of any of our courses. To test civic responsibility, we
chose the Civic Attitudes about the Relevance of Science (CARS)
survey (Siegel and Ranney, 2003) in order to question students’
perceptions of how science shapes attitudes on i) the environment
(questions 5 and 42), ii) waste from factories, a specific focus
of our courses (question 28), and iii) using evidence to make
decisions (question 38). We used questions from the Persistence
In The Sciences (PITS) Instrument (Hanauer et al., 2016) to
assess Project Ownership Content and Emotion (PITS subsection
question 1, abbreviated henceforth as “POCE”); Self-Efficacy
(PITS subsection questions 1-5, abbreviated as “SE”), Science
Identity (PITS subsection questions 1-4 abbreviated as “SI”)
and Scientific Community Values (PITS subsection questions 3
and 4, abbreviated as “SCV”). To account for students from
different populations and backgrounds possibly having different
ideas about the word community, we chose to ask them to define
“community” and “community of scientists” prior to their first
use in our survey.
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BOX 1 | Survey questions and related acronyms. Full question format is
available in Supplementary Material.

Civic Engagement Survey and Attitudes about the Relevance of
Science

CES1. | feel responsible for my community.

CES2. | believe | should make a difference in my community.

CESB. | believe that it is important to be informed of community issues.
CARSS5. Learning science helps me understand about the environment.
CARS28. Science has nothing to do with local issues, such as waste from
nearby factories.

CARS38. Collecting evidence is an important part of making a decision.
CARS42. Knowledge of science will help me protect the environment.

Persistence in the Sciences (PITS)

PITS POCE1. My research will help to solve a problem in the world.

PITS SE1. I am confident that | can use technical science skills (use of tools,
instruments, and techniques).

PITS SE2. | am confident that | can generate a research question to answer.
(POCQ)

PITS SES. I am confident that | can figure out what data/observations to
collect and how to collect them.

PITS SE4. | am confident that | can create explanations for the

results of the study.

PITS SE5. | am confident that | can use scientific literature and reports to
guide my research.

PITS SI1. | have a strong sense of belonging to the community of scientists.
PITS SI2. | derive great personal satisfaction from working on a team that is
doing important research.

PITS SI3. | have come to think of myself as a 'scientist’.

PITS SlI4. | feel like | belong in the field of science.

PITS SCV3. | am a person who thinks that scientific research can solve many
of today’s world challenges.

PITS SCV4. | am a person who feels discovering something new in the
sciences s thrilling.

Qualitative Procedure and Analysis

In our open interviews with students, we asked them i) the
purpose of the course as they understood it, ii) what they
learned and their motivations, iii) how the course influenced
their career direction, and iv) how their views of science changed.
We specifically chose not to prompt students about experimental
design, civic engagement, or civic responsibility in order to avoid
priming their responses, thus encouraging authentic discussions
related to those topics. We used content analysis (Hsieh and
Shannon, 2005) to apply the same themes present in the semi-
structured interview questions (see Supplementary Material)
to categorize the responses, and these overall summaries were
decided and agreed upon unanimously by the two coders (RA
and SA). Lastly, we used content analysis (Hsieh and Shannon,
2005) to find themes which emerged from student definitions of
“community” and came to a complete consensus for coding the
students’ definitions.

Statistical Analysis

Changes in student responses between the pre and post surveys
were assessed using linear mixed effects models (deployed in the
Ime4 package in R), with university and pre vs post as fixed effects
and student ID as a random effect. We note that the incorporation
of university as a fixed effect prevents the large difference in
sample sizes between universities from skewing model results.
Significance of terms was determined by contrasting the full

model against nested subset models dropping one of the fixed
effects, or the interaction between fixed effects, using the anova
command in R. Coefficient values reported here are derived from
extended marginal means estimates (using the emmeans package
in R) applied to refined models that eliminate all non-significant
terms. All other statistical tests were conducted as linear models
in R; as with the linear mixed effects models, the coefficients
reported came from extended marginal means estimates from
refined models that omit any non-significant predictors.

IRB Oversight

This study was approved by the IRB Protocols IRB-300004139
(U1), IRB Protocol # 2017-02-011(U2), and IRB Protocol SU-
EXMT-A-19-F-2 (U3).

RESULTS

Quantitative Data

Differences Between Universities

Because of the large differences between the universities and
the level of instruction in the different courses, we expected
that students would have significantly different baseline attitudes
and skills related to our surveys. Ul students reported higher
agreement to the CARS statement “Learning science helps me
understand about the environment” than U3 students, and were
more likely to agree with the PITS statements “I have come
to think of myself as a ‘scientist” and the CARS statement
“Knowledge of science will help me protect the environment”
than students at either U2 or U3 (Figure 1). Collectively, these
initial differences suggest that the more advanced students of
U1 held more professional-like attitudes toward science and the
value of science than did the beginning students at U2 and U3.
There were no significant between-university differences in any
of the other survey questions (data not shown).

We also found that gender significantly influenced student
responses in different ways between the three universities we
studied. Female students at Ul were more likely than female
students at the other universities to agree with belonging to
a community of scientists (PITS SI-1), and female students at
both Ul and U2 were more likely than female students at U3
to agree with thinking of themselves like scientists (PITS SI-3).
On the other hand, U3 males were significantly less likely than
males at the other universities to agree with science informing
knowledge of the environment (CARS5), the importance of
evidence in decision planning (CARS38), and science knowledge
informing environmental protection (CARS42). Male students
at U3 were also less likely than U3 females to agree with these
statements about making a difference in their community (CES2),
needing to be informed about community issues (CES6), having
satisfaction while working on a science team (PITS SI-2), feeling
belonging in science (PITS SI-4), and feeling as though new
things in science are thrilling (PITS SCV-4). Further, U3 male
students were significantly more likely to agree with science
having nothing to do with local issues (CARS Q28) than U3
female or male students from either of the other universities. See
Box 1 for statement details. Overall, U3 male students appeared
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FIGURE 1 | Baseline differences in student attitudes at the three universities.
There were only differences in three survey question responses between the
universities. Likert scale value 5 indicates strong disagreement and value 1
strong agreement. Error bars in both panels are the 95% confidence intervals
from linear model estimates. Asterisks indicate significance levels: *p < 0.05;
**p < 0.01; ***p < 0.001.

to be strong outliers relative to the rest of the study group; we
note however that this was a quite small sample set, consisting
of only five male student entries. Importantly, gender did not
influence the changes in pre to post for either males or females
at any university; the differences described here appear to reflect
differences in baseline attitudes and not the effects of the research
curriculum on those attitudes.

Gains in Civic Engagement and Scientific Identity

We hypothesized that student agreement to statements on civic
engagement would change after a semester of a course focusing
on issues of local environmental justice. There was no statistical
interaction between university and pre-post change in Likert
responses, so the following results represent the entire student
population from Ul, U2, and U3. Contrary to our expectation,
agreement to most of the questions from the CES and CARS
instruments did not significantly change over the course of the
semester (Figure 2). Only one CARS statement, “Science has
nothing to do with local issues, such as waste from nearby
factories,” changed, but in the opposite direction from our
expectation. We were surprised that the average student in the
study, after taking a semester of a research course exploring the
effects of factory waste, was less likely to agree that factory waste
is relevant to science (Figure 2, question CARS28). On the pre-
survey, only 2% of students responded in agreement with this
statement, whereas on the post survey more than 13% of students
agreed. While it is impossible to be certain, we suspect that the
reverse wording of this question (i.e., “Science has nothing to
do with local issues”) may have led to confusion during the
post survey; the lack of movement in the “wrong” direction
on other questions, and the absence of interview responses
supporting such an attitude, provides support for this possibility.

The proportion of students in agreement with the remaining
CES and CARS questions was very high on both the pre and
post surveys. Note that we asked students to define “community”
before taking the CES portion of the survey, as ideas about
community could differ across student cultures and backgrounds,
but themes present in student definitions were not significant
predictors of their pre or post responses on relevant questions
about community (CES 1, CES 2, CES 6, or PITS-SI 1).

In contrast to our civic engagement questions, we found a
significant shift toward agreement on several PITS statements: “I
am confident that I can generate a research question to answer’;
“I am confident that I can figure out what data/observations
to collect and how to collect them”; “I am confident that I
can use scientific literature and reports to guide my research’;
“I have come to think of myself as a ‘scientist™; and “I am a
person who thinks that scientific research can solve many of
today’s world challenges” (Figure 2). These statements include at
least one representative from each of the three PITS categories
we included: science efficacy, science identity, and scientific
community values. As there were no statistically significant
differences in the magnitude of change between universities,
we conclude that CURE students at all three universities
experienced significant gains in the professional virtues measured
by PITS, but not in their sense of civic engagement or
community responsibility.

Qualitative Data

We conducted semi-structured interviews with student
participants representing each university (Ul n = 6, U2n=9,
and U3 n = 36) (Table 3). Unsurprisingly, students’ reported
understanding of the purposes of their courses and their
knowledge gained aligned with the respective course goals
(Table 1). Students also consistently brought up the “real world”
components of the course as impacting their engagement with
the course material. For example, students in the freshmen
courses (U2 and U3) but not in the graduate course (Ul)
explicitly noted their motivation in their research was due to
local stakeholders. Students at U1 and U3, but not U2, mentioned
being motivated in their research because of the real-world data
and student research videos. Example quotes regarding student
motivations from U1, U2, and U3 are as follows:

I think working with real data was a really big part of motivation
for this class and I think most of the grad students feel the same
way — U1 student.

I think it being around the corner from where we are, kinda
made us want to know what's going on. Especially when you heard
soil contamination, like what is that exactly? It being so close to
you makes you want to dive in and figure out what was going
on — U2 student.

It made me want to make sure I did it right, like, in chem lab
sometimes if you don’t have your data right, you can get numbers
from other people if you miss something. But, with this, because it
doesn’t matter really, but with this, it’s like you’re actually making
an impact on the people who are living in that area and so it made
you want to like, do it well and not just do it - U3 student.
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FIGURE 2 | Pre and post responses from 98 students across three simultaneous CUREs. Full questions are provided in Box 1. The Likert scale value 5 indicates
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models. *p < 0.05; **p < 0.01; **p < 0.001. There was no significant difference between universities in the change between pre and post responses.

TABLE 3 | Summary of students’ end-of-semester interview responses to question prompts across three non-synchronous CURE courses.

Course

Question prompt

Microbial Ecology
(U1)

Cell and Molecular Biology
(u2)

Foundations of Biology
(Ug)

Purpose

Knowledge learned

Motivation

Learn microbial ecology and
interactions; Superfund CURE

Diversity of microbial ecology;
Bioinformatics pipelines

Real research and different projects;

Heavy metal contamination of soil in
Alabama

Effects of heavy metal contamination at
the EPA Superfund Site

Local stakeholders

To engage in real research

Molecular biology laboratory techniques

Real research with unknown solutions

Increased understanding of
Bioinformatics; Research videos seen
by other students

Affirmed

Changed; Science depends on many
parts and collaboration; Research
videos helped explain science projects

Career goals
View of science

No changes mentioned
No changes mentioned

with community stakeholders;
Research videos seen by other
students

Affirmed or challenged

Changed; No predictive “right” answer;
Science does not have to contradict
faith

The last two question prompts, about career goals and views
of science, were not addressed by students at U2 potentially
because the environment in which they were interviewed -
right after a study review session - may not have been
conducive to a complete and nuanced discourse (RA personal
observation). Career goals and views of science shifted for
students at Ul and U3. U3 students explicitly mentioned that
the student research videos impacted their views of science.
In the Supplementary Material, we provide summaries of
student responses to each primary question as well as our
interview script.

DISCUSSION

Our primary goal in the work presented here was to
investigate whether CURE courses connected to a project with
environmental justice implications for the local community
would influence student attitudes toward the relationship of
science and scientists with the general population and the
common good. Secondarily, we wanted to understand how
student perceptions of the “broad relevance” of their course
research - one of the commonly understood cornerstones
of CURE classes - influenced their personal identification
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as scientists. As we described in greater detail below, our
overall conclusion was that our students already had a strong
appreciation for the importance of scientific research for society
and the community, and this was not changed by our courses.
Despite a lack of movement in terms of civic engagement,
our students nevertheless became more confident of themselves
as scientists, and some of their responses during interviews
suggested that the “broad relevance” of their project may have
contributed to that improvement.

Civic Engagement Gains From Surveys

and Interviews

Our survey data demonstrated that our students began the
course with relatively high levels of community engagement. Pre-
scores for CES and CARS showed considerably higher levels of
agreement than those for any of our scientific identity metrics
(Figure 2). For example, most students across all of the courses
either strongly agreed or agreed that they felt responsible for their
community, wanted to make a difference in their community, and
needed to be informed of community issues. Civic-engagement
pedagogy has permeated through education for decades (Putnam,
2000), so it is possible that previous education has played
some role in these attitudes. Initially high levels of agreement
limited our ability to assess student attitudinal changes in civic
engagement using these particular CES and CARS instruments.

Brammer and Morton (2014) were able to tease out
civic engagement themes like collaboration, effort, passion,
and responsibility from open-ended student reflections in an
immersive community-based semester-long public advocacy
course. Likewise, our qualitative data provides us a richer
story than does the CES and CARS survey results. We
expected students in interviews to describe being motivated
by the civic engagement parts of the course, including the
students’ research being useful for outside stakeholders and
creating summary videos about how their research connects
to the environmental justice problem. Indeed, students from
all three courses reported motivations related to the broader
impacts of the CURE (Table 3). Interestingly, we found a
marked difference between how the broader impact of the
course affected students depending on their course context.
Students in the freshmen courses, U2 and U3, emphasized
the people and geography of the local stakeholders in their
motivations to take their research in the course seriously,
whereas the U3 students unanimously expressed that sharing
research videos with other scientists was a motivating factor for
their continued work on the research projects (Table 3). Ul
graduate students were more likely to focus on the scientific
impacts of their research as a motivating factor, while still
acknowledging the importance of the environmental justice
component of the work.

Overall, we found that the broad relevance of projects
involving environmental justice and the local community
had an effect on student motivation in the course, even
though the students had no direct interactions with actual
stakeholders in the 35207 community or with other professional
scientists working on 35207-related projects. Creating avenues

of communication, not just with other student researchers,
but with these communities at large, e.g., through Service-
Learning pedagogies, could be fruitful improvements for future
incarnations of these or similar courses (Smith, 2003).

Science Identity Gains From Surveys and

Interviews

Agreement with several of the statements related to science
identity, science efficacy, and scientific values increased from the
beginning to the end of the semester (Figure 2). Students across
all three universities left their CURE more confident in generating
a research question, collecting data, using scientific literature,
thinking of themselves as scientists, and thinking research could
solve challenges in the world, which are similar to gains reported
elsewhere in the literature for CUREs (Gormally et al., 2009;
Estrada et al., 2011, Hanauer et al., 2016; Adkins et al., 2018).
Many of these results were also corroborated by the interview
data (Table 3). Unsurprisingly, all interview responses about the
purpose of the course aligned with research goals or learning
objectives and corresponded closely with the curricula for each
class (Table 1). The fact that similar gains were experienced
across very different types of classes, and against very different
starting levels of scientific identity and experience, provides
further support for the impact of the CURE format on developing
scientific confidence in diverse students.

Previous research suggested that civically engaged CUREs
might improve scientific persistence (Sanders and Hirsch, 2014),
and indeed, this course affirmed career trajectories for several Ul
students (Table 3), and some U2 students explained how these
new understandings made them want to explore science as an
occupation while at least one student explained how the course
made them realize scientific research was not for them (Table 3).
One benefit of CUREs is that they allow students to have
authentic experiences so as to ground these important decisions
before entering the job market (Lopatto, 2007). More specifically,
U3 students told interviewers they now saw science as a field that
is much more open ended than they had understood previously;
shifts in science attitudes like this are common outcomes of
CURE:s (Olimpo et al., 2016).

Finally, we hypothesized that including a conspicuous
community relevance component to students’ research would
strengthen the “broader relevance” pillar of our CURE, and
may therefore have contributed to greater gains in scientific
confidence than courses with more abstract or process-oriented
research goals. As described above, our hypothesis that our
environmental justice focus would increase students sense
of civic engagement was rejected. However, our interviews
clearly showed that students were motivated by the real-world
implications of their work, and it is possible that their already
high levels of civic engagement underpin that motivation. Thus,
instead of our CURE increasing their civic engagement, our
students’ civic engagement may have increased the efficacy
of the CURE. Our study cannot directly test this possibility,
but we suggest that future work should explicitly measure the
impact on scientific identity and confidence of increasingly
direct interactions with outside stakeholders in CUREs, ranging
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from the purely procedural (e.g., submitting data to a national
database) to the explicitly personal (e.g., Service-Learning).

Limitations and Future Directions

Our ability to analyze some of our research questions was
limited by the fact that not all students completed the entire
questionnaire, and in general we had disappointing levels of
participation in at least one of our classes. In general, we
suspect that the time investment required to complete the
entire survey, which included experimental design questions
not reported in this manuscript, may have contributed to the
relatively low student participation, particularly on the post
survey. Some demographic information was also not available
for all students, limiting the statistical power of some of our
demographic analyses. The size of the student cohorts at the three
universities were also quite different, which has the potential
to skew aggregate results in favor of the larger U2 cohort,
although we attempted to control for this possibility using a linear
mixed effects statistical procedure. Moreover, we only surveyed
one semester’s worth of classes, and our results may only be
representative of students taking these classes in a Fall semester.
We acknowledge that this study represents an anecdote in only
one city in one country and in one semester, and so more work
should be done investigating how broad relevance affects the
success of CUREs for a broader demographic of students.

While not including local stakeholders was both situational
and intentional, we know this may have limited the ability of the
students to appreciate the reciprocal relationship between their
scientific work and its human impacts. We are hopeful that we
can make this direct interaction a reality in future courses. In
particular, we recommend that future attempts to link CUREs
to community-relevant projects involve a Service-Learning
component. This can enable students to build relationships with
local stakeholders, thereby working to have students see science
as more than an intellectual pursuit, but also a pursuit that is
inextricably linked with human lives.
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Leah T. Stiemsma, Stephen D. Davis and Jay L. Brewster*

Natural Science Division, Pepperdine University, Malibu, CA, United States

The persistence of college students in STEM majors after their first-year of college is
approximately 50%, with underrepresented populations displaying even higher rates
of departure. For many undergraduates, their first-year in college is defined by large
class sizes, poor access to research faculty, and minimal standing in communities of
scholars. Pepperdine University and Whittier College, funded by a National Science
Foundation award to Improve Undergraduate Stem Education (NSF IUSE), partnered in
the development of first-year classes specifically geared to improve student persistence
in STEM and academic success. This Students as Scholars Program (SAS) engaged
first-year undergraduates in scholarly efforts during their first semester in college with
a careful approach to original research design and mentoring by both faculty and
upperclassmen experienced in research. Courses began by introducing hypothesis
formulation and experimental design partnered with the scientific focus of each course
(ecological, biochemical, microbiological). Students split into research teams, explored
the primary literature, designed research projects, and executed experiments over a 67
week period, collecting, analyzing, and interpreting data. Microbiology-specific projects
included partnerships with local park managers to assess water quality and microbial
coliform contamination at specified locations in a coastal watershed. In addition,
students explored the impact of soil salinity on microbial community structure. Analysis
of these samples included next-generation sequencing and microbiome compositional
analysis via collaboration with students from an upper division microbiology course.
This cross-course collaboration facilitated additional student mentoring opportunities
between upperclassmen and first-year students. This approach provided first-year
students an introduction to the analysis of complex data sets using bioinformatics and
statistically reliable gas-exchange replicates. Assessment of the impact of this program
revealed students to view the research as challenging, but confidence building as they

Frontiers in Microbiology | www.frontiersin.org 151

December 2020 | Volume 11 | Article 590035


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.590035
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.590035
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.590035&domain=pdf&date_stamp=2020-12-17
https://www.frontiersin.org/articles/10.3389/fmicb.2020.590035/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Stiemsma et al.

Microbial Analysis by First-Year Students

take their first steps as biology majors. In addition, the direct mentorship of first-year
students by upperclassmen and faculty was viewed positively by students. Ongoing
assessments have revealed SAS participants to display a 15% increased persistence
rate in STEM fields when compared to non-SAS biology majors.

Keywords: first-year seminar, microbiome, plant physiology, ecology, undergraduate research

INTRODUCTION

The Students as Scholars (SAS) program was developed to
welcome first-year students into college with a high level of
mentoring, engagement, and community. The persistence of
undergraduates in STEM majors is a focal point for improving
the quality and diversity of graduates entering into scientific
disciplines. Approximately 50% of students who declare a
STEM major when entering college will change majors before
graduation, with greater than 60% of underrepresented students
changing majors (National Academies of Science Engineering
and Medicine [NAS], 2017; Estrada et al,, 2018). This “leaky
pipeline” has been a historical focus of scholarly assessment
and improvement of higher education in STEM, working to
identify high impact practices that improve persistence in STEM
majors. One focal point for this scholarship has been the potential
benefit of undergraduate research experiences (UREs), which
serve the central learning outcomes defined by the American
Association of Colleges and Universities. These outcomes focus
upon developing both intellectual and practical skills, applied
learning, and both personal and social responsibility. A 2017
report by the National Academies of Science defines a URE
program as one that provides students with authentic research
experience, invested mentoring, a collaborative environment,
opportunities to learn and interpret data, and improved skills
in communicating results (National Academies of Science
Engineering and Medicine [NAS], 2017). Noting the potential
impact of URE programs, universities are investing more in
authentic research experiences for STEM students. Programs
include full-time summer undergraduate research programs,
course-based undergraduate research experiences (CUREs),
and part time participation in research during the academic
semester. These opportunities vary widely with regard to student
experience and expectations, but share a recognition that the
active process of discovery is an authentic and compelling
introduction to the heart of STEM disciplines.

Curriculum development to improve the experience of a
STEM major will typically examine student engagement over 4
years: from initially being an observer of the research process to
gradually becoming an active research scholar, displaying mature
hypothesis formulation, experimental design, and professional
engagement (Estrada et al, 2016; Wilson et al, 2018).
Though challenging to independently assess, influential factors
in student persistence include scientific efficacy, professional
identification in community, close mentoring, and authentic
research engagement early in the collegiate experience (Graham
et al, 2013; Light and Micari, 2013; Estrada et al., 2018).
UREs provide student experiences that improve persistence
in the sciences, especially when provided during the first

2 years of college (Jones et al., 2010). Dating back to 1988,
the Meyerhoft Scholars Program at the University of Maryland-
Baltimore offers a carefully developed 4 year strategy for students
pursuing research-oriented careers. The program includes
research experience beginning in the first-year, partnered with
early engagement of a scholarly community, summer research
interships, advising, and sustained mentoring. The success of
this program in improving student diversity on campus, and
achieving strong STEM persistence with these populations
has gained wide attention. In 2019, the “Meyerhoff Model”
was used to develop similar programs at UC San Diego and
UC Berkeley, funded through the Chan Zuckerberg Initiative.
Though requiring a heavy institutional investment, including
faculty time, these types of programs are successful in improving
the persistence of under-represented populations of students.

The SAS biology program at Pepperdine University was
developed in response to this evidence of the importance
of student experience in the first-year and with the prior
success of the Keck Scholars program for students majoring in
diverse disciplines. Prior to these programs, student engagement
in research during their first-year was limited, and often
delayed until their junior year. This was especially the case for
students requiring foundational coursework in microbiology,
biochemistry, and cell biology. During their first-year in college,
the first-year SAS program integrated student mentors, dedicated
class time on specific foundational concepts, and applied a
methodical approach to project design. With regard to the
projects defined here, partnership between a first-year class and
an upper division course in microbiology and plant physiological
ecology was essential to project success. Students in the higher-
level class brought skill sets in microbiological laboratory
techniques, field portable gas-exchange, and data analysis which
were essential to project success. In this manuscript, we
focus upon SAS program content at Pepperdine and note
that Whittier College was a partner in this work, though
their method of enrolling students in first-year seminars was
slightly different.

Program Structure

The SAS program was developed within the context of first-
year seminar classes, which integrate academic content with
orientation topics, dialogue on collegiate best practices, intensive
writing, and content on career exploration. Faculty teaching these
classes met regularly during the school year to discuss class
progress and best practices. Incoming biology majors enrolled in
either a SAS course, or another first-year seminar class. It should
be noted that all biology majors were encouraged to register
for a SAS class as their first-year seminar. In the first year of
the program, we had sufficient capacity (50-60 students) for
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all majors. In years 2 and 3, growth in the student population
resulted in an inability of these classes to fully accommodate
all majors, and thus some students enrolled in other first-year
seminar classes. Comparisons in STEM persistence between the
SAS and non-SAS students were recorded. We note that though
capacity was a significant cause for biology majors enrolling in
non-SAS classes, there is the potential that some students pre-
selected against research, which would be predictive of a weak
affinity for STEM disciplines. Classes met for 3 h of lecture time
with an additional 3 h of time allotted for research in a teaching
laboratory, greenhouse, and field sites. Biology students not
taking a SAS first-year seminar class were enrolled in a biology
colloquium class focused upon introducing the biology major to
new students via topical content and group assignments. Early
in the semester, all SAS courses introduced the scientific method
and explored some research data from within their content area
of study. An institutional volunteer day for community outreach
and service was used by each SAS class to engage with resource
managers of private, city, and state parks. The microbiological
data collected ranged from assessing soil salinity, soil respiration,
and plant water status in a local park struggling with salinity in
the soil, to simple coliform counts within the Malibu watershed
in areas experiencing vegetation dieback. The data collected
was reported back to park managers during a symposium event
hosted by the SAS classes (Figure 1). This integration of student
training with public service was a helpful first step in building
student teamwork and motivation for extending their work to full
research projects. We also note student excitement that local park
managers were appreciative of the data generated, information
gleaned, and recommendations provided.

In the second half of the semester, students began to work
in research groups, with an initial focus upon refining a
research question. Groups met to discuss ideas, to read research
papers, to engage with experienced research students from
the biology major (class mentors), and ultimately to offer a
research proposal to the class. This proposal was presented
orally, and subsequently received feedback from the class, the
research mentors, and from the professor. After feedback was
received, students refined their project and submitted a final
proposal for approval by the faculty member. Most projects
required at least 6 weeks of data collection to address the
research question. For microbiological projects, there was a
range of work from assessing biodiversity in soils using ecoplate
technology, quantification of coliform levels in local parks and
lagoons, evaluation of soil respiration along a salinity gradient,
and genomics-based assessment of soil microbial diversity. Each
class had a timeline for concluding data collection and moving
into analysis and preparation of a summative poster. Faculty
recognized that student groups would be in varied stages of
project completion, nonetheless, all groups developed a poster
to tell the story of their project. The concluding poster session
included all first-year biology students, administrators, faculty,
upperclassmen from the biology major, and campus guests.
Through NSF funding, students were able to submit a small
grant proposal that could provide funding for further research the
following summer. These proposals were competitively reviewed
and awarded for a cohort of approximately 8 students/summer.

We note that these SAS classes generated a significant number of
students who continued their research engagement throughout
their undergraduate training.

Research Project Examples in
Microbiology

As the SAS program matured, the faculty became more
experienced with guiding first-year students to projects that
were appropriate. The program goal was to develop projects
that asked scholarly research questions and were practical in
the context of first-year students and their available time. The
importance of the student mentors was clearly realized during
project design, students appreciated having experienced research
students available to help them interpret the literature, and to
develop research approaches. Faculty expressed the importance
of hosting class projects with some overlapping techniques and
focus, to simplify the work of research support and to build
interest between research groups.

Examination of Water Quality in the

Malibu Community

Upon initial offering of this program, microbiological projects
focused upon water quality testing and soil microbial diversity.
The Malibu community has local parks, creeks, and marine
estuaries that each have unique dynamics of watershed function
including water contamination risks and management decisions.
Malibu’s 6-acre Legacy Park was designed to reduce microbial
contamination from local water flows using a naturalized stream
channel and vegetated detention basin (Brager and Thorsen,
2011). Student groups met with the park managers to discuss the
park design, and challenges with water management at the park.
Students designed a project focused upon measuring coliform
levels in part waterways and surge channels leading to the ocean
as well as from groundwater at the site. Some samples were
further evaluated by 16S rRNA gene sequencing to identify the
microbes present. The project revealed a uniform distribution of
coliforms throughout the park waterway, rather than a decline in
concentration at the outflow point. Students interpreted this to
be caused by higher than expected rates of water flow, and entry
of water into the park from unanticipated locations. Though
limited in scope, this provided the students with some experience
with molecular biology techniques and genetic analysis. We note
another project in which students were evaluating the filtering
properties of marine estuaries. They measured coliform levels
weekly along a local creek leading to an estuary adjacent to the
Pacific Ocean. Interestingly, they identified a region of the creek
that displayed a clear spike in coliform (including E. coli) counts
in weekly tests. Investigation of that sampling by the students
revealed a hidden encampment of homeless people adjacent to
the creek and evidence of human waste along the creek margins.
These microbiological projects provided technical engagement,
insight into sampling methods, microbial culture experience,
and an introduction to microbial identification via 16S rRNA
gene sequencing.
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Analysis of Soil Microbiome and
Respiration Through Cross-Course
Collaborations With SAS First-Year
Seminars

The faculty/students of one SAS class established a cross-
course collaboration with a class focused upon genomics analysis
which is titled, The Application of Genomic Strategies in
Human and Microbial Diversity. This cross-course collaboration
enabled research projects evaluating soil respiration and soil
microbiome composition along a soil salinity gradient at Legacy
Park (Figures 1A,B). Dr. Stephen Davis' research group at
Pepperdine has contributed significantly to the understanding of
environmental stresses on chaparral vegetation (Venturas et al.,
2016; Jacobsen et al., 2018). However, the effect of environmental
stress on the interaction between the soil microbiome and
Chaparral plant species represents an understudied research area
and a unique opportunity to engage undergraduates in novel
genomics and ecological research.

The objectives of this collaboration were threefold: (1) to
introduce freshmen to the scientific process in preparation
for engagement in an authentic research experience, (2)
to introduce Pepperdine upperclassman to next-generation
sequencing strategies and analysis, and (3) to provide scientific
information for the wise management of Malibu’s Legacy

Park and the parKs efficacy in soil water purification for the
city of Malibu. We also wanted to determine the cause of
selective plant mortality in Legacy Park for improved landscape
management. Student’s tested the hypothesis that plant dieback
patterns were associated with heterogeneity in soil salinity, soil
microbial composition, and soil respiration. The collaborative
project was especially impactful on beginning freshmen students
who had just completed their first 3 weeks of college on the
Malibu campus of Pepperdine University. First-year students
experienced the scientific process of hypothesis formulation,
experimental design, data reduction, interpretation of results,
and presentation of their research findings before city managers
of Legacy Park at a symposium and final poster session
(Figures 1C,D).

Analysis of Soil Salinity, Respiration, and

Microbial Composition

The soil microbiome is a key contributor to the health of plants
(Dubey et al., 2019). One way in which the microbiome directly
influences surrounding plants is through the liberation of carbon
dioxide through the process of respiration (Gougoulias et al.,
2014). Consequently, shifts in the soil microbial environment
could drastically alter atmospheric CO, (Gougoulias et al., 2014).
There is evidence that exposure to environmental stress alters
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FIGURE 1 | SAS-Program Activities: Pepperdine students (A) collecting soil samples for microbiome, salinity, and moisture analyses; (B) measuring soil respiration
with a field-portable CO» flux chamber and gas-exchange system; (C) giving symposium presentations on water and soil quality for environmental managers of
coastal wetlands; and (D) sharing research findings in a final poster session for Pepperdine University’s community of learners, attracting over 120 participants.
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the diversity of the soil microbial community (Hinojosa et al.,
2016; Li et al., 2019; Whitman et al., 2019), however literature
is lacking on the effect of environmental stress on Chaparral-
microbiome interaction.

SAS students along with senior-level upperclassmen enrolled
in the genomics course collected soil respiration data and samples
for bacterial microbiome analysis from two sites in Malibu’s
Legacy Park (Figure 2A). The two sites from which these data
were collected represented a range of environments differing
in dryness and salinity: the hilltop site was farthest from the
creek bed, near a working irrigation system, while the valley
site was near a moist creekbed. Respiration and salinity were
measured in dry and wet soil from both sites, while microbiome
composition was analyzed solely in the dry hilltop and wet valley
sites (Figures 2, 3).

For analysis of microbiome composition, students first
isolated metagenomic DNA from soil samples collected from
each site using the QiaAmp DNA Stool MiniKit (Qiagen). An
additional bead beating step was added to ensure proper isolation
of both gram positive and gram-negative bacteria. Metagenomic
DNA was then submitted to the UC Davis Host Microbe Systems
Core for library preparation and targeted amplicon sequencing of
the 16S ribosomal RNA gene. Samples were subjected to a nested
PCR for library preparation prior to sequencing. Specifically,
from the metagenomic DNA, the full length 16S rRNA gene
was amplified prior to a second PCR during which the V4
region of the 16S gene was amplified, enhancing the ability
to detect bacterial taxa in the samples. Prior to analysis by
the students, samples were pre-processed using DADA2 and
amplicon sequence variants (ASVs) were assigned taxonomy
against the SILVA database (Callahan et al., 2016). Students then
completed analysis of the soil microbiome using the R-based
packages (Phyloseq and ggplot2), comparing relative abundances
of bacteria at the phylum level (McMurdie and Holmes, 2013;
Wickham, 2016; Figure 2). For relative abundance analysis, raw
read counts are transformed to percent abundance, wherein
the percent of each bacterium is calculated relative to the total
number of reads per sample.

Students measured soil volumetric water content using time
domain reflectometry, soil temperature with a thermistor, and
soil salinity with a precision electrical conductivity sensor
(Decagon 5TE sensor with ProCheck Meter, Decagon Devices,
Inc., Pullman, WA). Electrical conductivity was converted to
salinity in dS m~! using a ratio of 10 g distilled water to 10 g
soil in a 1:1 ratio and correlation to salinity measured by the
saturated paste method. Students measured soil respiration using
two separate soil CO; flux chambers coupled to field portable gas-
exchange systems (Li-6800, LiCor, Inc., Lincoln, NE). Students
used three replicates at each sampling site after they installed 12
soil collars 3 days prior to initial sampling. Mean values were
compared among treatments using a one-way ANOVA, followed
by Fisher’s least significance tests, where appropriate (Figure 3B).

Soil salinity and respiration were measured in dry and wet soil
from hilltop and valley sites in Legacy park (Figures 2A, 3). Soil
salinity was highest at the wet valley site. This heightened salinity
correlated with decreased soil respiration (relative to the hilltop
sites) and increased bacterial diversity (Figures 2, 3). Bacterial

community analysis from metagenomic soil DNA revealed
increased abundances of Proteobacteria and Bacteroidetes in the
valley site, taxa which have been previously associated with high
soil salinity (Canfora et al., 2014). In the hilltop site, we note an
increased abundance of Cyanobacteria. Soil biocrusts containing
cyanobacteria have been reported to occur widely in undisturbed
soils, including hilltops, of coastal sage scrub communities,
similar to those of Legacy Park, in Malibu (Hernandez and
Sandquist, 2011). One study reports a correlation between
soil respiration rates and the abundance of certain classes of
Proteobacteria (Li et al., 2011), suggesting this taxon could
be contributing to the variation in soil respiration among the
Legacy Park sites.

Though preliminary, the soil microbiome analysis provides
key insight into the Legacy Park ecosystem. Coupled with the
assessment of soil respiration and salinity, students are able to
draw conclusions about the connectedness of the soil microbial
community and the surrounding Chaparral environment.
Further, this study highlights the feasibility of such collaborative
research, conducted entirely by undergraduate students.
Notably, soil respiration and salinity were analyzed by first-year
undergraduates, guided primarily by their peer mentors.

In the future, additional samples can be collected from
these sites in Legacy park to validate these findings. Other
projects related to these soil collection sites include analysis of
the soil mycobiome via sequencing of the internal transcribed
spacer region (ITS sequencing) and/or quantification of specific
bacterial and fungal species from soil using quantitative PCR.
In addition, SAS students in the Davis and Stiemsma research
groups have also begun using these techniques to study the effect
of wildfire on soil microbial communities using samples collected
after the Woolsey Fire of November 2018.

Genomics Datasets as Teaching Tools in

SAS and Other Life Sciences Courses
Interest in microbiome research continues to be received with
great enthusiasm by the scientific community. Beyond the study
of microbiome composition, health research and environmental
ecology are examples of fields where the integration of
microbiome analysis with other genomic strategies is utilized to
assess host-microbiome interactions (Jansson and Hofmockel,
2018; Awany et al, 2019). The growing application of next
generation sequencing has also significantly enhanced the roles
of bioinformaticians and computational biologists in fields such
as these, highlighting the need to engage students in these subjects
early on in their undergraduate careers.

As represented by this cross-course collaboration with the SAS
program at Pepperdine, studying the microbiome using next-
generation sequencing is relatively easy to integrate into the
classroom. The majority of computational tools (namely R) used
to analyze microbiome sequencing data are open-source and free
for users, decreasing the need to purchase expensive licenses
for software or to implement additional laboratory fees to cover
the cost of conducting these analyses. Further, the continued
decrease in sequencing costs and streamlining of the wet and
dry laboratory procedures to conduct microbiome analysis will
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FIGURE 2 | Soil microbiome analysis. (A) Timeline of the student-led soil microbiome sequencing project. (B) Relative bacterial phylum abundances across Legacy
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microbiome data.

significantly enhance the ability to conduct this applied research
in the classroom.

Beyond our introduction of next-generation sequencing
technology to and analysis of the human microbiome by
this student group, we have also established lab modules
that incorporate analysis of these datasets in other courses
(e.g., Microbiology and Genetics). These lab modules serve to
introduce students to the field of genomics and the use of R
for microbial genomics analysis. Combined with more student-
generated sequencing datasets, these modules will be key in
expanding genomics in the SAS program. Further, the study of
personal microbiomes in the classroom was reported to increase
student engagement in genomics-based coursework (Weber et al.,
2018) and represents one additional type of microbiome analysis

that could be implemented into an SAS first-year seminar, among
other life science courses at Pepperdine.

Concluding Poster Session and Follow
Through

At the conclusion of each SAS program, student research teams
presented their findings at a reception and poster session.
This was well attended by Pepperdine students, faculty, and
administrators. Students regarded this event as intimidating, but
an encouraging conclusion to their first semester of college.
To date, these projects have resulted in 16 presentations at
regional conferences, such as the Southern California Conference
for Undergraduate Research, and 15 presentations at annual
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meetings of national scientific conferences such as the 113th
Botanical Society of America meeting, 103rd Ecological Society
of America meeting, and 58th American Society of Cell
Biology meeting.

Adapting SAS to the COVID-19

Environment

Notably, COVID-19 has dramatically altered the ability to
conduct research at universities across the United States.
Though wet-laboratory work may be challenging, we have
highlighted ecological and genomics projects in this report
that could be easily adapted to a virtual environment. Firstly,
the collection of soil, water, and plant samples/assessments
takes place outdoors, which limits aerosol transmission of
microorganisms. Secondly, with regard to genomics research,
once samples are collected, DNA can be isolated in a limited-
personnel lab (maintaining social distances guidelines). Once
DNA is isolated, the remaining analyses are computational,
meaning the students can complete their analyses from anywhere
with a sufficient internet connection. Pepperdine has also recently
launched a secure server with access to R-studio for students
enrolled in classes or research, further facilitating a virtual
research environment.

Assessment of the SAS Program
Highlights Increased Retention of

Students in STEM Disciplines

The SAS program has been highly successful at Pepperdine.
Throughout the program, students have participated in
assessment through focus group discussions and pre/post
program surveys. In the spring of 2020 the first cohort
of SAS students were in our group of graduating seniors.
Their feedback on exit surveys was highly supportive of the
program, with several students noting the SAS program as
critical in their decision to remain in sciences, or even at
Pepperdine. We have collected data on student persistence in
STEM disciplines since the establishment of the SAS program
in 2016. Persistence in a STEM major was examined from
student records at the conclusion of their third semester of
Pepperdine enrollment. In the Pepperdine SAS programs of
2017 and 2018 our STEM discipline attrition rate averaged
15.3% while attrition of non-SAS biology students averaged
30.2% (Figure 4). Alternatively stated, we report 15% increased
retention of students in STEM majors during their first year
in college, reducing typical attrition by one-half. Also of note,
Pepperdine assessed all first-year students in 2017, examining
characteristics of student care, health, and connection at
Pepperdine. As all first-year students participate in a first-
year seminar class, we found this an opportunity to compare
the Pepperdine SAS students to all other first-year students.
When asked to rate the ease at which they have made friends
during their first semester, 54% of the SAS cohort responded
“very easy” while only 25% of students enrolled in other
categories of first-year seminars responded similarly. When
asked about the frequency of feeling loneliness, 9% of SAS
students responded “often” or “all the time” contrasted with
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FIGURE 3 | Analysis of soil (A) salinity and (B) respiration in Legacy Park at
hilltop low soil salinity and high soil respiration sites compared to valley bottom
sites experiencing high salinity and low respiration. Differences between letters
on bar graphs indicate significant difference between treatments by one-way
ANOVA followed by a Fisher’s least significant difference test at P < 0.05.
Error bars on symbols represent +1 SE, n = 3.

19% of students in all other first-year seminars. When asked
if their first-year seminar helped the student to transition
into college, 40% of SAS students responded “a lot” while the
average response from other first-year programs was 27%.
This analysis of first-year seminars provided good support
that this course structure was providing community to our
incoming students, and an improved integration into the
campus environment.

An annual process of SAS assessment for both Pepperdine
and Whittier College students was managed by the WestEd
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SAS Attrition Rates
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educational consulting group, and the data were reported
in combined format. We have provided some key points
of information from that assessment, using data from the
2017 SAS groups at both institutions. The data shown are
consistent with assessments from other years. Please note that full
participation in this assessment was a requirement of program
participation. Student self-efficacy in research was assessed on
four dimensions of research ability; (1) designing experiments,
(2) competency with instrumentation, (3) data analysis, and
(4) communicating results). When comparing pre/post program
participation, student self-efficacy increased significantly from an
average of 2.4 prior to completing an SAS course to 3.7 after
completing an SAS course (Figure 5A). These self-assessments
suggest an overall level of increased confidence in conducting
STEM research amongst SAS scholars. Questions focusing upon
student attitudes about their science major examined factors
that are likely to predict persistence. The majority of SAS
students (85%) report that their involvement in an SAS course
increased their interest in a science major either “somewhat’

or “a lot” (Figure 5B). Also, 73% of SAS students stated that
their enrollment in an SAS course influenced them to keep their
choice of major. These two data points address a key goal of
the program, to improve student persistence through the critical
first-years of college. Beyond persistence in STEM disciplines,
participation in the SAS program was key in enhancing student
interest and efficacy in research. Specifically, 85% of students
reported an interest in pursuing other research opportunities
during their undergraduate career and 73% of SAS students
report that they are confident they will present their research
at a research conference in the near future. The influence of
student mentors and faculty mentors in their academic success
and transition into college life were perceived as extremely
valuable (Figures 5C,D). Collectively, these data highlight the
importance of the SAS program in retaining STEM majors and
enhancing student learning at the undergraduate level. Students
who participated in the SAS program engaged more with their
peers, gained confidence in their ability to apply life science
content through research, and showed greater likelihood of
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Research Skills Mean Mean P-Value
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Program | Program Increase your 7% 8% 40% 45%
Designing 24 3.7 <.001 interest in a science
Experiments major?
Competency with 2.1 35 <.001 Influence you to you 15% 10% 31% 43%
Instrumentation to keep your choice
- of major?
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FIGURE 5 | Exemplar SAS course assessment data generated from student surveys and focus groups. Data in panel (A) represents a comparison of student
assessments of efficacy in the four dimensions of research ability before and after program participation. These paired measures were analyzed by t-test with
statistical significance assigned to p < 0.05. Panels (B-D) offer representative data from program surveys offered upon conclusion of the program. Panel (B)
displays student reporting of program influence upon interest and retention in a science major. Panels (C) and (D) reveal frequency and valuation of student access
to a faculty mentor. All of the data shown represents feedback from SAS students in the 2017 program cycle with 90% student participation in assessment (n = 110).

Pepperdine and Whitter college students are equally represented in these data.
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continuing on in STEM for the duration of their undergraduate
careers at Pepperdine.

CONCLUSION

The Students as Scholars program was designed in response
to the research literature on undergraduate engagement and
its impact upon the student success. Implementation of the
program required the partnership of committed faculty willing
to engage significant time in the mentoring of first-year students.
In addition, the program required an infusion of funding
from the National Science Foundation to support the cost of
research supplies, stipends for student mentors, and research
fellowships for students wishing to continue their research.
A sustainable program will need to identify program components
that accomplish key characteristics of the program, but within
the available time from busy faculty, and within the budget
available from the host institution. In our experience, this
program provided clear improvement of student engagement,
persistence, and satisfaction with their science major. The
integration of scholarly work in microbiology was particularly
appropriate due to the range of important questions that first-
year students can experimentally evaluate, and the cohesion
of traditional microbiological research with more advanced
microbiome analyses linked to ecosystem services of fertile soil
and clean water. Collaboration between a first-year seminar and
an advanced elective course was surprisingly effective. The more

experienced students were energized by the partnership and
proud to display their expertise and to train younger students.
Similarly, student mentors established healthy relationships with
their class and played an important role in project design
and execution. As faculty became convinced of the benefits
for students, recruiting participating faculty became easier.
We are working to modify the program to implement the
program without external funding, and to expand the program
beyond students majoring in biology. The SAS program has
provided clear support for institutional investment in the first
semester of college to ensure students arriving with a disciplinary
interest have the opportunity to truly experience the merits and
community available to them in that particular STEM discipline.
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Biological soil crusts (biocrusts) are a complex community of algae, cyanobacteria, lichens,
bryophytes, and assorted bacteria, fungi, archaea, and bacteriophages that colonize the
soil surface. Biocrusts are particularly common in drylands and are found in arid and
semiarid ecosystems worldwide. While diminutive in size, biocrusts often cover large
terrestrial areas, provide numerous ecosystem benefits, enhance biodiversity, and are
found in multiple configurations and assemblages across different climate and disturbance
regimes. Biocrusts have been a focus of many ecologists, especially those working in
semiarid and arid lands, as biocrusts are foundational community members, play
fundamental roles in ecosystem processes, and offer rare opportunities to study biological
interactions at small and large spatial scales. Due to these same characteristics, biocrusts
have the potential to serve as an excellent teaching tool. The purpose of this paper is to
demonstrate the utility of biocrust communities as a model system in science education.
Functioning as portable, dynamic mini ecosystems, biocrusts can be used to teach about
organisms, biodiversity, biotic interactions, abiotic controls, ecosystem processes, and
even global change, and can be easy to use in nearly every classroom setup. For example,
education principles, such as evolution and adaptation to stress, or structure and function
(patterns and processes) can be applied by bringing biocrusts into the classroom as a
teaching tool. In addition, discussing the utility of biocrusts in the classroom — including
theory, hypothesis testing, experimentation, and hands-on learning — this document also
provides tips and resources for developing education tools and activities geared toward
impactful learning.

Keywords: biocrust, ecology, evolution, scale, patterns and processes, succession, classroom
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Faist et al.

Biocrusts as a Model System

INTRODUCTION

What Are Biocrusts?

Biological soil crusts (biocrusts; examples provided in Figure 1)
are defined as a photosynthetic surface soil community living
in and binding together the top millimeters of soil (Belnap
and Lange, 2001; Weber et al., 2016). Within this community,
the common major players are cyanobacteria, algae, bryophytes,
and lichens, and these primary producers provide habitat and
food for a diverse soil food web, including bacteria, fungi,
diatoms, protozoa, nematodes, and microarthropods (Belnap
and Lange, 2001; Darby and Neher, 2016). Biocrusts are
widespread and common across the globe, covering about 12%
of Earth’s terrestrial surface (Rodriguez-Caballero et al., 2018a).
They are present in all ecosystems where light reaches the
soil surface and thrive in places where vascular plants are less
dominant, which can include harsh environments, like polar
deserts, high alpine zones, hyper-arid deserts, gypsiferous, or
saline soils, as well as arid and semiarid regions. Biocrusts
also are commonly a successional step in areas where disturbance
has exposed the soil surface to light and thus you can see
biocrusts in wetter ecosystems on soil that has been exposed
(e.g., from road cuts, fires, or at the forefront of receding
glaciers). Biocrusts contain all domains of life, supporting a
complex soil food web, and performing all vital ecosystem
functions, including primary production, nitrogen fixation,
aggregation, carbon storage, and stabilization of soils and regulation
ecosystem hydrology (Maestre et al., 2011; Darrouzet-Nardi et al.,
2015; Barger et al., 2016; Weber et al., 2016; Chamizo et al., 2017;
Faist et al., 2017; Eldridge et al., 2020). While biocrusts are
vitally important, they are also vulnerable to changing climate
and land wuse disturbances (Ferrenberg et al, 2015;
Rodriguez-Caballero et al., 2018a). This mix of diversity of

taxa, growth forms, function, and distribution, coupled with
their responsiveness to our changing world (Reed et al., 2016),
make biocrusts an ideal hands-on learning system for a variety
of topics.

Biocrusts as a Model System for Teaching

For research, a model system is defined as a system that
“displays a general process or property of interest, in a way
that makes it understandable” (Vitousek, 2002). The utility
of biocrusts as a model system in scientific studies has been
clearly demonstrated (Bowker et al, 2014; Maestre et al.,
2016) and provides a path forward for investigating the use
of biocrusts as a model system in education. Biocrust research
has increased exponentially in the last two decades, yet English
language publications describing the use of biocrusts as a
teaching tool have not followed. Nevertheless, educators have
clearly stated that biocrusts would be of interest to use in
their classroom and can act as an engaging tool to develop
learning of core concepts. This interest and availability, whether
field collected or grown in the classroom, coupled with
biocrusts’ portable size, communities that range from simple
to complex, wide span of bright colors and shapes (Figure 1),
and visually dramatic transformations after being wetted from
desiccated dormancy, highlight the potential experiential
learning power of using biocrusts in the classroom. Further,
although biocrusts are small in stature, they play extremely
important roles in a wide range of ecosystems and thus offer
a logistically feasible option for hands-on student experience
with a foundational biological community. The range in
complexity of the different topic areas means that distinct
aspects of biocrust biology and ecology could better suit a
range of learning phases. For example, topics related to
understanding biodiversity and examining ecosystem function

dominated biocrusts.

FIGURE 1 | Photographs of biological soil crusts in the field to highlight their variability in color and shape, as well as their ability to hold the soil surface in place.
(A) Top left is a lichen dominated biocrust, (B) bottom left is a moss dominated biocrust, and (C-E) in the middle and on the right are examples of cyanobacteria
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can be used for university level students, while questions of
taxonomy and morphology lessons could fit remarkably well
into the new United States K-12 standards for Science,
Technology, Engineering, and Mathematics (STEM) education
called “three-dimensional learning”' This three-dimensional
learning uses cross-cutting concepts that have applicability
across all fields of science and provide real-world research
practices to teach core concepts in Physical Science, Life
Science, Earth and Space Science, and Engineering. Similar
policies and standards can be met for similar age groups
across Europe (European Commission/EACEA/Eurydice, 2019)
and throughout other countries.

To use field collected biocrust samples in the classroom,
local regulations must be met and guidelines for effective
collection and cultivation of biocrust can be found in an
ongoing biocrust restoration manual® and adapted for educational
purposes specific to each classroom. Cultivating biocrust as a
classroom project can be included into the curriculum with
a terrarium of different collected components of biocrust
communities (e.g., cyanobacterial filaments and moss spores)
to then build on the concepts and activities discussed here.
We provide suggestions for using biocrusts; however, many
parallel learning tools apply using virtual efforts such as
photographs or videos of filamentous cyanobacteria (e.g.,
https://3dmoss.berkeley.edu/). As a model system, there are
numerous creative ways to use biocrusts in the classroom and
in the field. We link four uses specifically positioned to highlight

"https://www.nextgenscience.org/three-dimensions
*https://anitaantoninka.wixsite.com/biocrustrestoration

ecological and evolutionary principles taught across science-
based curricula with associated activities in each (Figure 2).

POTENTIAL CONCEPTS USING
BIOCRUSTS

Evolution

In plant and other evolution courses, the curriculum often
starts with the cellular organisms that evolved earlier (e.g.,
cyanobacteria, then eukaryotic algae), and then works through
to the spore producing non-vascular plants (e.g., mosses), before
focusing on vascular plants. Those earlier life forms, cyanobacteria
and algae are major components of biocrusts and can be easily
identified through a hand lens or microscope, growing directly
adjacent to later evolved organisms such as mosses and liverworts.
Instructors can guide students through direct objectives to
uncover evolutionary processes at the organismal level all within
one petri dish (Figure 2). Students can learn about how studies
using genetics can help use understand the multifaceted unseen
microbial communities that are aiding in enhancing biocrust
biodviersity (Liu et al., 2017; Van Goethem et al., 2019). Students
can also use a hand lens or microscope to see the structure
of an individual organism in order to learn taxonomy,
evolutionary adaptations, and timelines in Earth’s history (e.g.,
cyanobacteria >2 billion years prior to current time vs. moss
~450 million years prior). The communities can be linked to
how evolution and ecology are intertwined and, while the
different groups originated at such different times in history,
show that they are still living together in similar space and
time under current conditions. Biocrusts can also be incorporated
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FIGURE 2 | Main study fields to be investigated in the classroom with subtopics, potential activities linked to them, and the underlying concepts linking the different
topics. The photos illustrate from top to bottom a biocrust moss and giving a simple water addition to demonstrate how quickly biocrusts can hydrate and change
form. Below is a microscope exercise where students identify the taxa within a small piece of biocrust with multiple species living in close proximity. Next is an
experiment looking at how biocrust respond to different drought conditions, and finally a survey in the field to identify biocrust diversity, abundance, and impacts
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into lesson plans about early colonization of land (Beraldi-
Campesi and Retallack, 2016), as well as species and organismal
relationships and interactions with each other (for example,
facilitation and competition), which are central to ecology and
evolutionary biology.

Succession

Succession refers to predictable changes in species composition
over time as an ecosystem develops (primary succession; e.g.,
after a glacier recedes or lava cools) or recovers from a
disturbance (secondary succession; e.g., after a forest fire or
big flood). Biocrusts and their associated species demonstrate
a general successional trajectory and predictable community
assembly in both primary and secondary successional settings
(Weber et al., 2016). As they quickly colonize soils, filamentous
cyanobacteria can stabilize and fertilize the soil surface to then
allow subsequent successional species, such as lichens and
mosses, to colonize the soil surface. Observation of biocrust
successional stages, whether in the classroom terrarium or in
photographs, can be used to introduce actionable objectives
relevant to all ecosystems at small to large scales, such as
identifying similarities and differences in primary vs. secondary
succession, and juxtaposing Clementsian climax models of
succession vs. alternative ecosystem states (Bowker, 2007).
Biocrusts are a great system to highlight specific organisms
and their influence on the environment and thereby to underscore
how changes to these communities can feedback to ecosystem
processes and function through time.

Patterns and Processes
The ecological services and functions of biocrusts have been
studied across systems (e.g., Belnap and Lange, 2001; Maestre
et al., 2011; Weber et al, 2016; Faist et al., 2017; Rodriguez-
Caballero et al.,, 2018b). In addition to identifying patterns of
biocrust community assemblage, building the objective of
understanding ecological processes can be gleaned through
using biocrusts as engineering systems to test specific hypotheses
and simulate system functions in the classroom. The random
vs. organized patterns, or what we can see from a picture or
directly through a microscope, can be used for students to
document what they see at the organism level (Figure 2). In
addition to documenting the magnified organisms and the
patterns and shapes they create inside a petri dish, students
can also learn about physiological and ecological processes.
The green color in the cells of biocrusts is due to photosynthetic
pigments, performing the process of photosynthesis that is the
foundation of most ecosystem functions and of the larger food
web. Likewise, students can observe and quantify cyanobacterial
heterocysts that are responsible for nitrogen fixation, which
allows some organisms (those that can fix N,) to access the
enormous pool of nitrogen in the atmosphere that is unavailable
to most organisms. These nitrogen-fixers then release this
nitrogen (for example, when they die and decompose) and,
because all living things need nitrogen, this process — nitrogen
fixation - sustains life on Earth. All this together and other
unmentioned examples allow students to see evidence of both

the small-scale patterns (i.e., what they can see from a photo
or under a microscope) and processes of biocrusts and of the
larger ecosystem level processes they control. From here, the
function of a single organism can be connected with the
provision of nutrients across a landscape, which again
demonstrates concrete links between pattern and process.

Another ecosystem process well-illustrated by biocrusts is
soil erosion and its control. Filamentous cyanobacteria, mosses,
and lichens all can bind together the soil surface and greatly
reduce erosion (Chamizo et al., 2017; Kheirfam et al., 2017).
A tangible demonstration of the erosion concept can be achieved
with hands-on activities in which students make a pair of
petri dishes or trays; one with dry biocrust, and a second
with a loosely packed soil. The students can than test these
petri dishes with wind or water forces; using a small fan (or
even blowing on the dishes), or simulating rain (e.g., with a
watering can). In both cases, the students can observe how
biocrusts bind the soil and prevent wind and water erosion.
Biocrusts can link these processes to the community of organisms
within that petri dish to help students conceptualize how
biocrust filaments and plant roots function in similar ways to
protect soil from erosion (Figure 2).

Scale

You cannot always take your classroom out into the world, but
you can bring the world into your classroom with biocrusts.
The biocrust-filled petri dish, terrarium containing living biocrust
communities, or photographs of multiple dynamic species that
students can observe are true ecosystems at the small scale, with
all major trophic levels and major ecosystem functions (Bowker
et al., 2014, 2016; Maestre et al., 2016). This micro-model of a
terrestrial ecosystem can be used to introduce systems thinking
and build on the objective of developing a deeper understanding
of how scale can influence processes on the landscape. Similarly,
this micro-ecosystem can be scaled all the way to global processes
and global change drivers. This could include discussions of how
and why different biocrusts live in different climates (Samolov
et al,, 2020), how biocrusts interact with the living and abiotic
landscapes around them (Rodriguez-Caballero et al., 2019), and
how their activities at the small scale could be affecting function
at the global scale (Ferrenberg et al.,, 2017).

DISCUSSION

In addition to the direct interest from teachers, lesson plans
and outreach efforts that use biocrusts can meet broader impact
goals of many granting agencies. Education and outreach about
biocrusts is at an all-time high with attention across a variety
of media sources. Slogans such as “Do not bust the crust”
have become a familiar refrain in natural areas where biocrusts
are common. Classroom activities linking biocrust with
foundational ecological and biological concepts can help
instructors develop and students experience an active learning
approach, which has been shown to enhance student learning
and knowledge retention (Kvam, 2000). When looking at
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organisms (Figure 2), students can easily identify taxa (e.g.,
cyanobacteria, mosses, and lichens), learn about the complexities
of biodiversity we cannot see, and consider diverse growth
forms with differences in morphology and with similarities
and differences in their function, and this information can
be used to have students dissect what it means to be a species.
These questions link directly to evolutionary concepts, and
the close physical proximity of organisms in biocrust communities
leads naturally to the topic of coexistence of species (Figure 2).
Different types of biocrust organisms living together can be used
to learn about whether the species are competing with or
helping one another as they live side by side (Figure 2). These
components can then be related to successional trajectories
over time (Figure 2). Students can also actively manipulate
the composition of biocrust communities (Figure 2) and, by
adding water, can experience the rapid shift in activity of
organisms that only moments before were dormant; or they
can conduct the bare soil and biocrust fan experiment (as
stated earlier) to see how soil is eroded over time learning
about patterns and processes (Figure 2). Finally, students can
tie these observations to a larger scale while sitting at a computer
and looking at how much of Earth’s land area (over 40+%!)
is drylands where large fractions can potentially be colonized
by biocrusts (Rodriguez-Caballero et al., 2018a). With that
much potential to be harnessed in the communities that make
up biocrusts as an educational tool, numerous questions can
be asked by students, such as “how do different types of land
use or different management actions change biocrusts, and
how do those changes affect a patch of ground, the ecosystem,
or even the world?” These are all concepts teachers can
demonstrate in the classroom while providing students learning-
by-doing experiences. Using biocrusts as a model system in
the classroom can raise the interest in students about biological

REFERENCES

Barger, N. N., Weber, B., Garcia-Pichel, F, Zaady, E., and Belnap, J. (2016).
“Patterns and controls on nitrogen cycling of biological soil crusts” in
Biological soil crusts: An organizing principle in Drylands. Ecological studies
(analysis and synthesis). Vol. 226. eds. B. Weber, B. Biidel and J. Belnap
(Cham: Springer).

Belnap, J., and Lange, O. L. (2001). Biological soil crusts: Structure, function,
and management. Ecological studies (analysis and synthesis). Vol. 150. Berlin,
Heidelberg: Springer.

Beraldi-Campesi, H., and Retallack, G. J. (2016). “Terrestrial ecosystems in the
precambrian” in Biological soil crusts: An organizing principle in Drylands.
Ecological studies (analysis and synthesis). Vol. 226. eds. B. Weber, B. Buidel
and J. Belnap (Cham: Springer).

Bowker, M. A. (2007). Biological soil crust rehabilitation in theory and practice:
an underexploited opportunity. Restor. Ecol. 15, 13-23. doi: 10.1111/j.1526-
100X.2006.00185.x

Bowker, M. A., Belnap, J., Biidel, B,, Sannier, S., Pietrasiak, N., Eldridge, D. J.,
et al. (2016). “Controls on disturbance patterns of biological soil crusts at
micro to global scales” in Biological soil crusts: An organizing principle in
Drylands. Ecological studies (analysis and synthesis). Vol. 226. eds. B. Weber, B. Biidel
and J. Belnap (Cham: Springer).

Bowker, M. A., Maestre, F. T, Eldridge, D., Belnap, J., Castillo-Monroy, A.,
Escolar, C., et al. (2014). Biological soil crusts (biocrusts) as a model system
in community, landscape and ecosystem ecology. Biodivers. Conserv. 23,
1619-1637. doi: 10.1007/s10531-014-0658-x

concepts and inspire individuals to enter into STEM fields
and further our knowledge of the natural world.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, and further inquiries
can be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AF conducted the majority of the writing, with all authors
providing suggestions and edits, thus enhancing the
document. AA, CH, and AF created the figures and AA
provided the photos used in the figures unless otherwise
noted. All authors contributed to the article and approved
of the submitted version.

FUNDING

This work was conducted as part of the “Completing the
dryland puzzle: creating a predictive framework for biological
soil crust function and response to climate change” Working
Group supported by the John Wesley Powell Center for
Analysis and Synthesis, funded by the U.S. Geological Survey.
MB and AA acknowledge NSF Dimensions of Diversity Funding
“Desiccation and Diversity in Dryland Mosses (1638966).
Any use of trade, firm, or product names is for descriptive
purposes only and does not imply endorsement by the U.S.
Government.

Chamizo, S., Rodriguez-Caballero, E., Roman, J. R., and Canton, Y. (2017).
Effects of biocrust on soil erosion and organic carbon losses under natural
rainfall. Catena 148, 117-125. doi: 10.1016/j.catena2016.06.017

Darby, B. J., and Neher, D. A. (2016). “Microfauna within biological soil crusts”
in Biological soil crusts: An organizing principle in Drylands. Ecological studies
(analysis and synthesis). Vol. 226. eds. B. Weber, B. Biidel and J. Belnap
(Cham: Springer).

Darrouzet-Nardi, A., Reed, S. C., Grote, E. E., and Belnap, J. (2015). Observations
of net soil exchange of CO2 in a dryland show experimental warming
increases carbon losses in biocrust soils. Biogeochemistry 126, 363-378. doi:
10.1007/s10533-015-0163-7

Eldridge, D. J., Reed, S., Travers, S. K., Bowker, M. A., Maestre, E T., Ding, J.,
et al. (2020). The pervasive and multifaceted influence of biocrusts on water
in the world's drylands. Glob. Chang. Biol. 26, 6003-6014. doi: 10.1111/gcb.15232

European Commission/EACEA/Eurydice (2019). Compulsory education in
Europe—2019/2020. Eurydice facts and figures. Luxembourg: Publications
Office of the European Union.

Faist, A. M., Herrick, J. E., Belnap, J., Van Zee, ]. W.,, and Barber, N. N.
(2017). Biological soil crust and disturbance controls on surface hydrology
in a semi-arid ecosystem. Ecosphere 8:201691. doi: 10.1002/ecs2.1691

Ferrenberg, S., Reed, S. C., and Belnap, J. (2015). Climate change and physical
disturbance cause similar community shifts in biological soil crusts. Proc.
Natl. Acad. Sci. U. S. A. 112, 12116-12121. doi: 10.1073/pnas.1509150112

Ferrenberg, S., Tucker, C. L., and Reed, S. C. (2017). Biological soil crusts:
diminutive communities of potential global importance. Front. Ecol. Environ.
15, 160-167. doi: 10.1002/fee.1469

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 577922


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/j.1526-100X.2006.00185.x
https://doi.org/10.1111/j.1526-100X.2006.00185.x
https://doi.org/10.1007/s10531-014-0658-x
https://doi.org/10.1016/j.catena2016.06.017
https://doi.org/10.1007/s10533-015-0163-7
https://doi.org/10.1111/gcb.15232
https://doi.org/10.1002/ecs2.1691
https://doi.org/10.1073/pnas.1509150112
https://doi.org/10.1002/fee.1469

Faist et al.

Biocrusts as a Model System

Kheirfam, H., Sadeghi, S. H., Darki, B. Z,, and Homaee, M. (2017). Controlling
rainfall-induced soil loss from small experimental plots through inoculation of
bacteria and cyanobacteria. Catena 152, 40-46. doi: 10.1016/j.catena.2017.01.006

Kvam, P. H. (2000). The effect of active learning methods on student retention
in engineering statistics. Am. Stat. 54, 136-140. doi: 10.1080/00031305.
2000.10474526

Liu, Y., Delagado-Baquerizo, M., Trivedi, P,, He, J., Wang, J., and Singh, B. K.
(2017). Identity of biocrust species and microbial communities drive the
response of soil multifunctionality to simulated global change. Soil Biol.
Biochem. 107, 208-217. doi: 10.1016/j.s0ilbio.2016.12.003

Maestre, E. T., Bowker, M., Canton, Y., Castillo-Monroy, A. P, Cortina, J.,
Escolar, C., et al. (2011). Ecology and functional roles of biological soil
crusts in semi-arid ecosystems of Spain. J. Arid Environ. 75, 1282-1291.
doi: 10.1016/j.jaridenv.2010.12.008

Maestre, E T., Bowker, M. A, Eldridge, D. ], Cortina, J., Lazaro, R., Gallardo, A.,
et al. (2016). “Biological soil crusts as a model system in ecology” in Biological
soil crusts: An organizing principle in Drylands. Ecological studies (analysis and
synthesis). Vol. 226. eds. B. Weber, B. Biidel and ]. Belnap (Cham: Springer).

Reed, S. C, Maestre, E T, Ochoa-Hueso, R, Kuske, C., Darrouzet-Nardi, A.,
Oliver, M., et al. (2016). “Biocrusts in the context of global change” in Biological
soil crusts: An organizing principle in Drylands. Ecological studies (analysis and
synthesis). Vol. 226. eds. B. Weber, B. Biidel and ]. Belnap (Cham: Springer).

Rodriguez-Caballero, E., Belnap, J., Biidel, B., Crutzen, P. ], Andreae, M. O,
Poschl, U. L., et al. (2018a). Dryland photoautotrophic soil surface communities
endangered by global change. Nat. Geosci. 11, 185-189. doi: 10.1038/
541561-018-0072-1

Rodriguez-Caballero, E., Castro, A. J, Chamizo, S., Quintas-Soriano, C.,
Garcia-Llorente, M., Canton, Y., et al. (2018b). Ecosystem services provided
by biocrusts: from ecosystem functions to social values. J. Arid Environ.
159, 45-53. doi: 10.1016/j.jaridenv.2017.09.005

Rodriguez-Caballero, E., Roman, J. R., Chamizo, S., Ramos, B. R, and
Canton, Y. (2019). Biocrust landscape-scale spatial distribution is strongly
controlled by terrain attributes: topographic thresholds for colonization
in a semiarid badland system. Earth Surf. Process. Landf. 44, 2771-2779.
doi: 10.1002/esp.4706

Samolov, E., Baumann, K., Biidel, B., Jung, P, Leinweber, P, Mikhailyuk, T.,
et al. (2020). Biodiversity of algae and cyanobacteria in biological soil crusts
collected along a climatic gradient in Chile using an integrative approach.
Environ. Biol. 8:1047. doi: 10.3390/microorganisms8071047

Van Goethem, M. W,, Swenson, T. L., Trubl, G., Roux, S., and Northen, T. R.
(2019). Characteristics of wetting-induced bacteriophage blooms in biological
soil crust. mBio 10, €02287-€02219. doi: 10.1128/mBi0.02287-19

Vitousek, P. M. (2002). Oceanic Islands as model systems for ecological studies.
J. Biogeogr. 29, 573-582. doi: 10.1046/j.1365-2699.2002.00707.x

Weber, B., Bowker, M., Zhang, Y., and Belnap, J. (2016). “Natural recovery of
biological soil crusts after disturbance” in Biological soil crusts: An organizing
principle in Drylands. Ecological studies (analysis and synthesis). Vol. 226.
eds. B. Weber, B. Biidel and J. Belnap (Cham: Springer).

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Faist, Antoninka, Barger, Bowker, Chaudhary, Havrilla,
Huber-Sannwald, Reed and Weber. 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 Microbiology | www.frontiersin.org

166

January 2021 | Volume 11 | Article 577922


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.catena.2017.01.006
https://doi.org/10.1080/00031305.2000.10474526
https://doi.org/10.1080/00031305.2000.10474526
https://doi.org/10.1016/j.soilbio.2016.12.003
https://doi.org/10.1016/j.jaridenv.2010.12.008
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.1016/j.jaridenv.2017.09.005
https://doi.org/10.1002/esp.4706
https://doi.org/10.3390/microorganisms8071047
https://doi.org/10.1128/mBio.02287-19
https://doi.org/10.1046/j.1365-2699.2002.00707.x
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 13 January 2021
doi: 10.3389/fmicb.2020.577852

OPEN ACCESS

Edited by:
Davida Smyth,
The New School, United States

Reviewed by:

Beatrix Stess|,

University of Veterinary Medicine
Vienna, Austria

Mangala Tawde,

CUNY, United States

*Correspondence:
Karla S. Fuller
Karla.fuller@guttman.cuny.edu

Specialty section:

This article was submitted to
Systems Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 30 June 2020
Accepted: 16 December 2020
Published: 13 January 2021

Citation:

Fuller KS and Torres Rivera C

(2021) A Culturally Responsive
Curricular Revision to Improve
Engagement and Learning in an
Undergraduate Microbiology Lab
Course. Front. Microbiol. 11:577852.
doi: 10.3389/fmicb.2020.577852

Check for
updates

A Culturally Responsive Curricular
Revision to Improve Engagement
and Learning in an Undergraduate
Microbiology Lab Course

Karla S. Fuller'™ and Camila Torres Rivera?

’ Science Department, Stella and Charles Guttman Community College, City University of New York, New York, NY,
United States, 2 Mathematics Department, Stella and Charles Guttman Community College, City University of New York,
New York, NY, United States

We seek to increase student engagement and success to subsequently lead to
increased retention and degree attainment for students at our Hispanic-serving
institution. We hypothesized that using a culturally responsive approach in an
undergraduate microbiology lab would increase engagement and learning gains. Using
a culturally responsive approach allowed students to start their learning from their own
place of understanding—centering students’ lived experiences. Students interviewed
family members to learn about “home remedies,” and then devised experiments to
test whether those home remedies affected growth of bacteria commonly implicated
in gastrointestinal distress (Staphylococcus aureus, Bacillus cereus, and Escherichia
coli) or sore throat (Neisseria gonorrhoeae, Streptococcus pyogenes, and Mycoplasma
pneumoniae). As a final assessment, students generated project posters which they
presented at a class symposium. Implementation of a culturally responsive research
experience focused on the gut microbiome resulted in increased learning gains as
evidenced by movement up Bloom’s Revised Taxonomy Scale. Student feedback
indicated increased engagement, increased confidence in communicating science and
a deeper understanding and appreciation for microbiology. Taken together, the results
indicate that students appreciate a more culturally responsive and student-centered
approach to learning in microbiology and encourages expansion of this approach to
other modules in the course. This paper includes responsive data to support this claim,
as well as a sample course calendar and supplementary learning material to support the
human microbiome approach to microbiology.

Keywords: curriculum, undergraduate, research, culturally responsive, pedagogy

INTRODUCTION

Bacterial metabolism is a core concept for undergraduate microbiology education (Merkel and
Reynolds, 2014). The complexity of this multi-dimensional topic can make it difficult for students
to grasp core concepts in a meaningful way as they struggle to find the significance of these
concepts relative to their lived experiences. On the other hand, antibiotic sensitivity has immediate
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“real-life” applications and students easily grasp the concept.
Yet, the common ways to teach antibiotic sensitivity—through
antibiotic disc or similar cookbook-style zone of inhibition lab
experiments—can seem simplistic.

In our course assessments, students consistently demonstrate
low engagement with the bacterial metabolism module and
struggle to relate the concepts of bacterial metabolism to larger
themes, such as the human health and physiology. Generally,
students rate our antibiotic sensitivity module, low on the
engagement scale, even as they meet the learning goals associated
with the module. We sought to improve engagement and learning
in these important themes in our undergraduate microbiology
course by combining them under the overall topic of the
human microbiome.

The human microbiome is a key influencer of our mental
and physical health (Shreiner et al., 2015; Malan-Muller et al,,
2017; Fitzgibbon and Mills, 2020). Recent studies test long-held
claims that certain dietary plants contribute to health (Katoch
et al, 2013; Praditya et al,, 2019). As scientists learn more
about the interactions between the food people consume and
the microbiome, the role of these interactions in influencing
a wide range of diseases, including obesity, allergies, metabolic
diseases and cancer, becomes more evident (Gensollen et al.,
2016). In the future, microbiome evaluation may become an
important part of disease diagnosis and treatment. Therefore, it is
important that emerging scientists begin to grasp these concepts
now to understand the role of microbiome in maintaining
health as medical science moves toward a more personalized
approach to treatments.

As such, we sought to revise our microbiology curriculum to
include microbiome-specific learning experiences. We merged
two course modules (bacterial metabolism and antibiotic
sensitivity) to create one curricular undergraduate research
experience (CURE) in the accompanying lab course. We selected
these modules because bacterial metabolism typically has low
learning goals success rate and antibiotic sensitivity typically has
low engagement rankings.

Several studies have described increased problem-solving
abilities and critical thinking, when CUREs are implemented in
the undergraduate biology classroom (Cooper et al., 2019; Hurst-
Kennedy et al., 2020). The 2012 Engage to Excel report from
the President’s Council of Advisors on Science and Technology
encouraged discovery-based research experiences as part of
STEM curriculum to increase student engagement and ownership
of projects (Olson and Riordan, 2012). To ensure the CURE met
the course learning outcomes, we adapted a backward design
framework to build the CURE into the curriculum (Reynolds
and Kearns, 2017). Our intervention seeks to increase learning
gains and engagement through relevancy to improve the student
learning experience.

To make the content more responsive, we incorporated
culturally responsive teaching (CRT) into the CURE design
process (Aronson and Laughter, 2016; Cooper et al, 2017;
Gay, 2018). In particular, the teaching goals are discreetly
outlined to use cultural knowledge as context for the research
project (Table 1). The initial background knowledge for the
CURE is gathered using ethnographic interviews of family

members. Using techniques of ethnographic research ground the
researcher’s approach in cultural knowledge and awareness and
place social knowledge in parallel prominence with scientific
knowledge (Atkinson and Pugsley, 2005). This approach, using
documented family knowledge for direct engagement in a
microbiome research question, has been described previously
with success in increased engagement by Pérez-Losada et al.
(2020). In their study, students compared skin microbiome
composition using a “grandma hypothesis’—areas of the body
that grandmothers are always telling their grandchildren to clean
carefully, such as behind the ears and between the toes.

The CRT framework increases access to the skills, knowledge,
and competencies necessary for success (Aronson and Laughter,
2016). This is a high priority in our upper-division biology
courses, as success in these courses correlates to post-graduation
transfer and persistence in science programs at 4-year colleges
(Woods, n.d.). Culturally responsive teaching embraces cultural
knowledge, personal frames of reference, and lived experiences
to make learning more responsive to and effective for students
(Snively and Corsiglia, 2001; Hernandez et al., 2013).

Research studies have also described a retention and
belongingness benefit to undergraduate CUREs for students from
underrepresented groups (Bangera and Brownell, 2014; Elgin
et al., 2016). As the majority of our students identify as Black
and/or Latino, both CRT and CURE promised benefits uniquely
suited to the success of our student population.

In a previous study, Skendzic and Keler (2019) describe a
fruit fly microbiome CURE in which students supplemented
fruit fly media with various antibiotics, probiotics, and common
food additives (i.e., monosodium glutamate and food dye),
then assessed the effect of these supplements on the growth of
Lactobacillus, the most prevalent bacteria in the fruit fly gut. We
have extended this type of inquiry-based experiment by adding a
personal component.

In the CURE we describe in this paper, students used
principles of ethnographic research to engage in family interviews
to determine which variables (home remedies) to include in
their research. This data was paired with what they have learned
in the antibiotic resistance module to set up a comparative
study. Thus, in addition to studying the effects of purported
antibacterial substances on common bacterial populations,
students could make direct connections between the microbiome
and overall health.

The inclusion of ethnographic research as the foundation
of a series of student-derived experiments allows students to
demonstrate their understanding of bacterial metabolism and
antibiotic sensitivity while demonstrating mastery of bacterial
culture techniques in a project with a personal connection. We
hypothesized that a CRT-CURE intervention would increase
engagement with these topics by making them more responsive
to students and this increased relevancy would promote learning
gains. Furthermore, we speculated increased engagement in
the course might alleviate some of the ostracizing learning
experiences underrepresented students often face in science
classes by centering the context of the material around their
own communities and cultural practices. This study builds on
the success of other well-known CURES, such as the Bean
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TABLE 1 | Example of mapping one outcome according to CURE Backward design process with embedded culturally responsive teaching (CRT) strategies.

Backward design step Scientific discovery

CRT practice

Students determine if selected foods have
antimicrobial properties

Identify desired outcomes

Determine acceptable

evidence samples, using antibiotics as controls
Planned learning

experiences and instruction

(1) Interview family knowledge holders

(2) Culture bacteria

(3) Measure CFU from serial dilution

(4) Design and implement zone of inhibition
study to test food item(s)

Students measure zone of inhibition from food

o Affirm that cultural traditions have ways of knowing.

o Cross-cultural exchange from student-student

e Student as knowledge holder—professor as facilitator

o Scaffolded assignment with clear expectations at each step

e Learning within the context of culture

e Students research aspects of the topic in their community

e Students share their work with their family/community using
culturally appropriate language

Using the backward design process ensured that the introductory labs provided sufficient training and knowledge for student independence during the research project.

THE CRT practice principles were visible in each outcome of the research project.

Beetle Microbiome CURE, by adding a personal component to
an authentic research experience (Zelaya et al., 2020). Having
students combine cultural knowledge with microbiology theory
to create a novel research question adds value to the educational
process and traditional practices and can begin to dismantle
traditional modes of formal education, engaging a diverse student
body (Baines and Zarger, 2017).

MATERIALS AND METHODS

The Assignment

Students learned typical microbiology lab techniques during the
first 6-weeks of the lab (hereafter referred to as “introductory
labs”). At the end of each introductory lab module, students
completed a two-question engagement survey (Table 2). For
homework, students completed Thought Questions related
to the lab on an adaptive learning platform (Table 3).
The questions were scaled according to Bloom’s Revised
Taxonomy Scale, with the first question from the remembering
domain and the subsequent questions moving up the scale
through the understanding, applying, and analyzing domains
(Krathwohl, 2010).

Only if students answered a question correctly would they
see the next question in that series. If students answered a
question incorrectly, the session would end automatically. Once
students have learned the necessary techniques and background
knowledge through the introductory labs, they embark on
a carefully scaffolded research project that has four main
components: (1) interview, (2) library database research, (3)
lab research, and (4) culminating research report. Standard
biosecurity and institutional safety procedures were adhered to
during this lab course.

The CURE began in Week 7 with a simple question: If you
had a stomachache or a sore throat, who in your family would
you ask for a remedy? Students interview a family member about
a home remedy for an upset stomach and/or a sore throat, then
use the ethnographic interview to generate a set of observations.
Interviewing family members about health practices provided
the real-world context that is important for making long-lasting
curricular connections. Students recorded their interviews and
organized them into a set of observations they could use as the
basis for research to find preliminary scientific data to support

the claims of the knowledge-holder. For instance, a grandmother
describes a baking soda-honey solution she uses to soothe a sore
throat, which prompts a student to search library databases to
find sources related to the antimicrobial properties of sodium
bicarbonate and honey.

After students completed their interviews, we used class
discussions to generate common research questions. The class
agreed on the following research questions: (1) Does the home
remedy kill bacteria, or does it stop the symptoms? and, (2)
How does the home remedy compare to antibiotic treatment?
Similarly, we agreed on common class hypotheses: H;j—The
food additive inhibits bacterial growth; Ho—The food additive
does not inhibit growth. Interestingly, in class discussion,
students agreed that even if the food additive does not inhibit
growth, it may be effective in treating the symptoms. Bacteria
commonly implicated in gastrointestinal distress (Staphylococcus
aureus, Bacillus cereus, and Escherichia coli) or sore throat
(Neisseria gonorrhoeae, Streptococcus pyogenes, and Mycoplasma
pneumoniae) were used in the study.

As a final step in the pre-planning process, students generated
individual hypotheses for their experiments, which were
validated by peer-review (Ex. I hypothesize that chamomile tea
reduces bacterial growth). Then students designed an experiment
to test their hypotheses. Before starting experimentation, students
met individually with the instructor for experimental design
approval. Afterward, students were free to conduct their
experiments at their own pace, within the allotted 4-week time
period. To manage a course with 23 concurrent independent
experiments, we created a lab schedule for certain tests. For
instance, students would plan to have their experiment complete
and a sample set ready for gram staining during Week 9 when the
supplies and materials for gram staining were available in the lab
(Table 4). After the weekly experimentation was done, students
had a second attempt at the previous Thought Questions on
the same adaptative learning platform. To conclude the research
experience, students created research posters to present their
projects to the campus community (Supplementary Figure 1).
Thus, in our experimental design, the introductory labs served
as the control group and the CURE intervention served as the
experimental group.

It is also important to mention as part of the assignment,
students gave consent for the instructor to submit on their behalf
their research project abstracts for conference presentations. Two
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TABLE 2 | After each introductory and CURE lab, students completed the engagement survey below anonymously.

1—Strongly disagree

2—Disagree

3—Neither agree nor disagree

4—Agree

5—Strongly agree

This lab was interesting

| used my own creativity during this lab.

TABLE 3 | Post-lab Thought Questions were deployed using adaptive learning software after each introductory and CURE lab.

Lab topic

Domain: remembering

Domain: understanding

Domain: applying

Domain: analyzing

Lab 1—Bacterial Staining;
Identify bacteria by
morphology

Lab 2—Aseptic
Technique—streak plates,
inoculate liquid cultures

Lab 3—Serial dilutions;
antibiotic sensitivity and the
Kirby-Bauer test

Lab 4 —Identify bacteria by
biochemistry

Lab 5—Bacterial
metabolism/cellular
respiration

1. Label the parts of the
bacterial cell on the
drawing below.

2. Create a chart to
organize the staining
techniques and the types of
bacteria they stain,
including predicted color
results®.

1. Predict the results from
your Kirby-Bauer
experiment.

1. Students fill in a chart
including names of test,
brief description of test,
examples of bacteria that
would test positive*.

1. Compare and contrast
fermentation and cellular
respiration

3. Classify the bacteria
below according to
morphology and.

4. Classify the bacteria
according to stain.

2. Make a comparison
chart of the types of
selective media used in
today’s experiment.

3. Based on your
experimental data, which
antibiotic is most effective
for your given bacterial
sample.

1. Explain why serial
dilutions are important for
bacterial cultures.

2. Given a data set,
students can identify the
type of bacteria used in the
test.

2. When would a
metabolically versatile
microbe perform
fermentation rather than
cellular respiration?

5. A spore has a mutation
that prevents the
production of keratin in the
membrane, describe how
this would affect the results
of the spore stain test.

4. Which media would you
use to culture [a given
bacteria]?

2. Given a sample with
known concentration X,
design a serial dilution to
produce final concentration
Y.

3. Plan and conduct an
experiment using the test
you have been assigned.

3. Can protein catabolism
help identify microbes?

5. Using the class data,
which antibiotic is most
effective for many types of
bacteria? Which has the
least effectivity?

3. Use the given set of
results to match the
bacterial plates with the
serial dilution tube.

4. Using class data, identify
the unknown bacteria.

Each question series begins with a question from the Remembering domain. If students answered a question incorrectly, they were automatically exited from the question
series. *Question not included in CURE lab and omitted from statistical analysis.

TABLE 4 | CRT-CURE lab course calendar with associated tasks.

Week Lab topic Research project task

1 |dentify bacteria by morphology Bacterial staining lab (gram and acid-fast stain) Project Introduction and overview (no tasks)
2 Aseptic technique Kirby-Bauer test Ethnographic interviews

3 Serial dilutions and growth curves Class data gathering

4 Biochemical testing to identify bacteria Information Literacy (library research)

5 Cellular respiration and fermentation Research Question brainstorm

6 Research project Hypothesis forming

7 Research plan review and approval

8 Serial dilutions and growth curves Kirby-Bauer test
9 Gram-staining Biochemical testing

10 Cellular respiration and fermentation test

11 Research report writing time

12 Class symposium

Weeks 1-5 are introductory skills-building labs. In weeks 8-10, students use the skills they learned in the introductory modules for their own experimentation.
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projects were accepted for the student e-poster competition at
the 2019 American Association for the Advancement of Science
(AAAS) Annual Meeting.

Survey Methods

Student engagement surveys were conducted anonymously and
collected on a single tablet via Google Forms at two points
in the semester—immediately after each introductory lab and
during the CURE. The introductory labs were traditional guided
inquiry labs that focused on skill-building (how to use the tools,
do the technique appropriately, and analyze the type of data
generated by the technique accurately). Students responded to
two prompts: “This lab was interesting,” and “I used my own
creativity during this lab” using a Likert scale where 1 = strongly
disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree
and 5 = strongly agree. Strongly agree and agree categories were
aggregated to indicate a positive engagement response. Strongly
disagree and disagree categories were aggregated to indicate a
negative engagement response.

For the Thought Questions, pre- and post-intervention grades
were paired, then anonymized by a research assistant and
analyzed after the course was over. De-identified open-ended
comments were collected through student evaluations at the
end of the course.

Data Analysis Methods

De-identified, raw data was provided by Dr. Fuller in a Microsoft
Excel spreadsheet. The data was comprised of two, parallel
satisfaction items that were measured using a five-point Likert
scale. The five response categories for the Likert scale were; 1-
strongly disagree, 2- disagree, 3- neither agree nor disagree, 4,
agree, 5 strongly agree. The pre-condition (SatisReg) satisfaction
responses (n = 234) were collected over the first five lab sessions.
Post-condition (SatisCURE) responses were collected for the five
lab sessions (n = 240) following the intervention.

Using SPSS, the Likert scaled data was entered and coded
according to the point values of each response category. Four
new variables (i.e., SatisRegAlla, SatisRegAllb, SatisCUREAlla,
SatisCUREALIIb) were created by calculating the sum of all the
Likert scores for cases with a full set of responses (n = 21).
Numerical and graphical assumption tests were performed on the
newly transformed variables, and all assumptions for normality
were met. The means of the variables were analyzed using right,
one-tailed, paired t-tests (a0 = 0.05) to determine if there was a
statistically significant increase between the means of the pre- and
post-groups for each of the two questions.

De-identified raw data from the Thought Questions was
collected and coded as correct vs. incorrect and did not attempt vs.
attempt. In addition to the raw scores, Thought Question scores
were categorized according to the first four levels of Bloom’s
Revised Taxonomy scale (i.e., Remembering, understanding,
applying, and analyzing). Using SPSS, the data was entered and
coded. Assumptions for normality were met by the Central Limit
Theorem. Two-proportion ¢-tests (« = 0.05) were performed
comparing introductory lab data and CURE data for the same
Thought Questions. We then analyzed the number of correct

responses and question attempts along the Bloom’s Revised scale
after the CURE intervention.

RESULTS

We used student interest to measure engagement. Student
interest in lab work increased during the CURE, compared to
their interest in the introductory labs. Students also reported the
CURE lab structure allowed them to be more creative in their
experiments (Table 5).

To measure learning gains, at the end of each introductory
module, students were given a series of questions that moved
progressively up the first four levels of Bloom’s scale: (1)
remembering, (2) understanding, (3) applying, and (4) analyzing.
Students were given the same set of questions after each
related experiment during the CURE. More students attempted
questions in the higher domains (understanding, applying, and
analyzing), suggesting that students were more confident to try
the more difficult questions after doing the experiments in the
context of the CURE (Figure 1). Overall, students answered more
Thought Questions correctly during the CURE than during the
introductory labs (Figure 2).

During the end-of-semester student evaluations, we asked
students to tell us if the overall course experience changed
their views of themselves as scientists. Wherein, we anticipated
students to mention a growth in skills and ability, many
comments addressed a deeper appreciation for the nature of
science and what it means to be a researcher (Table 6).

“This lab was interesting.”

The mean of the post-condition group (x = 21.9; SD = 1.7) was
greater than the mean of the pre-condition group (x = 16.9; SD
= 2.3). There was a statistically significant increase in students’
perceived interest in the labs from the pre-condition group to the
post-condition group [£(20) = 7.3, p < 0.0001, right one-tailed,
t-test]. Results show that there is enough evidence to reject the
null hypothesis of no difference.

“I used my own creativity during this lab.”

The mean of the post-condition group (x = 19.8; SD = 1.4)
was greater than the mean of the pre-condition group (x =
11.0; SD = 1.9). There was a statistically significant increase in
students’ perceived use of their own creativity in the labs from the
pre-condition group to the post-condition group [#(20) = 16.54,
p < 0.0001, right one-tailed t-test]. Results show that there is
enough evidence to reject the null hypothesis of no difference.

DISCUSSION

This study had two pedagogical goals—to increase student
engagement and to increase student learning outcomes. We
addressed these two issues by focusing on using an inquiry-based
microbiome study driven by student-generated questions. An
ideal laboratory project allows students to: (1) apply theory to
practice, (2) use critical thinking to apply the scientific process,
and (3) increase interest and motivation (Nicolaidou et al., 2019).

Success with culturally responsive pedagogies has been well-
documented in K-12 education. However, there is a lack of
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TABLE 5 | Assessment of student engagement.

Introductory Labs CURE labs
This lab was interesting (strongly agree/agree) 16.9 21.92
| used my own creativity during this lab (strongly agree/agree) 11 19.8°

Student engagement in the introductory and CURE labs was measured by anonymous survey responses to the prompts to gauge student interest and creativity. Mean
scores for strongly agree/agree were aggregated and compared between introductory and CURE post-lab surveys.

asp=1.7, p < 0.0001.
bSD = 1.4, p < 0.0001.
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FIGURE 1 | Attempted responses. Comparison of the percent of students who attempted Thought Question at each domain of the Bloom’s Revised Taxonomy

published studies outlining the success and implementation
guidance on CRT at the undergraduate level, particularly
in the sciences.

On the other hand, there is much data to support CUREs
as a beneficial intervention in undergraduate biology with
reports documenting improvements in learning, belongingness,
and retention (Rainey et al., 2018; Nerio et al., 2019). Here
we describe a culturally responsive CURE that combines the
engagement benefits of CRT and the learning benefits of CURE as
a successful model for teaching and learning in an undergraduate
microbiology course.

In addition to the learning gains, or perhaps in support
of them, this course re-design gave more opportunities for
formative assessment because of the close scaffolding of the
research project, one-on-one meetings for research design
approval, and pre- and post-proposal student/student peer-
review. In the end, students were able to relate the concept of
the microbiome to their personal experiences by learning about
human gut bacteria commonly implicated in illnesses and how
bacterial populations are affected by the foods we eat.

Asking students to design experiments based on family stories
is quite a shift in the way we normally teach microbiology. In

doing so, we had to step outside of the normal formula of “teach,
show, do” to evolve the learning experience by incorporating
a deeper exploration of topics in a skills-based environment
across the entire semester. Introducing students to theory in
lecture, accompanied by demonstrations and training in lab are
common for undergraduate science courses and can certainly
get students to meet the course learning outcomes. However,
stretching the student experience by deepening learning through
student-generated research has additional benefits. The use of
ethnographic interviews to gather initial observations allows a
constructivist approach to teaching. This shifts the instructor-
student relationship from one of knowledge holder (instructor)
and knowledge receiver (student) to one that places students as
active knowledge constructors and allows the instructor to act
as facilitator (Lee and Hannafin, 2016). Thus, the aim of this
project is to re-center the learning experience around the student
by breaking away from the cookbook model of laboratory science
and facilitating an outward learning process that has the students’
lived experience at the core in an effort to strengthen engagement.

Due to the success of this intervention, we are currently
re-designing two additional courses (one statistics course and
one introduction to biology course) to include a CRT-CURE
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FIGURE 2 | Correct answers. Comparison of the proportion of correct answers per each Thought Question attempt after the introductory and CURE labs.
*p < 0.0001.

TABLE 6 | Student feedback from open-ended question: “Has the research project changed your perceptions of doing science?”

Before | used to get mad when my experiments didn’t work. But because we had more time to work through our problems during the
research project, | feel like | learned from my mistakes.

| feel like my family respects my career goals more. When | talked to them about my project, they were interested and impressed that | was
using microbiology to test my grandmother’s remedies.

| feel like | have a better understanding of how research fits into like general medical care. There is a lot of work that would go into creating
one medical treatment.

[The instructor] is always calling us scientists and specialists, but this time | really felt like | was a scientist!

Working on my own research helped me grow as a scientist.

Even though | was nervous to do the project on my own, | felt more confident because we could use each other as collaborators. For once
we were talking about our research when we met in the commons instead of just chatting about nothing.

| never thought | could design a project, do the research, then create a good poster. This is also the first time that | was asking questions
during presentations because | really wanted to know the answers not just to get the participation grade.

| had a really hard time getting my experiments to work but [the instructor] kept encouraging me and in the end | figured it out. | don’t think
I'll ever do scientific research as a career, but | do feel more confident for the next classes because | know if | take my time and follow my
mistakes | can figure it out.

Even though we worked on individual projects, | really felt like we were a team. We had to peer-review each other’s papers and [the
instructor] made us ask each other for help before we asked her so everybody was really helping each other.

For once | see that the things I'm learning in my classes will actually help me when | get a career. Like, | can really do these experiments if |
got this kind of job. And | have a whole project in my ePortfolio that proves it.

I never really had a connection with the research projects and experiments in my classes. | want to be a doctor so | can help my community
but this project has me thinking about ways that different types of scientists can help communities. | never thought about it like that before.
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intervention. We intend to continue strategic course re-designs
so that each student in the science program will have at
least two CRT-CURE courses as they matriculate through the
Associate’s Degree program.
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Students’ Experiences of Working
With a Socio-Scientific Issues-Based
Curriculum Unit Using Role-Playing
to Negotiate Antibiotic Resistance

Konstantin J. Sagmeister™, Christoph W. Schinagl?, Suzanne Kapelari' and Pamela Vrabl?*

Department of Subject-Specific Education, University of Innsbruck, Innsbruck, Austria, ?Department of Microbiology,
University of Innsbruck, Innsbruck, Austria

The emergence and widespread of antibiotic-resistant pathogenic microorganisms are of
great individual and societal relevance. Due to the complex and multilayered nature of the
topic, antibiotic resistance (ABR) is the object of concern for several scientific fields, such as
microbiology or medicine, and encompasses a broad range of political, economic, and social
aspects. Thus, the issue related to antibiotic-resistant bacterial diseases offers an excellent
platform for designing and implementing the teaching and learning of socio-scientific issues
(SSI). We created a SSl-based curriculum unit for use in secondary science classrooms by
developing a collaborative partnership between education researchers and microbiologists.
This classroom environment allows students to explore and negotiate ABR as a societal and
scientific phenomenon. For this purpose, we leveraged role-playing within the SSI-based unit
as a productive context for engaging students in learning opportunities that provide multiple
perspectives on ABR and the complex interplay of its accelerators. This case-based paper
describes Austrian school students’ experiences from their participation in a SSI-embedded
role-playing classroom environment and subsequent activities that included a mini congress
with a poster presentation and a panel discussion. An open-ended questionnaire-based
assessment tool was used to examine the situational characteristics of the students’ work.
To assess students’ contributions, we applied a qualitative content analysis design and
identified cognitive and affective outcomes. The students’ learning experiences demonstrate
that they considered the content — the social complexities of antibiotic-resistant bacteria and
associated diseases — exciting and very topical. The students perceived that learning about
ABRiis relevant for their future and involves both individual and societal responsibility for action.
Although the curriculum unit and its assignments were described as labor-intensive, it became
apparent that the role-playing setting has the potential to inform students about multiple
stakeholder positions concerning ABR. Concerning the promotion of science practices, aimost
all students claimed that they learned to organize, analyze, evaluate, and present relevant
information. Moreover, the students affirmed that they learned to argue from the perspective
of their assigned roles. However, the students did not clarify whether they learned more through
this SSI-based classroom instruction than through conventional science teaching approaches.

Keywords: socio-scientific issues, educational strategies, students’ experiences, science and society, antibiotic
resistance, science communication
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Sagmeister et al.

Antibiotic Resistance —Curriculum Unit

INTRODUCTION

Science education and practice aim to support society in
acquiring skills that enable citizens to make well-informed
decisions and form evidence-based opinions on current societal
challenges (Dawson and Venville, 2010; Osborne, 2010).
Antimicrobial resistance (AMR) is a pressing and capacious
problem in the field of Science|Environment|Health pedagogy
(Zeyer and Dillon, 2019). In the coming years, this significant
public health issue will progressively gain importance for both
public discourse as well as science teaching because of its
potential to affect humankind’s personal, social, and global
patterns of behavior (Fensham, 2012).

As the primary form of AMR, antibiotic resistance (ABR)
occurs when bacteria adapt and increasingly acquire resistance
to antibiotic agents to which they were formerly susceptible
(Depardieu et al., 2007; Davies and Davies, 2010; Blair et al,,
2015). Usually, ABR and AMR, respectively, are a consequence
of natural adaptive selection by a genetic mutation (Andersson
and Hughes, 2010). It allows bacteria, particularly those frequently
found in healthcare settings, to resist the noxious effects of
specific antibiotic agents (Alekshun and Levy, 2007). Although
numerous previously deadly infectious diseases have turned
into non-life-threatening inconveniences in the antibiotic era,
this outstanding scientific progress is unfortunately jeopardized
(Carlet et al., 2012; Ventola, 2015).

Infections caused by antibiotic-resistant pathogens have
become a growing threat to modern public health care that
requires action across all economic and societal sectors, from
individuals to communities and from hospitals to entire healthcare
systems (Carlet et al., 2011; Laxminarayan et al., 2013). As
the resistant pathogens might persist in human or animal
organisms, ABR endangers the effective management, prevention,
and medical procedure of an ever-increasing range of healthcare-
associated infectious diseases. Previous research conservatively
estimated that AMR is responsible for 700,000 deaths per year
globally (O'Neill, 2016). In a recent study, Cassini et al. (2019)
reported that more than 33,000 deaths, which were assignable
to infections with selected antibiotic-resistant bacteria, occurred
in countries of the European Union and the European Economic
Area in 2015.

Human activities, such as misuse and overuse of antibiotics,
inadequate hygiene precautions, and unfavorable practices in
healthcare settings or the food chain, have accelerated the
emergence and transmission of drug-resistant pathogens (Carlet
et al., 2011). Apart from their every-day usage for clinical
purposes in human and veterinary medicine, the misuse of
antibiotics as prophylactic protection and growth promoter
across industries, such as animal husbandry and aquaculture,
has also accelerated the emergence of resistance in many
parts of the world (Wassenaar, 2005; Defoirdt et al., 2011;
van Boeckel et al., 2019).

Abbreviations: ABR, Antibiotic resistance; AMR, Antimicrobial resistance; L1,
First language; SSI, Socio-scientific issues; SSR, Socio-scientific reasoning; RBPD,
Role-based panel discussion; WHO, World Health Organization.

Without effective action to reverse current trends, the rise
of antibiotic (multi-)resistance can lead to antibacterial agents
that are less effective and potentially useless. Resistance to one
specific antibiotic agent can lead to resistance to a whole class
of antibiotics using a particular functional mechanism (Magiorakos
et al, 2012). In addition, the development of new types of
antibacterial medicines for clinical use, especially medicines that
are effective against multi-resistant strains of bacteria, remains
meager (Levy and Marshall, 2004; Brown and Wright, 2016).

These circumstances have triggered the development of
coordinated and comprehensive national, European, and global
action plans to face this problem. A common goal of these
efforts is to improve awareness and understanding of the
responsibility for individual and collective actions through
effective communication, education, and training to create and
promote circumstances for behavioral changes (World Health
Organization, 2015). Indeed, guidance for antibiotic usage should
be developed, according to Sharland et al. (2018), to meet the
United Nations Sustainable Development Goals, particularly
the aims for good health and well-being (target three). Future
generations of scientifically literate antibiotic users need to
understand the role that particular stakeholders play in producing,
prescribing, and using antibiotics to decrease ABR (World
Health Organization, 2015; O’Neill, 2016). Cultural and
conceptual knowledge, as well as numerous capacities and skills
about ABR, are vital for improving health literacy (Sorensen
et al, 2012; Hoffmann et al., 2014) and microbiology literacy
(Timmis et al., 2019) in broader society. In conclusion, optimizing
antibiotic use to reduce the impact and limiting the spread
of resistance, especially multi-resistance, remains manifold
and complex.

The rise of antibiotic-resistant bacterial infections affects all
members of a community or society and is driven by many
interconnected factors. As with other issues of human concern
that the media is frequently showcasing, ABR is a significant,
open-ended, and multifaceted contemporary societal issue that
incorporates many disciplines and knowledge domains. Hence,
antibiotic resistance as a global phenomenon offers an excellent
entry point for dealing with socio-scientific issues (SSI)
instruction in class to contribute to the scientific literacy
development of students (Roberts and Bybee, 2014).

Socio-scientific issues classroom instruction represents
a science teaching approach that anchors a comprehensive
real-world societal issue with conceptual, procedural, or
technical links to science as a context for learning (Sadler,
2004)