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ABSTRACT

It is widely acknowledged that having experience conducting research is invaluable for undergraduate science students.
Most undergraduate research is undertaken by students in a mentor’s laboratory, but this limits the number of
opportunities for students, as each laboratory can only take on a certain number of undergraduate researchers each
semester. Additionally, it is also widely acknowledged that it is difficult for teachers to meet research goals while providing
the best possible coursework for undergraduate students. Both of these bottlenecks can be circumvented via Classroom
Undergraduate Research Experiences (CUREs), which integrate research into the curricula of structured undergraduate
classes. Students enrolled in classes that include CUREs conduct research to address open-ended questions as part of their
coursework. In this commentary, I describe the many ways in which CUREs are helpful for students and teachers, as well as
considerations for designing successful CUREs. I provide several examples of CUREs from Microbial Physiology laboratory
classes and Genomics classes that I have taught. Results from these CUREs have been successfully integrated into many
peer-reviewed publications in which the students are co-authors, which has been a boon both to students’
post-baccalaureate opportunities, as well as my research agenda.
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INTRODUCTION

At the college/university level, science students and teachers
can suffer from having diminished opportunities to ‘do sci-
ence’. Students are fed huge volumes of information in their
classes, and it can be difficult to integrate opportunities for
reflection and synthesis into the semester. As a result, their
understanding of science risks being stunted at the lower lev-
els of Bloom’s taxonomy (Bloom et al. 1956)—memorizing facts
and providing descriptions of ideas, without grasping how these

facts and ideas converge into meaning and could be used to
form predictions. Teachers can also suffer, in that their dual
roles as educators and researchers are difficult to fulfill simul-
taneously, and research productivity or curriculum quality is
sometimes sacrificed. ClassroomUndergraduate Research Expe-
riences (CUREs), in which students conduct research within the
context of structured coursework, can substantially improve
science education, both from the students’ and teachers’
perspectives.
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CUREs provide a myriad of benefits for students. CUREs give
students the opportunity to addresses open-ended questions,
quite distinct from the ‘canned experiments’ conventionally
comprising the laboratory portions of their classes. Students in
CUREs are required to apply, integrate and explore ideas (higher
levels of Bloom’s taxonomy). Unsurprisingly, I have noticed that
including CUREs dramatically increases student engagement
with the material. CUREs also have a favorable impact on stu-
dents’ understanding of the nature of science (Brownell et al.
2015; Mader et al. 2017). Most obviously, students gain a better
understanding of the process of science by ‘doing actual sci-
ence’: conducting novel experiments with unknown outcomes
and analyzing the resulting datasets. Further, having undergrad-
uate students as authors of the resulting manuscripts includes
them in correspondences as themanuscript is reviewed, provid-
ing them with an insider’s perspective on the peer review pro-
cess. CUREs have also been found to improve retention in sci-
ence majors (Rodenbusch et al. 2016; Mader et al. 2017), similar
to what is measured when students join research laboratories
individually (Mader et al. 2017). For students from underserved
groups, which are less likely to join research labs individually,
CUREs can provide a mechanism for obtaining research experi-
ence (Bangera and Brownell 2014).

Likewise, I have found that teaching via CUREs provide amyr-
iad of benefits for myself. When I incorporate my own research
into curricula, my enthusiasm for the research results in greater
enthusiasm for the curricula. Incorporating the latest advances
in the field into the curriculum is straightforward, as I am
already deeply familiar with such, from writing the grant pro-
posals that fund the research projects. It has also allowed me
to meld my education and research goals, with great benefit to
both. The classes are far more thought-provoking for the stu-
dents, and my research benefits from the added clarity that I
gain by explaining ideas to novice researchers, the added brain-
power of fresh minds and the added publications resulting from
their efforts.

CONSIDERATIONS WHEN DESIGNING AND
IMPLEMENTING CUREs

My motivation in designing my first CURE was that I was con-
vinced it would make the class more enjoyable for myself and
the students, which did indeed turn out to be true. Subse-
quently, I have developed a more helpful thought process for
deciding whether and how to integrate CUREs into curricula.
The first consideration is whether it is possible to align stu-
dent learning outcomes for the class with research objectives
for a project. Several examples of CUREs that align learning
and research objectives are described below. A second con-
sideration is whether there is room in the semester for real-
time improvization. Novel experiments with unknown out-
comes often result in a need to change plans mid-semester. For
example, students in my Microbial Physiology Laboratory class
isolated novel microorganisms from a submerged Florida cave
system and amplified their 16S genes to place them on the tree
of life. When the sequences of these 16S genes suggested that
these now organisms were novel species (and perhaps genera!),
I asked the students if they would prefer to clear our plans for
the semester, and instead spend our time characterizing the
physiology of these novel organisms. They quite enthusiastically
voted to focus the rest of the semester on characterizing the
‘cave critters’.While such course-corrections can be exhilarating
for all concerned, it is good to build a few ‘buffer days’ into the

semester’s schedule to provide the leeway necessary to adjust
the nature and timing of the experiments. Thirdly, it is good
to consider whether one year’s CURE can inform the design of
CUREs for subsequent years. I have found that multi-year CUREs
are more the norm than the exception. Experiments often need
to be replicated or redesigned, and sometimes a research objec-
tive is too large to fulfill in a single semester. Building multi-
year CUREs can improve the quality of the results, and decrease
the burden on the teacher to come up with novel CUREs each
year. This was the case for annotating genomes in Genomics
class (see below); it took two years to work through each of the
genomes we studied to create a complete picture of the pre-
dicted metabolisms of each organism. The fourth consideration
is building in a mechanism for quality control for the results,
which is particularly important if the resultswill be incorporated
into a manuscript to be submitted. Typically, I view the research
results from CUREs as interesting leads, and take the time to
repeat any experiments with key or unexpected outcomes once
the semester is finished. The fifth and final consideration, if I
am not sure a CURE is a good fit for a particular class, is to try a
semester with a short project, and see how it goes.

EXAMPLES OF CURES

I have designed CUREs for an undergraduate Genomics class,
as well as a Microbial Physiology Lab. These classes are geared
toward juniors and seniors majoring in biological sciences. For
both classes, student learning outcomes are presented below,
followed by CUREs that have been implemented in the classes
and publications resulting from these CUREs.

For Genomics class, student learning outcomes (SLO) include
the following. Over the semester, students:

A. Use query tools such as text searches and BLAST searches
to retrieve data from large databases of genome data (e.g.
NCBI and IMG), and also to understand the theory behind
the tools (especially BLAST, which is based on molecular
evolution), which is necessary to assess the quality of the
output.

B. Apply concepts from molecular evolution, physiology and
biochemistry to ‘ground truth’ predictions of gene function
based on automated genome annotations.

C. Utilize gene comparison tools (e.g. pairwise and multiple
sequence alignments, and phylogenetic analysis) to eval-
uate hypotheses for the evolutionary history of genes and
genomes.

It has been possible to design a variety of semester-long
CUREs whose research objectives address all of these SLOs. One
type of CURE that has been a good fit for this class is to anno-
tate microbial genomes and predict their metabolic activities
based on their genome sequences (Scott et al. 2006, 2008, 2018,
2020). I also designed a comparative genomics-based CURE to
predict pathways for central carbon metabolism from microbial
genomedata (Quasem et al. 2017), and aCURE to use databases of
all publically available microbial genomes to design degenerate
primers for genes encoding enzymes that metabolize nitroge-
nous compounds (Keeley et al. 2020). Each of these large projects
was subdivided into smaller projects for students to complete
over the course of the semester. For example, for the nitrogen
project, each student was assigned a particular enzyme (e.g.
nitrous oxide reductase) to study.

The SLOs for Microbial Physiology Laboratory include the fol-
lowing. Over the semester, students:
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A. Use time-tested tools such as batch and chemostat cultiva-
tion to describe the basic aspects of physiology, including
use of different redox, C and N substrates and elucidation
of optimal temperatures, pH and salinities.

B. Use contemporary tools such as genetic engineering and
transcript analysis to decipher mechanisms undergirding
basic aspects of physiology of a variety of microorganisms.

C. Apply all of the steps of the process of science: experimen-
tal design, hypothesis testing, data analysis, identification
of follow-up experiments.

CUREs for this class have included the physiological charac-
terization of two novel strains of bacteria isolated from deep-sea
hydrothermal vents (Scott et al. 2018), qRT-PCR to track expres-
sion of genes relevant to CO2 uptake and fixation (Menning et al.
2016; Scott et al. 2019), and random and site-directed mutagen-
esis to identify genes relevant to CO2 uptake and fixation (Man-
giapia et al. 2017).

CONCLUSION

The CUREs I have designed have been very successful for the
students, by increasing the numbers of undergraduate students
involved in research. Over 200 have been authors on publica-
tions, including 96 women, nine African Americans, 28 Lat-
inx and a blind student. In addition to conducting the exper-
iments and writing up the results over the semester, they are
also invited to continue their involvement once the semester
is finished, by reviewing the completed manuscript before sub-
mission, and suggesting responses to reviewers’ comments.
Involvement in these research projects results in increases in
student interest in science, and understanding of the process
of science, based on pre- and post-semester implementation of
the Classroom Undergraduate Research Survey (Lopatto 2008).
These projects, though often quite complex, are enormously
popular among the students; many of them volunteer to con-
tinue them once the semester ends. If a teacher is ready to incor-
porate the uncertainties of a genuine research experience into
their curriculum, I have found that the students are quite ready
to rise to the challenge.
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