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ABSTRACT

The recent increase in accessibility and scale of genetic data available
through next-generation sequencing (NGS) technology has transformed
biological inquiry. As a direct result, the application and analysis of NGS
data has quickly become an important skill for future scientists. However, the
steep learning curve for applying NGS technology to biological questions,
including the complexity of sample preparation for sequencing and the
analysis of large data sets, are deterrents to the integration of NGS into
undergraduate education. Here, we present a course-based undergraduate
research experience (CURE) designed to aid in overcoming these limitations
through NGS investigations of prokaryotic diversity. Specifically, we use 16S
rRNA sequencing to explore patterns of diversity stemming from studentdirected hypothesis development. This CURE addresses three learning
objectives: (1) it provides a forum for experimental design hypothesis
generation, (2) it introduces modern genomic tools through a hands-on
experience generating an NGS data-set, and (3) it provides students with
an introductory experience in bioinformatics.
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Introduction
One major challenge of STEM (Science, Technology, Engineering, and Mathematics) education is the
difficulty of pairing emerging technologies with educational experiences to form robust undergraduate
training curricula. In the biological sciences, next-generation sequencing (NGS) and the resulting
large-scale genetic data sets have transformed inquiry, allowing questions to be addressed that were
previously impossible due to resource and/or computational limits. However, the steep learning curve
associated with generating and analyzing NGS data presents a significant hurdle to integrating this
increasingly relevant skill set into undergraduate education. Attempts to bridge the gap between core
concepts and developing genomic technologies have been successful. For example, the Genomics
Education Partnership (Lopatto et al. 2008, 2014; Shaffer et al. 2010) integrates undergraduate students
into ongoing genomic research initiatives, thereby benefiting from the lack of need to develop projects
from the ground up. More targeted classroom approaches have also been developed including comparing sequencing technologies (Bowling, Zimmer, and Pyatt 2014), performing metagenome annotation
(Hingamp et al. 2008), assessing gene function (Chen et al. 2005), and characterizing bacteriophage
diversity (Hatfull et al. 2006). This diversity of classroom activities highlights the potential for further

CONTACT David W. Weisrock
dweis2@g.uky.edu
#
Authors contributed equally.
Supplemental data for this article can be accessed at https://doi.org/10.1080/00219266.2017.1357650.
© 2017 Royal Society of Biology

Downloaded by [128.163.237.36] at 07:09 07 August 2017

2

 S. HOTALING ET AL.

integration of NGS and genomics-based learning experiences into undergraduate education. However,
many existing exercises have limitations that reduce the overall scope of their training, including
not working directly with NGS data or requiring students to join a pre-existing project. Ultimately,
this limits student’s direct exposure to basic research skills (e.g. experimental design and molecular
techniques), and reduces student ownership of the inquiry direction.
Increasingly, we are beginning to understand the true scale and ubiquity of microbial diversity
in the world around us (Jurkowski, Reid, and Labov 2007; Bates et al. 2011; Gilbert, Jansson, and
Knight 2014). Our collective understanding of microorganisms has expanded through the development
of NGS technologies and now microorganisms needn’t be a cryptic component of the biodiversity
spectrum. Rather, through an NGS approach, prokaryotic diversity can be studied from multiple
perspectives in almost any environment. Published studies using these methods range from assessing
diversity of dog mouths (Elliott et al. 2005) and human belly buttons (Talmor and Barie 2011; Hulcr
et al. 2012), to quantification of the efficacy of hand-washing (Fierer et al. 2008), and resolving the
complexity of the human microbiome (Turnbaugh et al. 2007). Understanding prokaryotic diversity
using NGS technology provides a unique pedagogical opportunity to integrate hands-on research and
core scientific competencies (i.e. experimental design, hypothesis generation, laboratory skills) with
emerging technologies to strengthen undergraduate experiences in STEM education.
Here, we present a method for integrating NGS and bioinformatic education with core scientific competencies through a course-based undergraduate research experience (CURE) investigating
prokaryotic diversity. We outline a seven-week laboratory exercise that has been successfully integrated into a freshman Honors Biology course at the University of Kentucky (UK). The larger goal of
this semester-long course is to introduce students to many facets that underlie biological research by
participating in a variety of exercises, including the targeted CURE described here. This CURE can be
carried out at any educational institution with access to standard molecular laboratory equipment, a
modest budget to cover the costs of data generation, and the necessary computing resources. In this
essay, we aim to present an adaptable framework of this NGS-focused CURE, as well as perspective
for educators interested in implementing it in their own classroom. We discuss the goals and learning
objectives, outline experimental background and methodology, provide example results, and describe
the challenges we encountered as well as strategies for overcoming them.

Methods
This CURE was developed as part of a semester-long freshmen course focused on introducing students
to current bioscience research through a variety of exercises and hands-on research experience. We had
three primary learning goals: (1) provide a forum for developing hypothesis generation and experimental design skills, (2) introduce modern genomic research through a hands-on experience generating
an NGS data-set, and (3) give students an introduction to bioinformatics. We chose explorations of
prokaryotic diversity, and specifically the sequencing of the 16S ribosomal RNA (16S rRNA) gene, as
our focus for three reasons. First, the 16S rRNA gene contains highly conserved primer annealing sites,
meaning it’s possible to use the polymerase chain reaction (PCR) to amplify portions of this gene from
nearly all species of bacteria and archaea. Second, we could employ standard primers to target a more
variable interior portion of the 16S rRNA (the V4 region), which allows for classification of prokaryotic
diversity across taxonomic scales based upon sequence similarity. Third, because the V4 region of the
16S rRNA gene is a standard genetic marker for classifying prokaryotic diversity (Muyzer, De Waal,
and Uitterlinden 1993), an array of already developed analytical toolkits (e.g. Caporaso et al. 2010)
and publicly available reference databases of this gene exist (e.g. Greengenes, DeSantis et al. 2006).
This CURE is also highly flexible, both in terms of the chosen project and supplementary activities
and lectures, allowing instructors to tailor the activity to their audience, student learning objectives,
and curriculum. Over seven lab periods (14 classroom hours), we expanded on earlier classroom discussions of experimental design and hypothesis generation, discussed relevance of NGS (or similarly
large data sets) to both biological and medical research applications, and arranged for students to visit
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the UK core sequencing facility (Figure 1). Specific weekly objectives and activities are described in
detail below and a complete set of protocols and handouts, a week-to-week schedule, an equipment list,
an instructor’s guide with bioinformatic details, survey questions, and a general budget are included
in Supporting Material.

Figure 1. A week-to-week flowchart for the implementation of a course-based undergraduate research experience using next
generation sequencing and bioinformatic tools to investigate prokaryotic diversity.
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Week 1: experimental design
Hypothesis development and experimental design are essential components of scientific inquiry;
yet, they are nuanced skills that take time and iterative practice to develop. Activities that challenge
students to develop alternative hypotheses are necessary for continued growth, especially if they are
planning to pursue careers in STEM fields. Prior to beginning the CURE, we introduced hypothesis
development using a laboratory exercise that guides students in testing hypotheses about why termites
follow lines drawn with specific brands of ink pens (Matthews and Matthews 2012). This is a commonly used exercise that sharpens student’s skills in making observations and translating them into
experimental designs for hypothesis testing. Following this early-semester exercise, we gave students
an overview of prokaryotic diversity, NGS technologies, and 16S rRNA sequencing, then challenged
them to develop their own hypotheses of how prokaryotic diversity may be distributed on the UK
campus. Students worked in small groups (~five students per group) and collaborated to develop and
submit a hypothesis (with brief justification and a basic experimental design) to the class. As a class,
we reviewed these hypotheses and discussed potential experimental issues and alternative hypotheses that could explain results we may find. The class then voted to select the final project, and the
instructors provided input to increase the scientific rigor of the project (e.g. through the inclusion of
negative controls and replication).
In our first implementation of this CURE in 2014, the class chose to assess how frequency of bathroom use in six buildings on the UK campus affected prokaryotic diversity. Students hypothesised
that higher visitor use would correlate with higher diversity. For instance, heavily trafficked locations
(e.g. the UK William T. Young Library) were predicted to contain higher levels of prokaryotic diversity
versus less frequented locations (e.g. a student’s dorm room). Secondary factors were also explored,
including gender and sampled surface (sink, faucet or door handle). In 2015, the focus shifted to
prokaryotic diversity of the climbing wall at the UK Johnson Recreation Center. In that iteration, students compared prokaryotic diversity across three treatments: climbing route difficulty (easy, medium,
or hard), route height (low, middle, high), and hold type (foot or hand). Students hypothesised that
the greatest diversity would be seen on low-height hand holds on the easiest routes as they expected
climber hands to be more diverse than shoes and the lowest portions of the easiest routes to see the
greatest number of hands touching them. In 2016, students addressed prokaryotic diversity of elevator
buttons across the UK campus with two hypotheses centered upon traffic (i.e. higher-use buildings
will have greater elevator prokaryotic diversity) and elevation (i.e. buttons for higher floors will be
used less and therefore will have lower prokaryotic diversity).
Week 2: sampling and DNA extraction
In all years, the experimental design was complex with sampling carried out by multiple laboratory
sections. Consequently, a divide-and-conquer strategy was employed where sections divided into
their smaller working groups and each group focused on a different set of samples. Students worked
together to perform tasks on their assigned samples and were encouraged to collaborate to troubleshoot issues. Throughout the CURE, students were required to record details and observations (e.g.
mistakes or protocol changes) associated with the project either in a hard-copy or digital notebook.
Students later referenced their notes to assist in writing reports.
During the laboratory period, students sampled their assigned campus locations. Prior to sampling, instructors gave a brief introduction to proper, sterile sampling technique. Instructors also
accompanied groups and assisted with sampling as students followed a prepared protocol (included
in Supporting Material). For each ‘field’ negative, a sampling swab was opened in the sampling environment and immediately placed back into its collection tube without contacting any surface. These
controls provided a means for separating handling contamination associated with laboratory work
from true prokaryotic diversity. After sampling, students followed a DNA extraction protocol (included
in Supporting Material). Extracted DNA was stored at 4 °C until the following week.
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Week 3: PCR amplification
In Week 3, students amplified the targeted V4 region of the 16S rRNA gene following the direct-toPCR method outlined in Flores, Henley, and Fierer (2012) and modified for the course (Supporting
Material). PCR reactions for each sample were prepared in duplicate in case one reaction failed. If
the sampling design or course structure allows, different sections or working groups can replicate the
same experimental design, thereby providing an alternative approach to PCR replication. At the start
of the laboratory period, we reviewed the mechanics of PCR, with specific review of relevant points
(e.g. why different indexed primer combinations were being used for each treatment).
To amplify the target region, we used the 515f/806r PCR primer sets developed for the Earth
Microbiome project (Gilbert, Jansson, and Knight 2014) and described in Bates et al. (2011). These
primers also add unique sequence indexes (‘barcodes’) to their amplified fragments, permitting PCR
amplicons from different samples to be sequenced in parallel and then computationally sorted (i.e.
‘demultiplexed’) after sequencing. The primers also include adapters specific to the Illumina sequencing
technology being used making the student-prepared samples ready for sequencing without the need
for any additional molecular steps.
Week 4: gel electrophoresis
Next, students performed gel electrophoresis to confirm successful amplification of the 16S rRNA V4
gene region. Before running their own gels, students were led through the process of preparing a gel,
and participated in a general discussion of the concepts underlying the electrophoretic separation of
molecules. Next, we provided students with a test gel to practice loading a solution of loading buffer
and water prior to working with their PCR product. In the event of PCR failure, an additional week
can be used to give instructors (or students) additional time to mitigate issues and/or re-do PCR reactions as needed. In 2014, we took advantage of this flexibility when several PCR issues arose. After the
gels finished running, students evaluated photographs of their gels, discussed what issues may have
occurred, and identified any additional PCR reactions that needed to be performed.
After confirmation of successful PCR reactions, students moved on to the sequencing portion of
the experience. For instructors, it is important to discuss sequencing library preparation details and
delivery with the center performing the sequencing well in advance of Week 4. At UK, we incorporated
delivery of our barcoded sequencing libraries with a visit to the UK Advanced Genetic Technologies
Center (AGTC) so students could see NGS machines in person and meet technicians. Individual
libraries were pooled by AGTC technicians and sequenced on an Illumina MiSeq with 250 basepair
(bp) paired-end chemistry; meaning that for each amplified fragment, a 250 bp sequence read was
generated starting from each end of the fragment (called the ‘forward’ and ‘reverse’ reads, respectively).
In the first two years, we generated approximately 10 million paired-end reads but this was scaled back
to ~2 million paired-end reads in 2016 as rarefaction curves indicated that we were sequencing more
than was necessary to characterise prokaryotic diversity in our samples (e.g. Figure 2). Additional
details regarding the equipment and materials needed for DNA extraction, PCR amplification, and
gel electrophoresis are included in Supplementary Tables S1–2.
Weeks 5: bioinformatics—part 1
The most challenging component of this CURE is the organisation of sequencing data and bioinformatic analyses. For instructors, an introductory understanding of bioinformatic tools is sufficient, but
greater experience will provide more opportunities to explore the data and troubleshoot student issues.
One benefit of this CURE is that all required software is freely available. For the bulk of analyses, we
used the Quantitative Insights Into Microbial Ecology package (QIIME; https://qiime.org; Caporaso
et al. 2010) – a collection of pre-written and packaged computational tools. QIIME is well documented,
with an online manual that includes overviews of each script, and thorough tutorials detailing how to
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Figure 2. Visualizations of prokaryotic diversity results from the 2014 and 2015 iterations of a course-based undergraduate research
experience in next-generation sequencing and bioinformatics. (A) Histogram plot of prokaryotic phyla from the 2015 study of climbing
holds on the University of Kentucky rock climbing wall. Treatments included climbing difficulty (E = easy, M = moderate, D = difficult)
and elevation (low, medium, high). Bars represent one treatment and proportions are the percentage of total reads color-coded by
phyla. Clean refers to a washed hold that had not been placed on the wall, which was included to represent the baseline prokaryotic
diversity of holds given a standard cleaning solution. Only phyla present at 1% or greater frequency are included, therefore bars
vary in height, depending upon how many sub-1% phyla were discovered. (B) A rarefaction curve of alpha diversity (measured via
the Shannon diversity metric) versus number of sequence reads per treatment for the 2014 study of building bathrooms across the
UK campus. (C) Principal coordinates analysis (PCoA) plot of 2014 samples, colored by building. While PCoA plots appear static in
this representation, they are interactive when generated and can be rotated, scaled, or modified in many ways to allow for student
exploration of the results.

conduct analyses using example data included with the program source code. Example analyses that
can be implemented include identifying operational taxonomic units (OTUs), calculating diversity
statistics, and generating a variety of output plots. We note that while we elected to use QIIME, other
tools for analyzing 16S rRNA gene sequences are available and equally popular, including mothur
(Schloss et al. 2009; https://mothur.org), which has a graphical user interface that can be accessed
through the Galaxy web server (Blankenberg et al. 2010; https://usegalaxy.org/). This may serve as an
alternative method of data analysis for those who prefer to avoid command-line computation in the
classroom. For additional details of bioinformatics related to this CURE, a more detailed discussion
of the programs used (including specific commands) is included in Supporting Material.
For the students, an initial, but surmountable hurdle can be adapting to the use of a command-line
computational environment through a terminal to analyze a large amount of data in an automated
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fashion. As a first step in data exploration, and to acquaint students with the command-line environment, the students merged overlapping forward and reverse sequence reads to create one consensus
sequence for each fragment of amplified DNA using the program FLASH (Magoč and Salzberg 2011).
Next, the students filtered reads to remove those that fell below a specific quality threshold using the
FASTX-Toolkit (Hannon 2010).
After this initial processing of the data, students moved on to linking their sequence data with
specific prokaryotic taxa. To do this, each student selected a single processed sequence and searched
for its closest match using NCBI BLAST (Johnson et al. 2008), an online tool for comparing an
unknown DNA sequence against a curated repository. This activity served two primary functions:
first, it solidified student understanding that each DNA sequence they recovered is from a specific
organism, and second, it revealed an important computational dilemma. That is, this single-sequence
approach is highly effective for learning about prokaryotic diversity for individual sequences, but how
do we efficiently characterise the diversity of the full data-set containing millions of sequences? This
question highlighted the need for bioinformatic tools, and specifically the QIIME pipeline, which is
the focus of Week 6.
Week 6: bioinformatics—part 2
In the second bioinformatics week, students worked through the QIIME pipeline using a prepared
protocol (Supporting Material). Students first assigned sequences to OTUs (a proxy for a taxonomic
group based upon levels of similarity to a known and identified database sequence) using a default
threshold of 97% similarity between sequences to form a unique OTU. Next, students generated a
number of output summaries and plots (e.g. Figures 2, S1–2) and calculated two common metrics for
measuring biodiversity, alpha and beta diversity. Alpha diversity is the total diversity within a given
treatment or site whereas beta diversity is the difference in total diversity between treatments or sites.
When completed, the class walked through an instructor-led discussion of the various results they
had generated. The goal of this discussion was to prime students for more independent exploration
of the data in Week 7.
Week 7: bioinformatics—part 3
In the final week of the CURE, students continued their analyses of the data by moving beyond specific
tasks to an open-ended opportunity to test hypotheses and interpret their results. Specifically, instructors drew student attention back to their original hypotheses and had them interpret their findings in
the context of how their results supported their original expectations, building off the QIIME analyses
they had begun in Week 6. To provide students with exposure to common statistical methods for
assessing their results, we gave them free reign to edit their QIIME ‘mapping file’ (a control file which
specifies which samples belong to which treatments) and the required information to carry out an
‘Analysis of Similarity’ (or ANOSIM) for beta diversity between the categories they defined. This step
not only allowed students to test their original hypotheses (and any other hypotheses they were curious
about), it also opened the door to statistical discussions regarding the interpretation of P-values and
their relationship to a null hypothesis, as well as other statistical approaches for comparing multiple
groups. For these analyses, the null hypothesis was always the same: that the microbial communities
of the defined groupings are not different from one another. With additional classroom time, the
interpretation component of this CURE could be greatly extended to include more robust statistical
inquiry, a writing assignment, student presentations, or some combination of all three.
Assessing student learning
At the conclusion of each iteration of this CURE, we relied on student comments from teacher course
evaluations and in-class discussions to assess perceptions of the activity and identify areas for future
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improvement. In 2015 and 2016 we supplemented these informal discussions with pre- and post-course
surveys, administered in the first (pre-course) and last (post-course) weeks of the semester. These
surveys were designed to quantify how perceptions had changed over the semester and directly assess
learning objective outcomes. This dual approach gave students an opportunity to provide feedback
both in-person and anonymously. While much of the pre- and post-course surveys focused on overall
course learning objectives, student career aspirations, and previous experience, several questions were
directly related to the CURE experience. Students were encouraged to complete both surveys, however
actual student response rate varied in pre- and post-course surveys. The exact survey questions used
are provided in Supporting Material.

Results
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Selected experimental results
In all years, we generated ample sequence data (e.g. ~2–10 million 250 bp paired-end reads) to illuminate the scale of prokaryotic diversity in student samples and to showcase the power of bioinformatic
tools for addressing research objectives in an automated way. Here, we present selected results for 2014
and 2015 with additional discussion, interpretation, and results included in Supporting Material. In
2015, we identified 16 prokaryotic phyla each representing 1% or more of the total reads in any given
sample from the UK climbing wall (Figure 2(A)). The climbing wall was dominated by gram-negative
Proteobacteria and Bacteriodetes; an expected result given the wide diversity of each phyla worldwide and their common association with humans. For 2014, rarefaction curves of samples grouped
by location showed that once 10,000 reads are sampled from a location, much of the prokaryotic
diversity had already been discovered, and this result directly informed the reduction in sequencing
effort that we implemented in 2016 (Figure 2(B)). A principal coordinates plot of beta diversity from
the 2014 data revealed that samples from some buildings clustered together (e.g. W.T. Young Library),
while samples from other buildings were more broadly distributed (e.g. Central Building; Figure
2(C)). Between years, we identified higher diversity across bathrooms at UK versus the climbing wall
(Figures S1–2; Tables S3–4).
Student learning
Overall students reported an increase in their knowledge of topics that were a focus of the CURE
(Table 1). Specifically, pre-course surveys revealed that greater than 50% (N = 96) of students
reported little to no general knowledge of PCR (57%), genomics (77%), bioinformatics (91%), statistics (56%), and primary literature (65%; Table 1). When compared to student reported knowledge
Table 1. Student-reported knowledge of topics relevant to the course-based undergraduate research experience described in this
essay. Data are from pre- (N = 96) and post-course (N = 74) surveys conducted in 2015 and 2016.
Topic
Pre-course
Bioinformatics
Primary literature
Statistics
Genomics
PCR
Post-course
Bioinformatics
Primary literature
Statistics
Genomics
PCR

None (%)
47.9
15.8
27.1
18.9
17.7
2.7
0%
1.4%
1.4%
1.4%

Slight (%)

Moderate (%)

Great (%)

43.8
50.5
29.2
57.9
39.6

8.3
29.5
32.3
22.1
33.3

0
4.2
11.5
1.1
9.4

24.7
10.8%
43.2%
19.4%
11.0%

32.9
33.8%
35.1%
20.8%
32.9%

39.7
55.4%
20.3%
58.3%
54.8%

Note: In pre-course surveys students were asked to rate their knowledge of topics, whereas in post-course survey students were
asked to rate their knowledge improvement. The highest value for each topic is in bold.
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gained in post-course surveys (N = 74), the greatest area of improvement (i.e. moderate or great
improvement) was seen in bioinformatics (63%), genomics (54%), and PCR (44%). Students also
reported moderate or great improvement in their knowledge of experimental design (19%), use of
molecular lab equipment (66%), communicating science (20%), and statistics (33%). In 2014, student
comments on teacher course evaluations revealed similar patterns of limited previous knowledge
and experience, as well as knowledge gained from the experience. In 2015, student comments
revealed an overall lack of understanding of how NGS could be applied to other research questions,
with students reporting the need for more descriptive background and explanation of the methods
and techniques in a broader context. In 2016, students expressed interest in continuing with data
analysis via more targeted discussions of statistical analyses to more robustly assess their findings.
Aside from CURE-specific questions, students primarily reported their career aspirations as a path
within the medical field. Students also reported a fair amount of prior experience, and some degree
of comfort with basic laboratory skills, likely stemming from high school science courses. These
past experiences may have also contributed to students identifying a number of relevant skills
that a biologist would be expected to have, including strong observational, problem solving, and
communication skills.
From a qualitative perspective, specific student responses highlighted PCR and pipetting as specific
skills they felt more comfortable with after the experience. They also highlighted how the 16S rRNA
project helped them to better understand how an experiment is designed and carried out, and they
noted that it improved their ability to communicate scientific information. Finally, students provided
feedback on the experience as a whole, suggesting that it was a good combination of independent and
collaborative work, that they learned from the challenge of using statistics to test hypotheses, and that
the experience would apply to future activities outside of the classroom. Specific qualitative responses
for questions directly related to the CURE are included in Table 2.

Table 2. Select survey questions and student comments from the 2015 and 2016 CURE iterations.
Question 3. Please provide a specific example of a topic that you moderately or greatly improved upon
‘Understanding the process of PCR’
‘This class improved my skills with molecular equipment, especially with PCR and pipetting skills’
‘I greatly improved in the analysis of data. It was quite exciting to take raw data and generate information that actually means
something’
Question 7. Please provide a specific example of a topic that you moderately or greatly improved on due to participation in the 16s
rRNA project
‘The 16s project gave me valuable insight into the process of starting a research project and seeing it through to completion’
‘I definitely improved on my laboratory technique. I had never actually done PCR, gel electrophoresis, or used a micropipette.
Now I feel fully capable of utilizing any of those techniques’
‘I greatly improved in my ability to communicate scientific data and research via written reports, specifically in our final 16S rRNA
papers that thoroughly went into detail and described our methods and results’
Question 9. Please provide any feedback about the 16s RNA project
‘It was a good combination of independent and group work. It was informative and interesting and increased my knowledge
and skills in the lab’
‘Letting us design an experiment made it interesting and helped in understanding. The data analysis sections got a bit fuzzy.
I [have] never taken stats, so I did not always know what statistical tests to use. Also, I thought the command line work was
really awesome, but there were times where I [was unsure] about what was going on’
‘From what we learned in class, I feel that I didn’t really understand the statistics, where they came from, and what they meant. I
would have liked to learn more about that’
‘Overall, I thought it was an excellent and very practical project. It taught necessary lab skills and molecular concepts within the
context of a real-world situation’
Notes: Anonymous student comments from teaching evaluations and pre- and post-course surveys were used as qualitative measures to assess prior student experience and comfort with various topics that were a focus of the course overall. These surveys
were designed to indicate how perceptions had changed over the semester and directly assess learning objective outcomes, as
well as perceptions of the CURE. We used this feedback to identify areas for future improvement. Modifications to the CURE were
made for the 2016 implementation in response to the feedback gathered from students in 2015. Pre- and post-course surveys are
provided in Supplementary Material.
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Discussion
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Next-generation sequencing technology has rapidly become vital to biological research. However, the
steep learning curve and specific molecular techniques required to generate NGS data has limited
its inclusion in undergraduate education. This gap between modern genomic tools and the ability of
educators to properly integrate them into undergraduate curricula is a pressing issue in STEM education. The research experience described here, which uses NGS and bioinformatic tools to explore
prokaryotic diversity can help ameliorate this issue, while students simultaneously gain relevant laboratory and analytical skills. This CURE also provides a forum for introducing students to modern
genomic-scale data and the associated molecular skills required to generate them. During the CURE,
students extracted DNA, performed PCR to amplify a gene region of interest, ran gels to confirm PCR
success, prepared libraries for NGS, and analyzed their data through specific bioinformatic scripts in
a command-line computational environment. For the vast majority of students, the computational
component of the experience is entirely novel and having this exposure greatly improves their understanding of how bioinformatics and modern genomics research is conducted.
Student learning and experimental results
Course evaluations and student surveys reported positive feedback regarding the experience as a
whole (Table 2). Student comments from the first year (2014) indicated that although they found the
activity challenging, it increased their knowledge of the process of scientific research, and enhanced
their planning and problem solving skills. The 2015 and 2016 surveys supported this with students
reporting the greatest knowledge improvement in bioinformatics, genomics, and PCR (Tables 1–2).
Student comments in 2015 revealed a general lack of understanding of how the methods and
techniques employed during the CURE could be applied to other questions in biology. We aimed to
address this in 2016 through additional classroom and laboratory discussion. We also adapted the
Week 7 protocol to include student-directed statistical explorations of the data. This change provided
opportunities for discussion of other hypotheses that could be tested with the data, additional statistical analyses that could be employed, and how future experiments could be designed to further the
research. These changes were well-received as student comments in 2016 generally affirmed a more
thorough grasp of the methods and techniques (Table 2). Moreover, in 2016, students overwhelmingly
expressed a desire to continue with data analysis via broader use of statistical analyses. However,
because the levels of assessment we used were subjective (e.g. ‘slight’ vs. ‘moderate’ levels of improvement), it is difficult to ascertain how much of this lack of statistical knowledge was due to true lack of
statistical understanding versus increased exposure to a more realistic scale of how statistics are used
in biological inquiry. To this end, despite actual gains in statistical knowledge, students may still feel
more uncertain about their use after the CURE versus their pre-CURE perspective.
Regardless of CURE iteration, our experimental results supported one general theme: a lack of
treatment-specific differences. In many ways, this should be expected given that in 2014 and 2016,
students targeted hard surfaces that are likely cleaned regularly with disinfecting chemicals. And, in
2015, students focused on climbing holds, which are washed in a specific bath when routes are changed
to clean them of shoe rubber, chalk, and other dirt, likely biasing prokaryotic communities toward
similarity in the process. The takeaway for instructors planning to implement this CURE is to be prepared for a lack of variation across samples. In our experience, this lack of clear results actually provides
an avenue for student-directed creativity and discussion, where students could speculate why a slight
trend may be present or why differences between sets of samples (or across the experiment as a whole)
were not observed. This type of result also provides a prompt for reiterating the importance of a null
hypothesis – in this case, that there is no variation in prokaryotic diversity between treatments – and
why it’s important that we only reject the null when statistical evidence rises to a specific confidence
level. Given the lack of student-reported improvement in statistics from this project, this statistical
discussion may be an arena for future instructors to develop their own added focus to supplement
this existing CURE framework.
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Mitigating challenges
Given the novelty of this CURE – and especially the molecular and computational foci – a number
of challenges were encountered. A primary difficulty involved the learning and application of bioinformatic tools with novices in a short time span. Students typically begin with no knowledge of command-line computation or bioinformatics. To account for this, we developed detailed instructions that
walked students through the computational steps in a small group setting with instructors on hand to
troubleshoot issues in real-time. In addition, we simplified some analytical aspects during Weeks 5–7
to ensure their successful implementation and limit problems. This was done in three ways. First, in
Weeks 5 and 6 students worked with sequences from only one or a subset of the treatments, thereby
limiting the complexity of scripts they needed to execute. Second, comprehensive analysis of the full
data-set in Week 7 required more computational time than was available in a two-hour laboratory
setting. To alleviate this, instructors performed some analysis steps (e.g. OTU assignment) on the full
data-set prior to class and provided students with the resulting files. We highly recommend instructors employ a similar approach of working through analyses in advance and having results of each
stage available for students that encounter difficulty. Finally, our implementations of this experience
benefited from the use of MacBook Pro laptops, which provided a uniform computational platform.
The other significant challenge was a methodological one. During each iteration of this CURE,
we aimed to generate data that robustly reflected prokaryotic diversity of the sampled environments.
However, fully controlling for contamination in a classroom exercise can be challenging (and likely
impossible), even with negative controls built into the experimental design. Contamination in prokaryotic sequencing experiments is common [see Salter et al. (2014)], and particularly so for a classroom
of inexperienced undergraduates doing environmental sampling and molecular work for the first time.
In all years, we have seen amplification of PCR negative controls and instructors should expect this
to occur. Rather than spend extensive time trying to limit PCR contamination, we instead perform
PCR of negative control samples with uniquely indexed primers and sequence these products, thereby
providing an opportunity for students to see what specific contaminants were present and how similar
or different they are from the treatment data. Further mitigation of contamination could come from
more classroom personnel and/or smaller working groups, paired with more specialised equipment
(e.g. access to a laminar-flow hood).

Conclusion
Our implementation of a CURE using NGS of prokaryotic diversity to educate undergraduates in modern genomic and bioinformatic tools has been overwhelmingly positive. With a modest investment of
resources and basic knowledge of bioinformatics, instructors can adapt and integrate this experience to
their own timeframe and student learning goals, with extensive opportunities for additional research
directions if time and resources allow. Moreover, this CURE extends and diversifies previous efforts
to incorporate new sequence technologies and bioinformatics into undergraduate education (e.g. the
Genomic Education Partnership) by establishing a creative mechanism for students to design and
implement their own research project from start to finish.
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