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ABSTRACT

Sequencing and bioinformatics technologies have advanced rapidly in recent years, driven largely by developments in
next-generation sequencing (NGS) technology. Given the increasing importance of these advances, there is a growing need
to incorporate concepts and practices relating to NGS into undergraduate and high school science curricula. We believe that
direct access to sequencing and bioinformatics will improve the ability of students to understand the information obtained
through these increasingly ubiquitous research tools. In this commentary, we discuss approaches and challenges for
bringing NGS into the classroom based on our experiences in developing and running a microbiome project in high school
and undergraduate courses. We describe strategies for maximizing student engagement through establishing personal
relevance and utilizing an inquiry-based structure. Additionally, we address the practical issues of incorporating cutting
edge technologies into an established curriculum. Looking forward, we anticipate that NGS educational experiments will
become more commonplace as sequencing costs continue to decrease and the workflow becomes more user friendly.
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INTRODUCTION

In the past decade, next-generation sequencing (NGS) technolo-
gies have transformed sequencing from amethod practiced only
by experts in dedicated facilities to a general purpose research
tool available to researchers in a wide range of fields. The mat-
uration of NGS has driven an information boom in biology, con-
comitant with the development of new bioinformatics tools.
As NGS and bioinformatics become increasingly widespread,
these technologies are playing a growing role in fields such as
human health and microbiology (Shendure and Aiden 2012).
Thus, there is a need for students to gain familiarity with NGS
and bioinformatics as part of modern biological science educa-

tion. To address this need, novel NGS and bioinformatics edu-
cational experiments have recently been developed for under-
graduate classrooms and laboratories (Drew and Triplett 2008;
Makarevitch and Martinez-Vaz 2016).

Microbiology has greatly benefited fromadvances inNGS and
bioinformatics that allow for the rapid study of entire microbial
communities. The study of microbiomes is naturally engaging
to students because the topic is novel, has far-ranging implica-
tions and affects them on a personal level. In addition to these
merits, the topic of microbiomes represents an excellent vehi-
cle for bringing NGS into the classroom (Wang et al. 2015). In
this commentary, we discuss our experience in developing and
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implementing a ‘Microbiome Portrait’ laboratory module, which
we have piloted through our NIH SEPA-funded program ‘Bioin-
formatics Inquiry through Sequencing’ (BioSeq 2016). Ourmicro-
biome laboratory module has allowed us to introduce NGS and
bioinformatics to many high school and undergraduate class-
rooms. We believe that our experience may be informative to
others considering the implementation of similar experiments.

An overview of our Microbiome Portrait Experiment is pro-
vided in Table 1. In this laboratory-based experiment, students
investigate their own and their classmates’ microbiomes to ad-
dress the research question: ‘Is the makeup of the microbiome
influenced more strongly by individual or by body site?’ To find
the answer, students collect samples of microbes from two sites
on their bodies and prepare amplicons from the microbial 16S
ribosomal RNA genes for sequencing (Klindworth et al. 2013). Us-
ing results (relative abundance of identified microbes) from the
Illumina MiSeq metagenomic analysis workflow, students em-
ploy simple bioinformatics concepts (such as determining the
Jaccard index) to quantify the similarity between samples and
propose an answer to the research question. We run this ex-
periment in a ‘structured inquiry’ format, where the students
are given a research question but draw their own conclusions
from their data (while microbes exhibit body site preferences,
each person’s microbiome is unique, so the outcome of the ex-
periment is unknown in advance). Our major learning objec-
tives are for students to understand that microbiomes and their
host environments can influence one another and to under-
stand how these communities can be sampled and compared.
Student knowledge and attitudes are assessed pre- and post-
implementation to evaluate the effectiveness of our approach
and to identify areas that need improvement. Below, we discuss
the benefits of this topic and the experimental structure while
also addressing the difficulties of incorporating NGS and bioin-
formatics into the classroom.

ENGAGING STUDENTS THROUGH PERSONAL
MICROBIOMES

Topic selection and personal samples

Microbiomes provide an ideal topic for introducing NGS and
bioinformatics techniques and technologies. This topic is

easily accessible to students, and the ubiquity of microbiomes
allows the project’s focus to be suited to a range of classes or for
students to select the samples they find the most interesting.
We chose to focus our project on personal microbiomes to max-
imize students’ connection to their sample and discuss recent
research tying personal microbiomes to individual health.

In our experience, the efficacy of this module is increased by
allowing students to work with their own personal microbiome
samples. However, using personal samples for educational pur-
poses also raises a host of practical and ethical issues (Walt
et al. 2011; Callier 2012; Sanderson et al. 2013; LaBonte and Beers
2015; Garber, Hyland and Dasgupta 2016). Before undertaking
any lessons or experiments involving human-derived samples,
it is extremely important to communicate with the appropri-
ate institutional review board (IRB), which has jurisdiction over
human subjects research and can provide guidance in prioritiz-
ing student privacy and addressing health implications. We ob-
tained IRB approval for both the use of studentmicrobiome sam-
ples and the students’ participation in educational research. We
note that while human microbiome data are often not consid-
ered to be specific to a person, recent publications have demon-
strated that microbiomes may be used to uniquely identify indi-
viduals (Franzosa et al. 2015; Meadow et al. 2015).

In our implementation, we obtain student consent prior to
their participation, and students who wish to opt out of the
study can do so at any time. Students are assured that their
decision regarding consent will not affect their grade, and their
teacherwill not have access to their educational assessment test
or survey results. Studentswho decline to collect their own sam-
ples are provided third party samples as alternatives. We sup-
port student privacy throughout the experiment by anonymiz-
ing all sample identities and data with randomized codes. Af-
ter sequencing results are obtained, students receive their own
data back for analysis of their microbiome and, optionally, com-
parison with the microbiomes of their classmates. Throughout
the experiment, we emphasize several health disclaimers, in-
cluding (1) the mere detection of potentially pathogenic bac-
teria does not signify a health risk, and (2) data obtained in
an educational setting are not equivalent to a diagnostic re-
sult and cannot be considered health information. We also ex-
plore the limitations of interpreting data by discussing how
our computational sequence classification methods lack the

Table 1. Summary of the Microbiome Portrait Experiment as implemented by BioSeq.

Overview of the microbiome experimental module

Outline of the experiment Specific activities performed by students

Background. Introductory lessons give context and motivate the experiment.
Students use a research question that is provided to them.

� Survey current literature on microbiomes, including
popular science articles
� Discuss research questions and hypothesis

Sample preparation. The laboratory workflow engages students through
hands-on experiences. Students can perform all aspects of the procedure
until the final library preparation and loading the sequencer. Students see
these final steps via a laboratory visit or video.

� Collect samples and extract DNA
� Perform PCR for targeted amplification of 16S region
� Clean-up and check PCR product
� Use indexing PCR to attach adapters and indexes
� Perform second PCR clean-up and quantification

Data analysis. Data are preprocessed for student analysis. Complexity of the
analysis depends on the depth of bioinformatics desired for the course.

� Use automated primary/secondary analysis tools
� Analyze similarities among samples
� Propose answers to the original research questions
� Present results to classmates
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resolution to distinguish pathogenic from harmless bacterial
strains, and we stress that this fact helps to explain disclaimer
(1) above.

Benefits of inquiry-based design

The study of microbiomes lends itself well to inquiry-based
projects. Inquiry-based learning uses open-ended questions or
scenarios to provide students with a glimpse of genuine re-
search, while also providing enough direction and structure to
focus their learning (Hofstein and Lunetta 2004; Blanchard et al.
2010; Puttick, Drayton and Cohen 2015). Inquiry-based microbi-
ology experiments have been reported for a wide range of topics
selected to enhance student engagement, including beer brew-
ing (Sato et al. 2015), oral hygiene (Geiger-Thornsberry 2016) and
endophytes from rainforest plants (Strobel and Strobel 2007). In-
quiry projects provide ample opportunities for hands-on experi-
ences and self-direction,while allowing the level of support to be
tailored to the needs of a particular class. This project could also
be run as an ‘open inquiry’ experiment by having students pose
their own questions and sample the microbiomes necessary to
answer that question. For example, a student may ask, ‘Can the
microbiome onmy phone be identified asmine?’ (Lax et al. 2015).
Becausemicrobiomes are a newarea of research, it is possible for
students to ask many questions that lack well-defined answers.
Nonetheless, the processing workflow for microbiome samples
is well established (Illumina 2014), allowing students to focus on
designing questions and analyzing data without pioneering new
techniques.

COST CONSIDERATIONS FOR NGS
TECHNOLOGY

The greatest impediment to educational use of NGS remains
cost. A typical sequencing run for a microbiome experiment
with an Illumina MiSeq System will handle 100–200 samples. In
our experience, 96 samples represent a reasonable upper limit
based on typical classroom size and convenience of processing
in 96-well plates. On this basis, the total cost of our typical ex-
periment was approximately $4000 (roughly $3000 for consum-
ables, $500 for equipment operational costs and $500 for techni-
cian time). This total excludes the capital expense of equipping
an NGS lab, which despite the continued decrease in equipment
costs may be prohibitive for teaching labs (the Illumina MiSeq
currently costs over $100 000). However, as NGS has grown in
popularity, so have opportunities for accessing this technology.
We encourage educators interested in incorporating NGS into
their teaching to collaborate with colleagues who have access
to the technology. It should be noted that the per sample cost
is expected to come down as sequencing costs decrease and as
more samples can be run per lane.

CONCLUSION

Laboratory experiences involving personal microbiomes repre-
sent an excellent opportunity to make NGS and bioinformatics
part of modern science education. The relatively high cost of se-
quencing has traditionally discouraged its use in the classroom,
but it is now increasingly feasible to obtain access to NGS tech-
nology and design experiments with a relatively low per sample
cost. In this era of high-throughput technologies, there aremany
similar examples of high capital cost, centralized instrumenta-
tion that is typically inaccessible to students. We believe our

model can be extended to many of these high-cost instruments
(e.g. flow cytometers, mass spectrometers, computing clusters)
for use in inquiry-based educational experiences.
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