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INTRODUCTION

Researchers in life science disciplines are increasingly
addressing biological questions using high-throughput sequencing
(HTS) of nucleic acids. While technological advancements and
reduced costs enable accessibility, many early career biologists
lack familiarization with creating, handling, and analyzing large
sequencing data sets (I). To help mitigate this barrier; academic
institutions now offer classes that include HTS concepts
and techniques, where students learn basic molecular biology
skills, sequencing technologies, bioinformatics, and/or data
analyses (2).

One of the most common applications of HTS is meta-
amplicon sequencing of microbiomes—the assemblage of pro-
karyotes, fungi, and other microscopic eukaryotes associated
with a particular environment. Meta-amplicon sequencing is
ideal for HTS teaching experiences because it offers students
greater hands-on opportunities than genome sequencing, it is
generally more cost efficient than transcriptomics, and open
source bioinformatic pipelines are available for data analysis.
Here, we advocate that analysis of the microbiome of sourdough
starters is effective for teaching HTS meta-amplicon sequencing,
expanding student knowledge regarding contributions of microbes
to everyday lives, and generating data that advance the under-
standing of sourdough microbiome community structure.
Sourdough starters comprise flour, water or milk, and a
consortium of “wild” microbes used to leaven bread via
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CO, production (3). These consortia are relatively simple
communities, containing only a few fungal and prokaryote
members, offering two key advantages: (i) small data sets to
facilitate analysis and (ii) easy identification of contaminants
and sequencing errors. Nutrient source, storage, and geo-
graphic regions contribute to differences in microbial compo-
sition among starters (4, 5), allowing students to apply bioin-
formatics and statistics to analyze these differences. VWe have
incorporated HTS meta-amplicon sequencing of sourdough
microbiomes in an upper-level microbiology class at the
University of Tennessee, Knoxville (UTK), where students
carry out the entire HTS meta-amplicon process. The class
has been held twice, with a total of 14 senior-level undergradu-
ate and graduate students from different backgrounds, includ-
ing life and agricultural sciences.

The workflow for 16S/ITS meta-amplicon sequencing fol-
lows the lllumina 16S Metagenomic Library Preparation pro-
tocol for lllumina MiSeq and contains 4 steps: library preparation,
sequencing, bioinformatics, and analysis. Library preparation
involves DNA extraction and a two-step polymerase chain-
reaction (PCR) indexing method with two post-PCR purifica-
tion steps. Following sequencing, FASTQ files are run through a
bioinformatic pipeline, using students’ personal computers or
campus computer labs.

SAFETY ISSUES

Students and instructors wear lab coats and nitrile gloves
during laboratory procedures: gloves prevent contamination
of samples; lab coats are standard protocol for microbiology
labs. Ethidium bromide (EtBr) is used during gel electrophore-
sis; EtBr is mutagenic and can cause severe skin, eye, and lung
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FIG I. Outline of the lab work used in the high-throughput sequencing (HTS) class, which closely follows the lllumina 16S Metagenomic

Library Preparation protocol.

irritation. To minimize contact, a staining box with diluted EtBr, M
rather than adding concentrated EtBr directly to gels, is used.
Alternative nucleic acid stains (e.g, Midori Green) could be
used to mitigate this risk.

August 2022 Volume 23 Issue 2

ETHODS

Forty-one sourdough starter samples were solicited from

UTK representatives. Samples were stored at —20°C until use,
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Learning
Outcomes

Tips to Enhance
Student Learning

Done automatically by the UT
Genomics Core MiSeq, but not by
all sequencing instruments, so this

may need to be performed first.

Describe the concepts of
separating samples by
indexes/barcodes.
Identify the segments of DNA
that make up a sequencing
read product, including initial
PCR primers.

Discuss the expected length with
students so they know if they
have done this step correctly.

Discuss where and why quality
decreases and how decisions made
here will influence all downstream

processes.

Assess quality of
sequencing product.

Discuss the expected length with
students so they know if they have
done this step correctly.

Discuss the importance of
sufficient overlap in forward
and reverse sequences.

Discuss what chimeras are, how
they can arise, how they are
identified, and why they should be
removed.

Describe chimeras and how
to remove them from the
samples.

Silva is the current preferred
database for 16S bacterial
analysis and is easily accessible to
students.

Compare and contrast different
databases used to assign
taxonomy to OTUs/ASVs.

Discuss the importance of
removing singletons,
mitochondrial sequences and any
specific additional filtering from
the dataset.

Discuss how to deal with
contamination and rare
species.

Examples include & and 8
diversities, compositional
visualizations, and hypothesis
testing of research questions.

Compare and contrast different
types of statistical analyses to
address project-specific
questions.

Encourage students to provide
each other with positive,
constructive feedback.

lllustrate results in a short
PowerPoint presentation and
discussion amongst class.

Summarize results in a short
paper, incorporating comments
from the presentations, with
heavy emphasis on the methods.

Having students turn in a rough draft
of this paper as a homework
assignment allows students to make
edits and have more accountability.

FIG 2. Outline of Bioinformatic steps used in the high-throughput sequencing class. Major hinderances include the wide range of
computational experience and variety of operating systems. In Step 6, OTU refers to operational taxonomic unit, while ASV refers to
amplicon sequencing variant, both of which are ways of clustering sequence variants.

and metadata, such as flour type and starter age, were
recorded. To compare between students and a more experi-
enced user, the instructor replicated every sample in parallel.
DNA was extracted using the DNeasy PowerSoil Kit
(Qiagen). Extracted DNA was amplified using fungal (ITS
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[6]) and prokaryotic (16S rRNA [7]) primers. Libraries
were prepared and sequenced on the lllumina MiSeq at
the UTK Genomics Core (Fig. ). Students included extraction
and PCR blanks consisting of water in the place of template.
ZymoBIOMICS Microbial Community Standard (Zymo
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TABLE |
Results of sourdough microbiome sequencing libraries from |4 students over two semesters
% reads detected in # SV not in instructor’s sample
Student Good/total” instructor’s pair" (potential cont:aminants)"’c
| 1/2 99.4 41.0
2 1/3 99.2 28.0
3 6/6 98.3 48.3
4 4/4 98.6 46.5
5 8/8 99.5 17.9
6 7/8 99.6 26.3
7 6/6 98.7 45.3
8 2/2 87.2 23.5
9 3/3 99.4 41.7
10 6/6 98.9 25.5
I 5/5 98.6 50.2
12 1/3 99.4 55.0
13 0/4 NA—sample mix-up NA
14 0/6 NA—amplifications failed NA

A sample was deemed “good” if 75% or more reads were detected in the instructor’s paired sample.

®Means are reported if the denominator of column two is greater than one.

SV refers to sequence variants, and the mean number of SV present in the student sample but absent from the instructor’s samples is
reported. Importantly, while students often had sequences not detected in the paired instructor sample, these constituted a small

proportion of total reads retained.

Research, Irvine, CA) served as a positive control for lab work
and bioinformatics.

Sequencing reads are automatically demultiplexed as they
are processed from the UTK MiSeq such that each student
receives their individual, respective sample sequences from the
pooled sequencing reaction. Students then use Cutadapt to
remove primer sequences before moving to an existing DADA2
bioinformatic pipeline (Steps 3-5, Fig. 2; Text Sl in the supple-
mental material) in R v4.0.3 (8, 9). R has gained popularity in data
science due to a large support community, highly customizable
syntax, open-source availability, ease of installation, and plethora
of available packages (10, Il). The RStudio IDE makes visualiza-
tions and code annotations easy for students to grasp and com-
prehend. After taxonomic identification of the resulting sequen-
ces is complete, students discuss the biological significance of
their results and are encouraged to develop their own hypothe-
ses for statistical analysis. Sequencing results are shared among
students for diversity analyses. This portion could be easily
expanded and incorporated into future classes focused on statis-
tical analyses of HTS data. Students visualize quality profiles of
sequencing reads to discuss the expected quality in HTS results.

Student experimental outcomes were evaluated by assess-
ing the similarities between student and instructor samples
(Table 1). Sequence contaminants associated with the instruc-
tor’s samples were removed using the “decontam” package in R
to create an idealized sample (12, |3). Sequence variants in stu-
dent samples absent from the instructor sample were flagged as
contaminants. A student sample was deemed “good” if >75% of
the reads matched reads in the instructor’s replicate. In 66 pairs
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of student—instructor samples, 10 samples, derived from 2 of 14
students, were dropped prior to the bioinformatic pipeline due
to lab work issues (mixing up labels or lab errors). Six samples
failed to meet the 75% match criterion, and 2 samples failed to
provide quality sequence reads for both instructor and student.
Of the 48 samples meeting the “good” criterion, the mean pro-
portion of reads shared with the instructor was 98%, indicating
most (12 of 14) students effectively captured the sourdough
starter microbiome of at least one of their samples. These 48
samples were used to assess o and [ diversity questions (Text
S1). Since molecular work often involves failed reactions, stu-
dents were not graded on accuracy of results, and trouble-
shooting of issues was discussed in class.

CONCLUSIONS

Sourdough starter microbiomes are an effective model
system for teaching meta-amplicon sequencing and analysis of
derived data. As these systems represent relatively low diversity
microbiomes, contaminants are readily identifiable, allowing for
easy assessment of student technical success. Furthermore, the
bioinformatic pipeline and data analyses can be completed rela-
tively quickly on personal laptops. Moreover, genetic variation
is evident in these populations, providing opportunities for stu-
dents to consider how seemingly subtle differences in nucleo-
tide composition results in significant differences in community
composition but not overall function. Students can easily relate
to the sourdough starter as a part of everyday life, and this
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connection facilitates hypothesis development and outcomes
interpretation of their microbiome sequencing projects.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

SUPPLEMENTAL FILE I, PDFfile, 1.1 MB.
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