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Abstract

Analyzing high-throughput DNA sequence data is a fundamental skill in modern biology. However, real and perceived
barriers such as massive file sizes, substantial computational requirements, and lack of instructor background knowledge
can discourage faculty from incorporating high-throughput sequence data into their courses. We developed a
straightforward and detailed tutorial that guides students through the analysis of RNA sequencing (RNA-seq) data using
Galaxy, a public web-based bioinformatics platform. The tutorial stretches over three laboratory periods (~8 hours) and

is appropriate for undergraduate molecular biology and genetics courses. Sequence files are imported into a student’s
Galaxy user account directly from the National Center for Biotechnology Information Sequence Read Archive (NCBI
SRA), eliminating the need for on-site file storage. Using Galaxy’s graphical user interface and a defined set of analysis
tools, students perform sequence quality assessment and trimming, map individual sequence reads to a genome, generate
a counts table, and carry out differential gene expression analysis. All of these steps are performed “in the cloud,” using
offsite computational infrastructure. The provided tutorial utilizes RNA-seq data from a published study focused on
nematode infection of Arabidopsis thaliana. Based on their analysis of the data, students are challenged to develop new
hypotheses about how plants respond to nematode parasitism. However, the workflow is flexible and can accommodate
alternative data sets from NCBI SRA or the instructor. Overall, this resource provides a simple introduction to the analysis
of “big data” in the undergraduate classroom, with limited prior background and infrastructure required for successful
implementation.
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Learning Goal(s) | Learning Objective(s)
Students will understand:
e Students will locate and download high-throughput sequence
* how high-throughput DNA sequence data are stored and retrieved. data and genome annotation files from publically available data
* how RNA sequencing (RNA-seq) data are analyzed using a repositories.
computational workflow, including the function(s) of each step in e Students will use Galaxy to create an automated computational
the workflow. workflow that performs sequence quality assessment, trimming,
¢ how analyzing RNA-seq data can generate biologically useful and mapping of RNA-seq data.
insights. e Students will analyze and interpret the outputs of RNA-seq analysis
programs.
e Students will identify a group of genes that is differentially
expressed between treatment and control samples, and interpret

the biological significance of this list of differentially expressed
genes.

CourseSource | www.coursesource.org 1 2019 | Volume 06



Tackling “Big Data” with Biology Undergrads: A Simple RNA-seq Data Analysis Tutorial Using Galaxy

INTRODUCTION

High-throughput DNA sequencing (also called next-
generation sequencing) was first described just over a decade
ago, with the development of 454 pyrosequencing technology
in 2005 (1). Since that first report, dozens of high-throughput
DNA sequencing chemistries have been developed, with
Illumina sequencing (2) emerging as the current dominant
platform (3). As sequence quality has increased and costs have
dramatically decreased, high-throughput DNA sequencing has
revolutionized almost every discipline within the biological
sciences, from plant breeding to microbial ecology to cancer
research (4-6).

RNA sequencing (RNA-seq) is a method that uses high-
throughput DNA sequencing to analyze global patterns of
gene expression. RNA isolated from biological samples is
converted to complementary DNA (cDNA) and subsequently
sequenced. Tens of millions of individual sequence reads
are typically generated from each sample, producing a
snapshot of the full transcriptome (7). RNA-seq data has
proven to be extremely valuable in genome annotation and
the characterization of alternative splicing events. In addition,
the comparison of multiple different RNA samples can identify
global changes in gene expression, leading to novel biological
hypotheses (7-9). However, analyses of RNA-seq data can be
challenging, given that each sequence file is typically several
gigabytes in size, and substantial computational infrastructure
is necessary to process such large files. In addition, scientists
trained prior to the high throughput sequencing “era” may
lack the background and experience necessary to comfortably
incorporate RNA-seq approaches into their teaching and
research (10).

Bioinformatics in general, and analyses of large DNA
sequence datasets in particular, are increasingly recognized
as essential components of modern undergraduate biology
curricula (11-12). Further, the ability to manipulate and
analyze “big data” is rapidly becoming a prerequisite for
students interested in pursuing graduate studies and careers in
biology (13). This Lesson can help instructors to introduce “big
(sequence) data” analysis to an undergraduate classroom. The
tutorial and instructor resources provide both a conceptual
overview of RNA-seq technology and step-by-step student
instructions for the analysis of RNA-seq data. The specific
RNA-seq data set utilized in the Lesson is derived from
published research that examined how gene expression in
Arabidopsis thaliana roots is altered by infection with the
parasitic cyst nematode Heterodera schachtii (14). All data
analysis steps are performed using web-based resources, most
notably Galaxy, a well-established, user-friendly platform for
bioinformatics analyses (15). The RNA-seq data is uploaded
directly into a student’s (free) Galaxy account from the public
National Center for Biotechnology Information Sequence
Read Archive (NCBI SRA). This eliminates the need for on-
site file storage and enables the entire analysis of differential
gene expression to be performed “in the cloud” via Galaxy’s
graphical user interface. These features make the activity
adaptable to a variety of classroom environments and levels of
instruction. As such, this resource provides a relatively simple
complement to previously described RNA-seq instructional
exercises (10,16,17) that require greater computational
infrastructure (e.g. access to a Linux cluster) and/or a greater
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level of computational background (e.g. familiarity with R
statistical software and a command-line interface).

Intended Audience

This tutorial has been implemented in the classroom
twice, at two different universities. It was first developed
for a “Modern Molecular Biology and Genomics” course at
California State University San Marcos. There were 19 students
in the course, all of whom were senior-level Biological
Sciences or Biotechnology majors. The tutorial was also used
in a “Genes and Genomes” course at the College of Wooster.
In this case, the tutorial was modified for use in the analysis of
the instructor’s own RNA-seq data from yeast. The offerings at
Wooster had nearly fifty students total, sophomores to seniors
majoring in Biology, Cellular Neuroscience, or Biochemistry
and Molecular Biology. Overall, this tutorial is best suited for
upper division biology, biotechnology, and/or biochemistry
students who have taken at least one basic cell and molecular
biology course previously. It could easily be integrated into
laboratory sections of upper division genetics and/or molecular
biology courses.

Required Learning Time

The Lesson is designed for three laboratory periods (~ 8
hours in total). Each session begins with an instructor overview
of key concepts and data analysis steps to be performed,
using the included PowerPoints (Supporting File S4: RNA-
seq Annotated Instructor PowerPoints). This overview takes
about 30-45 minutes. For the remainder of the laboratory
period, students use the detailed tutorials to carry out the
computational analyses of the RNA-seq data (Supporting Files
S1-S3: RNA-seq Student Tutorials I-1ll). Each student carries
out the computational work independently. The instructor
circulates to assist students who encounter problems, and
students are encouraged to help each other. A series of
questions are embedded in the tutorial to evaluate student
understanding of key concepts and data outputs. Students
answer these questions in writing either during or after the
laboratory session, and they are submitted the following week
for grading. The Lesson can be carried out in any computer
laboratory with internet access, since all analyses are web-
based and computational steps are performed in the cloud.
Students may also use their own computers, since no special
software is installed and there are no specific computer
hardware requirements.

Pre-requisite Student Knowledge

Computationally, very little student background is required.
All analysis programs have graphical user interfaces and are
essentially “point and click.” During one step in the tutorial,
a list of genes is exported into Microsoft Excel and sorted.
While some basic background in Excel data manipulation is
required, students without this background are often assisted
by Excel-savvy classmates.

To fully understand the RNA-seq technique and each
computational analysis step, several concepts should be
introduced prior to the Lesson. Background on high-throughput
DNA sequencing in general, and lllumina sequencing in
particular, is important prerequisite knowledge. Likewise,
the basic molecular biology techniques of RNA isolation and
cDNA synthesis should also be introduced, since RNA-seq is
essentially high-throughput sequencing of cDNA. Students
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clearly must be familiar with the basics of molecular biology,
including DNA structure and the process of gene expression.
We typically have students read two relevant publications:
A brief overview of the Galaxy platform (15), and the
primary article describing the A. thaliana nematode infection
experiments (14). These articles can be reviewed with students
via a round table discussion prior to starting the tutorial.

Pre-requisite Teacher Knowledge

Again, no specific computational background is required
other than basic data analysis in Excel. However, the instructor
should work carefully through the tutorial prior to teaching
with it (Supporting Files S1-S3: RNA-seq Student Tutorials
I-1). The appearance and organization of the Galaxy platform
is regularly updated, so instructors may need to modify
instructions or screenshots to keep the exercise “up to date”
and minimize student confusion.

The instructor should have a firm grasp of high-throughput
sequencing and RNA-seq data analysis concepts. Instructor
PowerPoints are annotated, however additional background
reading is suggested for faculty who have little background
with high throughput sequencing (7,15,18-20).

SCIENTIFIC TEACHING THEMES
Active learning

As a laboratory exercise, this Lesson is inherently “hands
on” active learning. Each student individually downloads data
files from public repositories, computationally analyzes the
data to identify differentially expressed genes, and considers
the biological relevance of their findings. Students are also
encouraged to help one another and discuss/compare their
findings.

Assessment

A series of detailed questions is embedded within the
tutorials. Some questions test basic student understanding (e.g.
What is the purpose of this computational step?), some require
students to report specific data outputs (e.g. screenshots),
some require students to analyze and summarize complex
data, and some ask students to place their findings in a
broader biological context. The questions cover every level of
Bloom’s taxonomy (21). We expect students to answer these
questions as they move through the tutorial, forcing them to
slow down and think about the analysis and what their data
outputs mean. Written answers to these questions are handed
in to the instructor one week after completing the laboratory
exercise. We try to return the graded assignments within two
days, allowing the students to assess their understanding
before the next group of tutorial questions is due. Answer keys
for all questions are provided among the instructor resources
(Supporting File S5: Instructor Grading Key). At the College of
Wooster, students were also required to submit a laboratory
report written in the format of a scientific paper one week after
the entire module was completed.

Inclusive teaching

At California State University San Marcos, students worked
through the tutorial exercises independently but were
encouraged to work together when they encountered problems
and to discuss their findings. At Wooster, students worked
through the tutorial in permanent teams of three students. The
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Lesson does not explicitly reference diversity in science, but
it has been successfully implemented with diverse student
audiences at multiple institutions, and all students successfully
completed the exercise.

LESSON PLAN

Preparation to teach this Lesson begins with the instructor
acquiring a Galaxy user account (as described in Supporting
File S1: RNA-seq Student Tutorial 1) and downloading the
appropriate data files from NCBI SRA into the user History.
At that point, the instructor can work through the complete
tutorial at her/his own pace, identifying any potential
changes to the Galaxy website and/or instructions that may
need to be clarified. The instructor should also carefully
review the annotated PowerPoint presentations (Supporting
File S4: RNA-seq Annotated Instructor PowerPoints) and
potentially do background reading on high throughput
sequencing (19,20), RNA-seq (7,18), and/or Galaxy (15). The
Lesson is designed for a computer laboratory over three lab
sessions (~8 hr total). Students should be introduced to high
throughput sequencing and the concept of RNA-seq (e.g., in
the lecture section of the course) before starting the tutorial.

The first lab session has the longest instructor presentation,
since both the key experimental background and the Galaxy
platform are reviewed. Before the lab, students are assigned
to read Afgan et al. (2016), which introduces Galaxy, and
Shanks et al. (2016), which introduces the Arabidopsis/
nematode experimental system (14,15). There is typically
enough time to do a brief (~30 minute) round table
discussion of the Afgan et al. (2016) article before students
begin to work on the tutorial (Supporting File S1: RNA-seq
Student Tutorial ). We randomly assign half of the students to
work with an “infected replicate 1” file (RNA isolated from A.
thaliana roots infected with H. schachtii; NCBI SRR2221834),
and the other half work with the “control replicate 1” file
(RNA from uninfected A. thaliana roots; NCBI SRR2221833).
Students then individually follow the tutorial, which provides
detailed and illustrated instructions on registering for a
Galaxy user account and uploading the appropriate sequence
file from NCBI SRA and the A. thaliana genome annotation
file from Ensembl Plants into their Galaxy History. Thus,

by the time students reach the end of Tutorial I, they will
have established a Galaxy user account and acquired all

of the files that they will need to “hit the ground running”
during the next lab session. Throughout the first tutorial,
students will encounter eight questions, which review basic
experimental design concepts and ask them to explore their
data. We encourage students to answer the questions as they
work through the tutorial, and hand in their written answers
at the end of the lab period. Alternatively, instructors could
ask students to answer some or all of the questions orally or
via an instant response polling system as they work through
the exercise, allowing “just in time” feedback to clear up
potential areas of confusion.

During the second laboratory session, students perform
read quality control (using FastQC), read trimming (using
Trimmomatic), and read mapping (using HISAT2) (22-

24) (Supporting File S2: RNA-seq Student Tutorial II).

After performing these steps “manually,” they create a
computational workflow using Galaxy’s “Create Workflow”
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function. This allows the students to automatically download
and analyze two additional RNA-seq data files (“infected
replicates” 2+3 or “control replicates” 2+3) without
additional hands-on time. Before the students begin the
tutorial, the instructor presents the concepts behind each of
these computational steps using the provided PowerPoint
slides (Supporting File S4: Annotated Instructor PowerPoints).
Again, a series of embedded questions keeps the students
conceptually “on track” to assure that the tutorial does

not simply become a mindless “point and click” exercise.
When the second laboratory is complete, students will

have generated Counts Tables from three “control” or three
“nematode infected” samples. Again, all files are stored

on each student’s individual Galaxy History (250 gigabyte
capacity), so no on-site storage is needed.

It is during the final laboratory session that students begin

to see the biologically relevant “payoff” of the RNA-seq
experiment: A list of all genes that are significantly up- or
down-regulated in A. thaliana roots in response to nematode
infection (Supporting File S3: RNA-seq Student Tutorial I1l).
First, students must share Counts Table data with a “partner”
(using Galaxy’s Share History function) so that they have
three “control” replicates and three “nematode infected”
replicates in their History (at Wooster, each three-person team
processed all six raw data files on their own). Differentially
expressed genes are then identified using DESeq2 (25). The
differentially expressed gene list from DESeq2 is exported

to Excel and sorted. Finally, over-represented functional
categories are identified amongst the up- and down-regulated
genes using the online Panther Gene List Analysis tool (26).
Again, the conceptual basis and operation of all of these
tools are introduced in the instructor “pre-lab” presentation.
Because students can now begin to glean biological meaning
from their data, the questions embedded in the third tutorial
are more frequent and detailed, and students typically need
to spend time outside of the laboratory session to thoroughly
answer them.

A timeline of the Lesson is provided in Table 1, below. In
addition, all associated materials are provided as Supporting
Files. Specifically, student tutorials are provided as
Supporting Files S1-S3 (Supporting File S1: RNA-seq Student
Tutorial I; Supporting File S2: RNA-seq Student Tutorial II;
Supporting File S3: RNA-seq Student Tutorial Ill). The three-
part Instructor PowerPoint and a grading key for the tutorial
questions are also provided (Supporting File S4: Annotated
Instructor PowerPoints; Supporting File S5: Instructor grading
key). Finally, a document containing additional instructor
background and instructions on identifying alternative RNA-
seq data sets on NCBI SRA is included (Supporting File Sé6:
Additional Instructor Background).

TEACHING DISCUSSION

As mentioned previously, this Lesson has been utilized
three times, once with a group of 19 senior-level Biology and
Biotechnology majors at California State University San Marcos,
and twice with ~50 students total at the College of Wooster. At
CSU San Marcos, this exercise made up the last three weeks of
the semester-long course lab for BIOL 503: Modern Molecular
Biology and Genomics. The first ten weeks of the BIOL 503
course lab consisted of an independent genome annotation
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exercise on Drosophila ficusphila using the educational
materials developed by the Genomics Education Partnership
(27). As such, it was somewhat difficult to interpret student
comments on formal course evaluations- most comments
spoke more generally to the organization and outcomes of the
labs. However, it is notable that the percentage of students
that were “very interested” in genomics increased from 29%
before the course lab to 77% after taking the course lab.
Informally, students indicated that they appreciated the clarity
of the tutorials and had greatly increased their understanding
of computational analysis of high-throughput sequence data.
They also appreciated the relatively “low stakes” regular
assessments (answers to tutorial questions) compared to the
large lab report and oral presentation that was the assessment
metric for the genome annotation exercise.

At the College of Wooster, students in the second offering
of the “Genes and Genomes” course were asked to rate
and identify the strengths and weaknesses of the RNA-seq
module. Given that the students had diverse interests (the
course is an elective for Biology and Neuroscience majors,
but a requirement for Biochemistry & Molecular Biology
majors) and experience (sophomores to seniors), it was not
surprising that there was a great deal of variation in responses
to the tutorial. Some students, likely with limited molecular
biology background, found the exercise confusing; many
others found the tutorial instructions clear. Several students
recommended more opportunities for reflection should be
incorporated. Since more than two dozen reflection questions
are already integrated into the tutorial, it may be necessary
for the instructor to emphasize that students must address the
reflection questions at the same time as they are carrying out
the exercise, thus minimizing a “race to the finish” approach.
Wooster students were also asked if they agree with the
statement “I understand and can carry out the computational
steps involved in analyzing RNA-seq data.” Again, there was
a range of responses: 44% agreed or strongly agreed, 22%
were neutral, and 33% disagreed or strongly disagreed (N =
27). The range of responses from this diverse group of students
suggests that this tutorial might be best suited for upper-
level undergraduates with some experience and interest in
molecular genetics and computational biology.

While the use of Galaxy’s cloud computational resources
simplifies instructor setup and minimizes necessary in-house
computational infrastructure, there are some downsides.
Computationally-intensive data analysis steps are placed in
a computational “queue” by Galaxy, which means that wait
times can vary substantially, depending on the activity of other
users. In this Lesson, the issue is relevant in Laboratory 2 during
the read mapping step (HISAT2). We have found that this step
can take as little as ten minutes to more than three hours, with
no predictable pattern to the wait time. As such, instructors
may wish to split Laboratory 2 into two shorter laboratory
sessions (~1.5 hr each), allowing a “gap” for read mapping
compute time. It should be noted that once a computational
step is initiated in Galaxy, it will run to completion in the
cloud, even when the student user logs out.

As demonstrated by the implementation of the Lesson with
instructor-provided RNA-seq data at The College of Wooster,
the provided tutorials are sufficiently flexible to allow
instructors to analyze a variety of different data sets. One
alternative data set in NCBI SRA is outlined in the Additional
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Instructor Background file, and instructions allowing users
to identify their own appropriate data sets by searching SRA
are also included (Supporting File S6: Additional Instructor
Background). Obviously, any alternative data sets would need
to be tested using the tutorial before implementation in the
classroom, and specific details in the instructor PowerPoint
and the tutorials would need to be modified. (For larger
datasets, computational time and the Galaxy user account 250
gigabyte capacity should be considered.)

While this Lesson was originally developed for use in “dry-
lab” (computational) laboratory courses, it is certainly possible
to use it with student-generated RNA-seq data from a wet-lab
course. Given the Lesson’s modest time commitment (three lab
sessions), it may be possible to pair it with RNA isolation, RNA
quality assessment, sequencing library preparation, and high
throughput sequencing exercises, thus generating the RNA-seq
“input data” in the same course. Given the rapidly decreasing
costs of [llumina sequencing, these types of end-to-end, wet
lab to dry lab genomics approaches are increasingly feasible
in upper division undergraduate Biology course laboratories.

SUPPORTING MATERIALS

¢ S1. RNA-seq - Student tutorial |

¢ S2. RNA-seq - Student tutorial Il

* S3. RNA-seq - Student tutorial Il

® S4. RNA-seq - Annotated instructor PowerPoints
¢ S5. RNA seq - Instructor grading key

* S6. RNA-seq - Additional instructor background
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Table 1. RNAseq - Teaching Timeline
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Instructor Preparation
Work through tutorial Instructor works through entire tutorial and makes updates/edits, as necessary ~2 days
Background reading Instructor reviews literature related to high-throughput sequencing, RNA-seq data analysis, | 1-7 days
and experimental data set

Lab 1
Instructor presentation Instructor delivers background presentation, using provided PowerPoint (Slides 1-19) ~45 minutes
Group discussion Instructor-led group discussion of Afgan et al. (2016); Introduction to Galaxy ~30 minutes
Student tutorial Students individually work through Tutorial I, with instructor help as needed ~1 hour
Instructor grading Instructor grades student answers to questions embedded in Tutorial | ~2-3 hours
Lab 2
Instructor presentation Instructor delivers background presentation, using provided PowerPoint (Slides 20-36) ~45 minutes
Student tutorial Students individually work through Tutorial Il, with instructor help as needed ~2 hours*
Instructor grading Instructor grades student answers to questions embedded in Tutorial 11 ~2-3 hours
Lab 3
Instructor presentation Instructor delivers background presentation, using provided PowerPoint (Slides 37-50) ~45 minutes
Student tutorial Students individually work through Tutorial Ill, with instructor help as needed ~1.5 hours
Instructor grading Instructor grades student answers to questions embedded in Tutorial Il ~2-3 hours

* The read mapping step of the tutorial (HISAT2) can take substantially longer, depending on the computational queue at Galaxy.

See “Teaching Discussion” section.
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