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1. Introduction

Ever since its introduction in 2008, RNA sequencing (RNA-seq) has become an indis-
pensable tool for transcriptome analysis [1]. With the copious amount of RNA-seq
data being generated, a new challenge of extracting the most meaning out of this data
with as little misinterpretation as possible. This data extraction requires appropriate
background and computational skills, as well as the necessary tools to carry this out.
More thorough documentation for RNA-seq processing is available for the most studied
organisms, such as E. coli and human tissues. However, these resources may be more dif-
ficult to locate for lesser known organisms. The goals of this workflow is to break down
each step of the RNA-seq data processing using the prokaryotic organism Pseudomonas
putida.

Fig. 1. RNA-seq - In vivo, In vitro, to In silico

2. Before Getting Started...

2.1 Command Line & Turing Basics

This guide requires heavy usage of the command line with Turing, a high performance
computing research cluster. A basic user guide for Turing can be found on the WPI
Academic & Research Computing webpage. It includes how to login to Turing, prepare
and running a job, utilizing academic and research software modules.

2.2 Managing Environments with Conda

Throughout preprocessing on Turing, you will need to install several packages to go
through the pipeline. However, some packages may conflict with each other due to
different versions of these packages or with Python. For example, one tool may require
Python 3.7.0, while another tool may need Python 3.8.0. Instead of installing Python
3.7.0, uninstalling that version, and then installing Python 3.8.0, it is better to work
with 2 different environments that have each required Python version.

In order to avoid this issue, it is best to work with different environments that each
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have a different Python version. Conda is a popular command line tool for managing
different environments, as well as installing packages which will be discussed in the
following section.

Conda documentation is available on their website for steps installing and creating
different environments.

2.3 Installing Packages

At each step of this analysis, the person utilizing this guide is expected to download
each tool to their turing account. There are 2 ways to do this.

2.3.1 Installing Packages with Conda

Several of the tools throughout this workflow can be downloaded with conda with the
following command:

1 conda install [package_name]

2.3.2 Installing Packages from Download Links

1 wget [download_link]

From there, configure the .bashrc file, a configuration file for the Bash shell, to allow
easier access to each tool as opposed to running the absolute file path.

We will use the tool FastQC as an example. Without configuration of the .bashrc file,
the command would be the following:

1 /home/gcabebe/˜/fastqc [sample.fastqc.gz]

To configure your .bashrc file, go to the start directory (eg. /home/gcabebe) and enter
vim .bashrc to enter the viewing and editing space for this file.

Anywhere below module load slurm, enter the following:

1 export PATH="$PATH:/home/gcabebe/../FastQC"

We will now have the following:

1 fastqc [sample.fastqc.gz]

3. Browsing Datasets

You may have data that has been generated from your lab that you’re analyzing instead.
In that case, you may skip this section. Otherwise, refer to this section on downloading
publicly available data.
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3.1 Understanding the Source of Your Data

3.1.1 ENA (European Nucleotide Archive)

The European Nucleotide Archive (ENA) is an open platform for managing, sharing,
and disseminating sequence data. This is the database to freely download RNA-seq data
in .fastq.gz format. It’s not as thorough as the NCBI database, but ENA is a good starting
place to give you a brief description of RNA-seq data related to your organism of interest.

In the top right of the ENA homepage, there are 2 search boxes: one for searching
by key terms, and another for searching by accession number. By simply putting ’putida
rna seq’, and organizing results by project, we can curate a list of studies with a brief
description for each project (Fig. 2).

Fig. 2. ENA Project Search Results

We will work with project PRJNA486005, which analyzes the mechanisms of P. putida
while growing in 4 different carbon sources: glucose, citrate, ferulic acid, and serine.
When you click on the link on this accession number, it will bring you to a page with
more information on this study (Fig. 3).
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Fig. 3. ENA Project Description

3.1.2 NCBI SRA

SRA (Sequence Read Archive) data is a database hosted by NCBI servers that serves
as the largest publicly available repository of high throughput sequencing data. SRA
sequences can be downloaded from Entrez search results, but this guide will focus on
downloading data with ENA.

Refer to the SRA download guide on the NCBI website for more details on tolls in-
stallation and commmands to run.

4. Obtaining your Raw Data

4.1 The ENA Download Script

4.1.1 Single Projects

Starting from the project description page for PRJNA486005, scrolling to the bottom
will show you a table with several accession numbers, name of the organism, and a
download link for each sample in .fastq.gz format. For downloading the first sample in
this project, for example, you can run the following line:

1 wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/

SRR769/004/SRR7693534/SRR7693534.fastq.gz↪→

wget is the non-interactive network downloader. It is a bash command used to
download a file, in this case our single sample, from the link that follows the command.
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In order to download all samples in this project at once, click on the ’Download All’ link
to download a script that will be used to run on Turing (Fig. 4).

Fig. 4. ENA Downloadable Files

This script utilizes wget -nc, where -nc refers to --no-clobber. If the same file is
downloaded twice in the same directory, the original file is preserved and wget will not
download a new copy of the same file. explainshell.com gives a thorough explanation of
these and other commands, and what combinations of commands may give you.

In order to implement this script on Turing, it must be submitted as a SLURM script.
Below is an example of downloading the first 4 samples for project PRJNA486005:

1 #!/bin/bash

2 #SBATCH -N 1

3 #SBATCH -n 4

4

5 wget -nc ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR769/006/SRR7693536/

SRR7693536.fastq.gz↪→

6 wget -nc ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR769/003/SRR7693553/

SRR7693553.fastq.gz↪→

7 wget -nc ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR769/005/SRR7693555/

SRR7693555.fastq.gz↪→

8 wget -nc ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR769/009/SRR7693539/

SRR7693539.fastq.gz↪→

Each of the fields at the top of the script indicates the following:

1. #!/bin/bash is called a shebang. It tells the shell whwat program to interpret the
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script with when executed. In this case, the script will be interpreted and run by
the bash shell.

2. #SBATCH -N 1 requests 1 node for the job

3. #SBATCH -n 4 requests 4 tasts (CPU cores) per node

There are other fields you can indicate to request how much memory is needed,
name of the job, time needed for the job, etc. Refer to WPI ARC’s Turing Basic User
Guide for more options.

Let’s say the name of your file is ‘rnaseq download.sh‘. To run this job on Turing,
use the sbatch command:

1 sbatch rnaseq_download.sh

After you submit this job, a ’slurm-###.out’ file will be created. You can keep track
of what stage your job is at by viewing this file. You can also view how long your job has
been running with:

1 queue -u wpiusername

When your job is finished, all downloaded FASTQ data will be stored in the same
directory you ran the script in.

4.1.2 Multiple Projects at Once

In order to download datasets from more than one study at a time, the Listing 2 script
can be used. This utilizes the ENA File Downloader []. View the documentation on
the GitHub page for this tool for instructions on installing JDK8 and using the Gradle
wrapper.

As an example, let’s say we wanted to analyze all RNA-seq data on P. putida strain
KT2440 growth on LB media in various conditions. On the search results page organized
by Project, there is a link at the top of the table to download the search results as a TSV:

accession description
”PRJNA455892” ”Pseudomonas putida KT2440 transcriptome - relA LB 2”
”PRJNA455891” ”Pseudomonas putida KT2440 transcriptome - relA LB 1”
”PRJNA455893” ”Pseudomonas putida KT2440 transcriptome - relA LB 3”
”PRJNA455888” ”Pseudomonas putida KT2440 transcriptome - WT LB 1”
”PRJNA455890” ”Pseudomonas putida KT2440 transcriptome - WT LB 3”
”PRJNA455889” ”Pseudomonas putida KT2440 transcriptome - WT LB 2”
”PRJNA520373” ”Pseudomonas putida KT2440 JBEI-13809 transcriptome - seedKTc”
”PRJNA520372” ”Pseudomonas putida KT2440 JBEI-13809 transcriptome - seedKTb”
”PRJNA520371” ”Pseudomonas putida KT2440 JBEI-13809 transcriptome - seedKTa”

With the ENA File Downloader and a TSV of projects for downloading our samples of
interest, we can now run the following script:
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1 #!/bin/bash

2 #SBATCH -N 1

3 #SBATCH -n 4

4 #SBATCH --mem=0

5 #SBATCH -p long

6 #SBATCH -t 30:00:00

7

8 ROOT_PATH='˜/rnaseq'

9

10 # accessions downloaded from ENA website as a TSV

11 ACCESSIONS_FILE='pputida_srr_ena_accessions.tsv'

12

13 # new directory 'reads_fastq' will be made to store all fastq files

14 java -jar ../ena-ftp-downloader/ena-file-downloader.jar

15 --accessions=$ACCESSIONS_FILE \\

16 --format=$READS_FASTQ \\

17 --location=$ROOT_PATH \\

18 --protocol=FTP \\

19 --asperaLocation=null \\

20 --email=username@wpi.edu \\

By default, a SLURM job will run for 24 hours at most. After 24 hours, the job will
terminate. To prevent early termination of a job, we can request for more time by adding
#SBATCH -t 30:00:00, for example. This will request 30 hours to run this job.

5. Quality Control with FastQC

Ideally, quality controls should be done at every analysis step. Listing 3 is an example
script utilizing FastQC followed by MultiQC to aggregate multiple QC files into a single
report.

1 ROOT_PATH='˜/rnaseq'

2 FASTQ_RAW_DIR='reads_fastq'

3 FASTQ_TRIM_DIR='fastq_trim'

4 FASTQC_RESULTS='fastqc'

5 mkdir $FASTQC_RESULTS

6

7 # Run FastQC on all fastq.gz files in the specified directory

8 for filename in "$FASTQ_TRIM_DIR"/*.fastq.gz; do

9 # Run FASTQC on current file and extract to specified folder

10 fastqc "$filename" --extract -o "$(pwd)/$FASTQC_RESULTS"

11 done

12

13 # run MultiQC in the directory containing fastqc results

14 cd $FASTQC_RESULTS

15 multiqc .
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6. Trimming Data and Removing Adapters

Trimmomatic is an NGS read preprocessing tool intended for trimming low quality
Illumina data and removing adapter sequences [2]. Listing 4 is an example script that
can distinguish between single-end and paired-end reads.

Sotfware downloads and manual can be found on USADELLAB.org.

1 ROOT_PATH='˜/rnaseq'

2 FASTQ_RAW_DIR='reads_fastq'

3

4 cd $FASTQ_RAW_DIR

5

6 # run Trimmomatic on all fastq.gz files in the directory

7 # first recursively go into subdirectories to find fastq files

8 find . -name "*.fastq.gz" | while read filename

9 do

10 echo $(basename ${filename%_*||})

11 # if paired-end reads, run the Trimmomatic command for PE

12 if [[ "$filename" == *"_1.fastq.gz"* ]];then

13 java -jar ˜/Trimmomatic-0.39/trimmomatic-0.39.jar PE \\

14 $filename "$(basename ${filename%_*}_2.fastq.gz)" \\

15 "$(basename ${filename%_*}_paired_trimm1.fastq.gz)" \\

16 "$(basename ${filename%_*}_unpaired_trimm1.fastq.gz)" \\

17 "$(basename ${filename%_*}_paired_trimm2.fastq.gz)" \\

18 "$(basename ${filename%_*}_unpaired_trimm2.fastq.gz)" \\

19 ILLUMINACLIP:˜/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:

2:30:10:2:True LEADING:3 TRAILING:3 MINLEN:36↪→

20 # skipped the PE read ending with "_2.fastq.gz" because already

processed with the "_1.fq.gz"↪→

21 elif [[ "$filename" == *"_2.fastq.gz"* ]];then

22 echo "Skipping $file ..."

23 # run Trimmomatic command for SE reads (file naming is a little messed

up, fix later)↪→

24 else

25 java -jar ˜/Trimmomatic-0.39/trimmomatic-0.39.jar SE -phred33 \\

26 $filename "`basename $filename`.trim.fastq.gz" \\

27 ILLUMINACLIP:˜/Trimmomatic-0.39/adapters/TruSeq3-SE.fa:2:30:10

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36↪→

28 fi

29 done

30

31 cd $ROOT_PATH

32

33 # store all reads into new directory 'fastq_trim'

34 FASTQ_TRIM_DIR='fastq_trim'

35 mkdir $FASTQ_TRIM_DIR
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36 cd $FASTQ_RAW_DIR

37 find . -maxdepth 1 -name "*.fastq.gz*" -exec mv -t

$ROOT_PATH/$FASTQ_TRIM_DIR {} +↪→

The script does the following:

1. Finds all files with any name ending in ’.fastq.gz’ in the directory specified with
the variable FASTQ RAW DIR

2. For each file, it reads the file name. If a project contains paired-end reads, they
are usually indicated as so in the file name (eg. ’sample 1.fastq.gz’ for the forward
template strand, and ’sample 2.fastq.gz’ for the reverse)

3. If the read is paired-end, it will use the Trimmomatic tool specifically for paired-
end reads. If it’s single-end, it will utilize the single-end tool.

4. After trimming, all trimmed reads will be stored into its own directory, specified
by FASTQ TRIM DIR

7. Mapping Reads with Alignment

To determine where on the P. putida Illumina reads are originating from, the tool STAR
(Spliced Transcripts Alignment to a Reference) will be used to align reads to the reference
genome [3].

In this case, BWA (Burrows-Wheeler Alignment) [4] is also a suitable alignment tool
due to the short length of P. putida’s genome (P. putida is around 5.8 to 6.2 Mb, while
the human genome is around 6.37 Gbp). However, if one would like to analyze larger
genomes or discover non-canonical splices, STAR is the more preferred tool.

A manual for STAR can be found on Alexander Dobin’s GitHub.

7.1 Download Genomic Data

To complete the alignment step, there are 2 additional files needed along with the
Illumina reads: DNA sequence of your organism, and a gene annotations file. Both of
these can be found on the Pseudomonas Genome Database.

The DNA sequence needs to be a FASTA file (.fna). Below is a sample of this file:

1 >refseq|NC_002947.4|chromosome Pseudomonas putida KT2440 chromosome,

complete genome. length=6181873;assembly=GCF_000007565.2↪→

2 AACTGCTCCTCGGAAGTCGACCAACAAGTCAGCTATGACTTGGCATAATTTGTGCCGACA

3 AAATGCGCGCAGAGTATAGGGGTGGATTAACCCCTATTCAACTCTTCGGTAGTGATTTCC

4 GACTTCACGCTACAACAGGAATTGTTTCAGCGGATGTGAGCGAGCACGCCTTGCAACTCG

5 TCAAGCGAGTTGTAGCGAATAACCAACTGGCCTTTGCCCTTGTTGCCATGACGGATCTGC

6 ACGGCCGAGCCCAGGCGCTCTGCGAGCCGCTGTTCAAGGCGTGCGATATCCGGATCAGGT

7 TTGCTCGGTTCGACCGGATCAGGCTTGTCGCTGAGCCACTGACGGACCAGTGCCTCGGTT
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8 TGGCGCACGGTGAGGCCACGTGCGACAACATGACGCGCCCCCTCCTCCTGACGATTTTCG

9 TCCAGGCCCAGCAATGCACGGGCGTGCCCCATCTCCAGATCACCGTGGGCGAGCATGGTC

10 TTGATCGCATCGGGCAAGGTGATGAGGCGCAGCAGGTTGGCCACAGTCACCCGCGACTTG

”chromosome Pseudomonas putida KT2440 chromosome” specifies which chromo-
some the current sequence is located on. Since P. putida is a prokaryotic organism made
up of a single chromosome, this will be the only instance we see this label. ”assem-
bly=GCF 000007565.2” refers to the unique NCBI RefSeq or GenBank assembly number
assigned to the sequence. This number is dependent on the type of organism, type
of sequence (genomic, RNA, or protein), etc. See RefSeq Frequently Asked Questions
(FAQ) for more information.

Fig. 5. First 10 Lines of GTF File - Columns 1-8

Fig. 6. First 10 Lines of GTF File - Column 9

The genome annotations file needs to be a GTF (general transfer format). There are
usually 9 columns in a GTF file (Fig. 5-6), with each column indicating the following:

• seqname: name of the chromosome or scaffold

• source: name of program that generated this feature of the data source

• feature: CDS, exon, ncRNA, tRNA, etc.

• start: Start position of the feature

• end: End position

• score: A floating point value. In this file, there is no score assigned to each feature,
as indicated by ’.’

• strand: Either + (forward) or - (reverse)
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• frame: Labeled as ’0’, ’1’, or ’2’. ’0’ indicates that the first base of the feature is the
first base of a codon, ’1’ that the second base is the first base of a codon, and so on

• attribute: A semicolon-separated list of tag-value pairs, providing additional
information about each feature.

Refer to e!Esembl’s page on GFF/GTF File Format - Definition and supported options
for more information.

It is very important to make sure that the chromosome names in the column of the GTF
annotation file matches the chromosome names in the FASTA genome sequence file
(the string after ”¿” and before the first space). Even though P. putida contains only one
chromosome, the indexing step will not be successful if these names don’t match. In
this case there is a mismatch between our FASTA and GTF files, and we will need to
change ’refseq—NC 002947.4—chromosome’ on our FASTA file to ’chromosome’. To
make change, we can use sed -e:

1 sed {e ‘s/original\_string/desired\_string/’ genome_file.fna

7.2 STAR Indexing

The following script takes the FASTA file with the DNA sequence and the GTF file
with genomic annotations and the basic minimum options on STAR to generate genome
indices. To read more in depth about these options and other advanced options (eg.
which chromosomes to include, annotations in GFF format, very small genome, etc.),
refer to the STAR manual.

1 #!/bin/bash

2 #SBATCH -N 2

3 #SBATCH -n 4

4 #SBATCH --mem=0

5

6 FASTA='˜/Pseudomonas_putida_KT2440_110.fna'

7 GTF='˜/Pseudomonas_putida_KT2440_110.gtf'

8 # directory where STAR index will be placed

9 INDEX_DIR='˜/STARindex'

10

11 # run STAR in "genomeGenerate" mode

12 STAR --runMode genomeGenerate \\

13 --runThreadN 1 \\

14 --genomeDir ${INDEX_DIR} \\

15 --genomeFastaFiles ${FASTA} \\

16 --sjdbGTFfile ${GTF} \\

17 --sjdbOverhang 49 \\

18 --quantMode GeneCounts \\

19 --genomeSAindexNbases 10
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7.3 STAR Alignment

There are 3 basic options required to run a mapping job:

1 --runThreadN NumberOfThreads

2 --genomeDir /path/to/genomeDir

3 --readFilesIn /path/to/read1 [/path/to/read2]

For running mapping jobs on samples with different strains, this code assumes that
you have the TSV file with each sample’s accession number and project description. It
will locate the accession number in the FASTQ file name, match it with the description
on the TSV. From there it will try to identify strain names and run the mapping job with
the best matched strain.

1 ROOT_PATH='˜/rnase2'

2 FASTQ_RAW_DIR='reads_fastq'

3 FASTQ_TRIM_DIR='fastq_trim'

4 FASTQC_RESULTS='fastqc'

5

6 index_KT2440='˜/strain_KT2440/index_STAR'

7 index_BIRD1='˜/strain_BIRD1/index_STAR'

8 index_S12='˜/strain_S12/index_STAR'

9

10 ALIGN_DIR='align_star'

11 mkdir -p "$ROOT_PATH/$ALIGN_DIR"

12 cd "$ROOT_PATH/$ALIGN_DIR"

13

14 for SAMPLE in "$ROOT_PATH/$FASTQ_TRIM_DIR"/*.fastq.gz

15 do

16 base_file_name=$(basename ${SAMPLE%%.*})

17 project_name=\${base_file_name%%_*}

18 DESCR=$(awk -v x="${project_name}" -F '\t' '$1˜x {print $2}'

${ROOT_PATH}/pputida_srr_ena_accessions.tsv)↪→

19

20 # Check if output BAM file already exists (ie. check is sample is

already mapped)↪→

21 if [ ! -e "${ROOT_PATH}/${ALIGN_DIR}/

${base_file_name}_Aligned.sortedByCoord.out.bam" ]; then↪→

22 echo "Calculating alignment for $SAMPLE..."

23

24 # Run the alignment with appropriate strain based on project

description↪→

25 if [[ "$DESCR" == *"KT2440"* ]]; then

26 echo "KT2440"
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27 STAR --genomeDir $index_KT2440 --readFilesIn $SAMPLE

--readFilesCommand zcat --outFileNamePrefix

${base_file_name}_ --outFilterMultimapNmax 1

--outReadsUnmapped Fastx --outSAMtype BAM

SortedByCoordinate --twopassMode Basic --runThreadN 2

--limitBAMsortRAM 1700000000

↪→

↪→

↪→

↪→

↪→

28 elif [[ "$DESCR" == *"BIRD"* ]]; then

29 echo "BIRD-1"

30 STAR --genomeDir $index_BIRD1 --readFilesIn $SAMPLE

--readFilesCommand zcat --outFileNamePrefix

${base_file_name}_ --outFilterMultimapNmax 1

--outReadsUnmapped Fastx --outSAMtype BAM

SortedByCoordinate --twopassMode Basic --runThreadN 2

--limitBAMsortRAM 1700000000

↪→

↪→

↪→

↪→

↪→

31 elif [[ "$DESCR" == *"S12"* ]]; then

32 echo "S12"

33 STAR --genomeDir $index_S12 --readFilesIn $SAMPLE

--readFilesCommand zcat --outFileNamePrefix

${base_file_name}_ --outFilterMultimapNmax 1

--outReadsUnmapped Fastx --outSAMtype BAM

SortedByCoordinate --twopassMode Basic --runThreadN 2

--limitBAMsortRAM 1700000000

↪→

↪→

↪→

↪→

↪→

34 fi

35 else

36 echo "Alignment already exists for $SAMPLE. Skipping..."

37 fi

38 done

To generate high quality mapped reads, use Samtools [5]:

1 ROOT_PATH='../rnaseq'

2 FASTQ_RAW_DIR='reads_fastq'

3 FASTQ_TRIM_DIR='fastq_trim'

4 FASTQC_RESULTS='fastqc'

5 ALIGN_DIR='align_star'

6 ALIGN_HQ_DIR='indexed_HQ'

7 mkdir $ALIGN_HQ_DIR

8 cd $ALIGN_HQ_DIR

9

10 for SAMPLE in "$ROOT_PATH"/"$ALIGN_DIR"/*Aligned.sortedByCoord.out.bam

11 do

12 # shave down filename to just its SRR # (eg.

'SRR6012666_2.fastq.gz' to just 'SRR6012666')↪→

13 base_file_name=$(basename ${SAMPLE%%.*})

14 project_name=\${base_file_name%%_*}

15 echo "${project_name}"
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16 samtools view -h -b -q 20 $SAMPLE >

\${base_file_name}_high_mapq_reads.bam↪→

17 done

The code uses the following options from Samtools:

1. view Views and converts SAM/BAM/CRAM files

2. -h, --with-header Include the header in the output

3. -b, --bam Output in BAM format

4. -q INT, --min-MQ INT Skips alignments with MAPQ smaller than INT (the spec-
ified integer)

Refer to the Samtools documentation for more details and other options

8. Generate Read Count Table

This is the final step within the command line! After this, we will finally have our table
of raw read counts for each gene in rows and each condition in columns. We will do this
using the featureCounts software, which counts RNA-seq reads to each gene on the
genome [6]. Refer to the Rsubread/Subread Users Guide for more information.

1 gtf_KT2440='../KT2440_110.gtf'

2 READ_COUNTS_DIR='read_counts'

3 mkdir $READ_COUNTS_DIR

4 cd $READ_COUNTS_DIR

5

6 featureCounts -a $gtf_KT2440 -o ./featureCounts_results_*.txt

\${ROOT_PATH}/${ALIGN_HQ_DIR}/*bam -t CDS↪→

Below is a sample output after running featureCounts, where the first line is the
name of each column:

Geneid Chr Start End Strand Length read1.bam ...
PGD38821096 chromosome 147 1019 - 873 188 ...
PGD38821098 chromosome 1029 1820 - 792 157 ...
PGD38821100 chromosome 1839 2489 - 651 141 ...
PGD38821104 chromosome 5012 6382 - 1371 129 ...
PGD38821106 chromosome 6471 8153 - 1683 377 ...
PGD38821108 chromosome 8156 8401 - 246 73 ...
PGD38821112 chromosome 8812 8946 - 135 362 ..
PGD38821114 chromosome 9542 11062 + 1521 611 ..
PGD38821116 chromosome 11103 12206 + 1104 280 ..
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9. Differential Gene Expression Analysis (DGE)

There are are a variety of analyses one can do with RNA-seq, but one of the most popular
ones count data is the identification of differentially expressed genes, or genes that have
significant upregulation or downregulation when comparing two conditions with each
other.

R [7], a language and environment for statistical computing, is one of the most fa-
vored languages for Bioinformatics and has the most dedicated and supported tools for
such analyses. If you are new to programming and would like to better understand your
dataset, R is a good place to start.

As of now, there are three tools that perform the best for DGE analysis: edgeR [8],
DESeq2 [9], and limma-voom [10]. They all implement several statistical methods that
have been developed and refined over two decades. Each has their own user manual
and user guide to reference for analyses, including Michael Love’s detailed vignette on
analyzing RNA-seq data with DESeq2.
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