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1. General overview of the RNA-Seq experiment.

1. Questions and hypothesis. 
2. Experimental design. 
3. Sampling and RNA extraction. 
4. RNA-Seq library preparation. 
5. Sequencing. 
6. Data analysis. 

6.1. Read processing. 
6.2. Read mapping. 
6.3. Quantification of the expression. 
6.4. Analysis of the differential expression. 
6.5. Quality control assessment. 
6.6. Explorative data mining. 

6.6.1. Anomaly detection.  
6.6.2.Clustering. 
6.6.3. Classification. 
6.6.4. Summarisation.
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1. General overview of the RNA-Seq experiment.

RNAseq Data Analysis Steps:

Fastq raw

Fastq 
demultiplexed

Fastq 
preprocessed

Do I have a reference ?Yes No Consensus

Bam

Are the samples multiplexed ?Yes No

Vcf

Expression Tables Differentially Expressed Genes

Gene Clusters by Expression

Population Clusters

Preprocesssing

Demultiplexing

Assembling

Mapping

SNP Calling
Read 

counting



Applications for NGS Transcriptomics:

Novel Gene 
Discovery

Gene Expression 
Analysis

Alternative 
Splicing Discovery

Genetic Marker 
Development

NcRNA Profiling
and Discovery

Population 
Analysis

1. General overview of the RNA-Seq experiment.
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Complex systems create complex transcriptomes

 Store the information DNA   
(4,460 Escherichia coli genes*) 
(33, 282 Arabidopis thaliana genes**) 
(56,278 Oryza sativa genes***) 
(20,000 - 25,000 Homo sapiens****) 

 

*    Karp et al. Multidimensional annotation of the Escheriichia coli K-12 genome.  Nucleid Acid Research. 2007:35:7577-7590
** http://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp
*** http://rice.plantbiology.msu.edu/riceInfo/info.shtml
**** http://www.sanger.ac.uk/Info/Press/2004/041020.shtml

 Express the information as RNA 
 

 Translate to protein 
 

 Synthesize compounds 
 

* Regulation 
   (Promotors ...)

* Regulation 
  (miRNA, alternative splicings ...)

* Regulation 
  (glycosilations, phosphorilations...)
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2. Considerations for the experimental design.

http://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp
http://rice.plantbiology.msu.edu/riceInfo/info.shtml
http://www.sanger.ac.uk/Info/Press/2004/041020.shtml


Transcriptome Complexity:

AAAAAAAGenome

Gene

mRNA
mRNA population

Single Cell

Simple System: 

One Genome => Gene 1 copy => Single mRNA

2. Considerations for the experimental design.



Transcriptome Complexity:

How many species we are analyzing ? 
1) Problems to isolate a single species (rhizosphere) 
2) Species interaction study (plant-pathogen) 

Genome

Gene mRNA population

Pathogen

AAAAAAA
mRNA

2. Considerations for the experimental design.



How many possible alleles we expect per gene ? 
1) Polyploids (autopolyploids, allopolyploids). 
2) Heterozygosity 
3) Complex Gene Families (tandem duplications)

Transcriptome Complexity:

Genome

mRNA population

AAAAAAA
mRNA

AAAAAAA

2. Considerations for the experimental design.



Transcriptome Complexity:

How many isoforms we expect for each allele ? 
1) Alternative splicings

AAAAAAA

Genome

Gene

mRNA-1

mRNA population

AAAAAAA

mRNA-2

2. Considerations for the experimental design.



Transcriptome Complexity:

Is the study performed at different time points? 
1) Developmental stages (difficult to select the same) 
2) Response to a treatment

time

1 2 3

2. Considerations for the experimental design.



Transcriptome Complexity:

Is the study performed with different parts? 
1) Organ specific 
2) Tissue/Cell type specific 

  2.1) Laser capture microdissection. 
  2.2) Marker lines and cell sorting. 
  2.3) Single cell experiments

mRNA population

2. Considerations for the experimental design.



Individuals and replicates

2. Considerations for the experimental design.

Minimum of 3 independent individuals per treatment (better 5) 

Minimum of 3 independent individuals per treatment (better 5) 

Minimum of 3 independent individuals per treatment (better 5) 

A
t least three different biological replicates



Experimental Design:

Genomic 
Considerations

Number of Species

Polyploidy/Heterozygosity

Biological 
Considerations

Organ/Tissue/Cell Type

Developmental Stage

Treatments

Economical
Considerations

Technical
Considerations

Budged Skills/Hardware

Technology Used

Library Preparation Sequencing Amount

Analysis Pipeline

Controls Replicates

2. Considerations for the experimental design.
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Reference: 

Generally a genomic sequence with gene models used to align 
the reads, but a reference can be a de-novo assembled 
transcriptome. 

The most important advantage of the use of a reference is that 
the analysis is computationally less intense because it only 
needs to align reads.

Methodology Technology Program Minimum RAM* Time*

Mapping
454 gsMapper 1 Gb several hours

Illumina Bowtie2 2 Gb** < 1 hour

De-novo

454 gsAssembler 8 Gb > 1 day

Illumina
Trinity 16 Gb > 1 day

SOAPdenovo-trans 16 Gb several hours
* Rough approach 
** Human genome size (~3 Gb)

3. Reference guided vs transcriptome assembly.



3. Reference guided vs transcriptome assembly.

Whole genome assemblies can be accessed through different databases and 
portals

https://www.ncbi.nlm.nih.gov/genome/ https://phytozome.jgi.doe.gov/pz/portal.html

http://ensemblgenomes.org/

http://chibba.agtec.uga.edu/duplication/index/home
https://www.ncbi.nlm.nih.gov/genome/
https://phytozome.jgi.doe.gov/pz/portal.html
http://ensemblgenomes.org/


Reference and phylogenetic relations: 

Can I use as a reference a different accession ? 

Yes 

Can I use as a reference a different species ? 

Same genus 

For most of them, but some losses are expected for the 
most polymorphic genes  

Same family 

Probably not. Still some reads will map with the most 
conserved genes.

3. Reference guided vs transcriptome assembly.



Reference and phylogenetic relations: 

Species Accession SRA Reads
% Mapped 

Read
Time

Arabidopsis 
thaliana

Col SRR513732 12672866 75% 00:11:45

Ler SRR392121 9752382 71% 00:07:05

C24 SRR392124 6186734 72% 00:04:29

Arabidopsis 
lyrata

- SRR072809 9214967 69% 00:10:11

Brassica rapa - ERR037339 29230003 20% 00:23:15

This test was performed using 1 core. The memory peak was 155 Mb. Reads were preprocessed with Q20 L30. Mapping tool: Bowtie2 

Percentage of mapped reads using Arabidopsis thaliana col. as reference

3. Reference guided vs transcriptome assembly.



If a closed reference is not available… 

• Long read sequencing such as PacBio or Oxford Nanopore may get a high 
proportion of full length transcripts. 

‣ Pros: It captures full length transcripts. No assembly is required. 

‣ Cons: It may be expensive if a comprehensive representation wants to 
be captured 

• Transcriptome assembly with Trinity, SOAPdenovo-Trans or ABySS-Trans. 

‣ Pros: It is cost effective. 

‣ Cons: Several complications associated with the sequence assembly 
such as chimeras, missing of low represented transcripts, collapsing of 
homologous in polyploids… 

3. Reference guided vs transcriptome assembly.
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High heterozygosity/Polyploid problem: 
mRNA from species with a high heterozygosity or a polyploid genome can 
produce highly polymorphic reads for the same gene.

Highly 
polymorphic 

genes

Irregular 
mapping

Mapping Gene 
expression is 
an average

Similar 
alleles will 
collapse

De-novo 
assembly

ATGCGCGCTAGACGACATGACGACA  

CACTTGACGACATGACG  

CTTGACGACATGACGAC                 
CCCTTGACGACATGACG 

CGCCCTTGACGACATGA                       

Reference Gene 1

Gene 1 A

Gene 1 B

Expression Gene 1 = A + B

CACTTGACGACATGACG  

CTTGACGACATGACGAC                 
CCCTTGACGACATGACG 

CGCCCTTGACGACATGA                       

Gene 1 A

Gene 1 B

CGCCCTTGACGACATGACGACA  

Collapsed consensus Gene A + Gene B

4. High heterozygosity and polyploidy problem



CCGCTA

High heterozygosity/Polyploid problem: 
If the reference is a paleoploid and it had recent WGD event, the mapping 
can be irregular and produce an important bias.

ATGCGCGCTAGACGACATGACGACAGCGTGGCGTAG  Reference Gene 1

ATGCCCGCTAGACGACATGACGACAGCGTGTCGTAG  Reference Gene 2

CGCGCT
GCGCGC

GCCCGC
CCCGCT
CCCGCT

CCGCTA
CCGCTA

ATGACG

ATGACG

ATGACG

ATGACG

TGACGA
TGACGA

TGACGA
TGACGA

Polymorphic 
Region

Non 
Polymorphic 

Region
Reads assigned randomly

5

2

+ 4 = 9
(+ 5 = 10 )

+ 4 = 6
(+ 2 = 4)

4. High heterozygosity and polyploidy problem



High heterozygosity/Polyploid problem: 
If the reference is a paleoploid and it had recent WGD event, the mapping 
can be irregular.

http://chibba.agtec.uga.edu/duplication/index/home

4. High heterozygosity and polyploidy problem

http://chibba.agtec.uga.edu/duplication/index/home


High heterozygosity/Polyploid problem: 

There is not a simple solution for highly duplicated genomes, but long 
reads may minimise the problem or multiple unspecific mapping. 

4. High heterozygosity and polyploidy problem
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Tissue selection and treatments: 

Different organs, tissues or cell types can produce different mRNA 
extraction yields. 

For samples where a low yield is expected a common practice is 1 to 3 
rounds of cDNA amplification, specially using techniques such as LCM.

Amplifications produce severe bias for between low/high represented 
transcripts

Best Practices: 
1) Compare samples with same number of amplification rounds 
2) Use software to measure and correct the bias  
    (example: seqbias from R/Bioconductor, Jones DC et al. 2012)

5. Tissue selection and treatments.



Tissue selection and treatments: 

Sequencing of multiple samples can be performed using multiplexing. 

The multiplexing add a tag/barcode of 4-6 nucleotides during the library 
preparation to identify the sample. Common kits can add up to 96 different 
tags.

Control -

Treatment +

mRNA  
extraction

Library  
preparation  

and  
multiplexing

ATCGTA

CGATCG

5. Tissue selection and treatments.



Tissue selection and treatments: 

Use of control genes to assess if the treatment was effective before to 
perform the RNA-Seq experiment.

5. Tissue selection and treatments.

For example, PATHOGENESIS-RELATED1 (PR1) and PDF1.2 (PLANT DEFENSIN1.2) are used 
as markers for SA and JA or ET, respectively, in Arabidopsis

Nandi, Ashis, et al. "Ethylene and jasmonic acid signaling affect the NPR1-independent expression of defense genes without impacting resistance to Pseudomonas syringae and 
Peronospora parasitica in the Arabidopsis ssi1 mutant." Molecular plant-microbe interactions 16.7 (2003): 588-599.
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6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

Strong influence in the final results 
of the experiment



6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

Recommendations: 
• Perform a bibliographic search. The quality of a standard RNA 

extraction for a RT may not be sufficient. 
• Use kits when they are available, although it may not be adequate for 

recalcitrant tissues. 
• Estimate if the yield is enough for the amount of RNA needed for 

subsequent steps including the library preparation.



6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

Concentration 
Invitrogen Qubit 

fluorimeter

Purity 
Thermo Fisher Nanodrop 

spectrophotometer 
(260/280 Ratio > 1.8)

Integrity 
DNA fragment analyser 

(e.g. Agilent Bioanalyzer) 
(RIN > 8)
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6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

Poly A+ selection vs rRNA depletion
Used only if the target is 

to study non polyA 
transcripts

Common 
option



6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

There are different methodologies and kits to prepare RNA-
Seq libraries but in most of them there are three steps: 

1. First strand DNA synthesis. 
1.1.  Use of oligo dT. 
1.2.  Use of random primers. 
1.3.Priming off oligos ligated to the ends of the RNA  

2. Second strand DNA synthesis. 
3. Fragmentation of the cDNA



6. RNA extraction and library preparation

1. Selection of the method of extraction driven by the type of experiment. 
2. Evaluation of the RNA concentration, integrity and purity (quality). 
3. Depletion methodologies. 
4. Library preparation.

Note about strand specific vs strandedness 
• Strand specific libraries are important for de-novo transcript 

assembly and identifying true anti-sense transcripts 
• When a reference genome is available and no anti-sense transcripts 

studies are performed strandedness libraries can vibe used.
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Selecting the right sequencing technology.

1) How many reads I need per sample ? 

Enough to represent the mRNA population.

ENCODE consortium’s Standards, Guidelines and Best Practices for RNA-Seq

“Experiments whose purpose is to evaluate the similarity between the 
transcriptional profiles of two polyA+ samples may require only modest depths of 
sequencing (e.g. 30M pair-end reads of length > 30NT, of which 20-25M are 
mappable to the genome or known transcriptome.”

“Experiments whose purpose is discovery of novel transcribed elements and 
strong quantification of known transcript isoforms… a minimum depth of 
100-200 M 2 x 76 bp or longer reads is currently recommended.”

7. Sequencing

http://www.rna-seqblog.com/information/how-many-reads-are-enough/
http://www.rna-seqblog.com/information/information/best-practices-for-rna-seq/


Selecting the right sequencing technology.

1) How many reads I need per sample ? 

Enough to represent the mRNA population.

Tarazona S. et al. (2012) Differential expression in RNA-seq: a matter of depth. Genome Res.21:2213-23

7. Sequencing



Selecting the right sequencing technology.

2) How long should be these reads? 

Depending if you need to do a de-novo assembly, mapping 
with a reference with recent WGD or mapping with a 
reference without recent WGD.

•de-novo assembly

•Reference with recent WGD

•Reference without recent WGD

}‣Longer is better (at least 100 bp)
‣Pair ends recommended

‣Any size beyond 50 bp

7. Sequencing



Selecting the right sequencing technology.

3) Do I have software/hardware limitations? 

Some tools have some limitations to work with long reads. 

Other tools doesn’t work with color space reads produced by 
Solid.

7. Sequencing



Selecting the right sequencing technology.

Yes

Do I have a reference ?Yes No

Do I have enough 
funds?No

Illumina Single Reads or Pair 
Ends

Illumina 
Pair Ends

PB / ON for reference
Illumina for quantif.

7. Sequencing



Read quality evaluation and processing7. Sequencing

Fastq raw

Fastq Processed

Reads processing
and

filtering

1. Low quality reads (qscore) (Q30)
2. Short reads (L50)
3. PCR duplications (Only Genomes).
4. Contaminations.
5. Corrections

Mapped
Reads

Assembled
Reads

Other Analysis



7. Sequencing

II.  FASTQ
FASTQ format is a text based file format that store usually DNA sequences. It contains information 
about the sequencing QUALITY of each nucleotide.

@GWNJ-0957:89:GW170928504:7:1101:2757:1309 1:N:0:NCGTCCC
TATCTAAGTATTTGATTAATGATAGATGACGATGGAGAAATATAATCTACTTTTTTAAGTCCCTCATTTTC
TTTCTCCATCTTTCTTTTTTATTACTCCCATTGTTCCCCAT
+
AAAAAFFJFJJFJJAAAAAFJJJ<FJJJJJJJJJJ7<7<<<<JJJJJJFFJJJAFJF-7<<-7AFJJFJJJ
JJJJJAJJFJFJ<7<-7A-7FAFJA777777<7-7--7--7
@GWNJ-0957:89:GW170928504:7:1101:3549:1309 1:N:0:NCGTCCC
ACCATTCATTATTTTTTTATTTAGTCTTTATTACTTTACTTTCCTTCCTTCTGAAATACTGCTATTGTACA
TAAAACAAAATGATCTACTTAAAAATAAAACAAATTTAAAA
+
AAA-AAJJFJJAAJAA-7AFJJ-7-<<-<AJJ--<J-<-<---77F7-A---A7--
<777<7<7<<F-77F<J<JJ7F7AFF77<77<7777<77<---7---77---7---

One line ID

ID line always starts 
with “@”

quality line always 
starts with “+”

One quality character per nucleotide. Each character code a number from 
0-41 (Illumina v1.8+).

Read quality evaluation and processing
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7. Sequencing Read quality evaluation and processing

• Does the sequencing produced the expected number of reads? 

READ COUNTS

• Do the reads have the expected average length? 

AVERAGE READ LENGTH

• Do the reads have the expected nucleotide qscore? 

QSCORE NUCLEOTIDE BOXES

Technology dependent



7. Sequencing Read quality evaluation and processing

Fastq-Stats (http://expressionanalysis.github.io/ea-utils/) 

$ fastq-stats <my_fastq_file> > my_fastq_stats



7. Sequencing Read quality evaluation and processing

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


7. Sequencing Read quality evaluation and processing

NanoPlot (https://github.com/wdecoster/NanoPlot) 

Oxford Nanopore sequencing data

Command Line Interface

Online Tool: http://nanoplot.bioinf.be/

http://nanoplot.bioinf.be/


7. Sequencing Read quality evaluation and processing

• Trimming and removing of low quality reads (Short Reads)

• Adapter removal (Short & Sometimes Long Reads)

• Filtering of reads below certain length (Short & Long Reads)

• Remove of the PCR duplications (Short Reads - Assemblies)

• Remove of contaminations (Short and Long Reads)

• Sequence correction (Short & Long Reads - Assemblies)



7. Sequencing Read quality evaluation and processing

• Most common filtering is associated with a minimum length and a minimum 
qscore (extremes, by average, minimum for all the nucleotides) 

Tecnology min. length (bp) min. qscore
454 100 20

Illumina 50 30
SOLiD 20 30

Ion Torrent 50 20
PacBio 1000 NA

Oxford Nanopore 1000 NA



7. Sequencing Read quality evaluation and processing

• Most common filtering is associated with a minimum length and a minimum qscore 
(extremes, by average, minimum for all the nucleotides) 

• Some of these tools also remove the adapters 

• Tools and time for processing varies depending of the technology. 

Software Link

Fastx-toolkit http://hannonlab.cshl.edu/fastx_toolkit/

Ea-utils https://expressionanalysis.github.io/ea-utils/

PrinSeq http://prinseq.sourceforge.net/

Trimmomatic http://www.usadellab.org/cms/?page=trimmomatic

E.g. running Ea-utils command fastq-mcf:

$ fastq-mcf -q 30 -l 50 -o s01_Q30L50_R1.fq Illumina_Adapters.fa s01_R1.fq



7. Sequencing Read quality evaluation and processing

• Contaminations can be removed mapping the reads against a reference with the 
contaminants such as E. coli and human genomes. The most common tools 

✴Bowtie or BWA (for short reads) 

✴BlasR or Minimap2 (for long reads).

• It is specially important to remove the contaminations on assembly processes. They can 
removed before or after the assembly.



7. Sequencing Read quality evaluation and processing

• Read correction is the process for which single nucleotide errors are corrected 
comparing them with Kmers, assembled sequences or other reads. 

• Read correction can improve the sequence assembly. 

Medvedev P. et al. Error correction of high-throughput sequencing datasets with non-uniform coverage
 Bioinformatics. 2011 27 (13):i137-i141



7. Sequencing Read quality evaluation and processing

• Read correction is the process for which single nucleotide errors are corrected 
comparing them with Kmers, assembled sequences or other reads. 

• Read correction can improve the sequence assembly. 

• Quake (http://www.cbcb.umd.edu/software/quake/index.html)

• Reptile (http://aluru-sun.ece.iastate.edu/doku.php?id=software)

• ECHO (http://uc-echo.sourceforge.net/)

• Corrector (http://soap.genomics.org.cn/soapdenovo.html)

• Musket (http://musket.sourceforge.net/)

Popular tools for short reads



7. Sequencing Read quality evaluation and processing

• Read correction is the process for which single nucleotide errors are corrected 
comparing them with Kmers, assembled sequences or other reads. 

• Read correction can improve the sequence assembly. 

Popular tools for long reads

- Self-alignment of PacBio reads.

• PBcR (Celera Assembler: http://wgs-assembler.sourceforge.net/)

• Canu (https://github.com/marbl/canu)

- Alignment of PacBio reads with Illumina contigs.

• PacBioToCA (Celera Assembler: http://wgs-assembler.sourceforge.net/)

- Alignment of PacBio reads with Illumina reads.

• Lordec (http://www.atgc-montpellier.fr/lordec/)

• Proovread (https://github.com/BioInf-Wuerzburg/proovread)

• LSC (http://www.healthcare.uiowa.edu/labs/au/LSC/)

http://wgs-assembler.sourceforge.net/

