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RNA-Seq data analysis

17-18 octobre 2019

Céline Noirot et Matthias Zytnicki

Material

● Slides:  
○ pdf : one per page

http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli/doc/Rnaseq_training_012019.pdf

○ pdf : three per page with comment lines
http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli/doc/Rnaseq_training_012019_3p.pdf  

● Hands on:      
○ Exercises: 

http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli/doc/Tps/RNAseq_TP_ligne_cmd_ennon
ce-Octobre2019.pdf

○ Data files: http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli/data   

○ Results files: http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli/doc/Tps/Correction.txt

Session organisation

Day 1

Morning (9h00 -12h30) :
 - Biological reminds
 - Sequence quality

Theory & exercises

 - Spliced read mapping 
Theory & Exercises & Visualisation 

Afternoon (14h-17h) :
 - Expression quantification

Theory + exercises

 - mRNA calling
Theory & exercises & Visualisation 
 

Day 2

Morning (9h00 -12h30) :
 - Models comparison

Theory & exercises

 - Hovering differential gene 
expression analyse
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Summary – Biological reminds

✔ Transcriptome specificity 
✔ High throughput sequencers
✔  Illumina protocol, paired-end library, directional library
✔  Experimental protocol
✔  RNAseq specific bias
✔  How to retrieve public data

Context

Prerequis : 
•  Reference genome available
•  RNAseq sequencing 

(sequence of transcript)

Try to answer to :
•  How to map transcript to the genome ?
•  How to discover new transcript ?
•  What are the alternative transcript ?

Source : en.wikipedia.org/wiki/User:Forluvoft/sandbox

6 Bio & Quality

Transcriptome variability  

 
● Many types of transcripts (mRNA, ncRNA, cis-natural antisense, 

fusion gene ...)
 
● Many isoform (non canonical splice sites, intron retention …)

 
● Number of transcripts

● possible variation factor between transcripts:  106 or more,
● expression variation between samples.

 
 
● Allele specific expression
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Transcriptome variability (ENCODE)

https://www.gencodegenes.org/stats/current.html 

8 Bio & Quality

What is « new » with RNA-Seq ?

● No prior knowledge of sequence needed
● Specificity of what is measured
● Increased dynamic range of measure, more sensitive 

detection
● Direct quantification
● Good reproducibility
● Different levels : genes, transcripts, allele specificity, 

structure variations
● New feature discovery: transcripts, isoforms, ncRNA, 

structures (fusion...)
● Possible detection of SNPs, ...

Sequencing platforms

https://flxlexblog.wordpress.com/2016/07/08/developments-in-high-throughput-sequencing-july-2016-edition/#more-790  
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Illumina Sequencing platforms

https://www.illumina.com/content/dam/illumina-marketing/documents/products/datasheets/novaseq-6000-system-specification-sheet-770-2016-025.pdf

Illumina RNA-Seq protocol

12 Bio & Quality

RNA-Seq library preparation 
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Clusters generation / Sequencing

https://www.eurofinsgenomics.co.in/en/eurofins-genomics/product-faqs/next-generation-sequencing/general-techni
cal-questions/what-is-the-principal-of-the-illumina-sequencing-technology.aspx
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How to define experimental protocol ?

−Ribo-depletion or polyA-selection ?

−Single-end or paired-end ?

−How long should my reads be ?

−How many replicates ?

• Technical or/and biological replicates ?

−How many reads for each sample?

−How many conditions for a full transcriptome ?

15 Bio & Quality

• Similar results 
Comparison of RNA-Seq by poly (A) capture, ribosomal RNA depletion, 
and DNA microarray for expression profiling, BMC Genomics , 2014

• RNA depletion:
● For bacterial
● ARN more varied
● CircRNA
● Some ncRNA 

• polyA enrichment: 
● More reads into exons
● Less biological material
● No transcript without PolyA

or partially degraded
● No circRNA biais

Déplétion / Enrichissement ?

https://content.neb.com/products/e6310-nebnext-rrna-depletion-kit-human-mouse-rat
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Paired-end VS single-end

Single-end

sequence fragment 1
(c)DNA

genome gene

Paired-end

sequence fragment 1

sequence fragment 2

(forward)

(rev)

alignment

● The cDNA size hive the insert size (ex. 200-500 pb).
● The fragment are usually forward-reverse.

Paired-end sequencing 

● Modification of the standard single-read DNA library preparation 
facilitates reading both ends of each fragment

● Improvement of mapping

● Help to detect structural 
variations in the genome like 
insertions or deletions, copy 
number variations, and 
genome rearrangements

18 Bio & Quality

Strand specific RNA-Seq protocol 
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Experimental protocol: 
Depth VS Replicates

● Encode (2016):
● Experiments should be performed with two or more biological 

replicates, unless there is a compelling reason why this is 
impractical or wasteful

● Replicate concordance: the gene level quantification should 
have a Spearman correlation of >0.9 between isogenic (same 
donor) replicates and >0.8 between anisogenic (different donor) 
replicates.

● Between 30M and 100M reads per sample depending on the 
study.

https://www.encodeproject.org/documents/cede0cbe-d324-4ce7-ace4-f0c3eddf5972/@@download/attachment/ENC
ODE%20Best%20Practices%20for%20RNA_v2.pdf
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Experimental protocol: 
Depth VS Replicates

21 Bio & Quality

Retrieve public data 

Why ?

• Because there is a lot of public data that would be 
sufficient for your analysis

• The authors often use only part of the data to 
answer their own problems

• Perhaps you don’t need to sequence your own data
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Retrieve public data
ENA https://www.ebi.ac.uk/ena  

23 Bio & Quality

Retrieve public data
SRA https://www.ncbi.nlm.nih.gov/sra 

24 Bio & Quality

Retrieve public data

http://bioinfo.genotoul.fr/index.php/faq/bioinfo_tips_faq/

Accession : SRX/ERX/DRX

SRPxxxxxx : Project
SRXxxxxxx : Experiement
SRRxxxxxx : Run

GSMxxxxxx : GEO id
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Retrieve public data

26 Bio & Quality

Retrieve public data

27 Bio & Quality

Retrieve public data

mkdir ~/work/ncbi
ln s ~/work/ncbi ~/ncbi
module load bioinfo/sratoolkit.2.8.21
prefetch <sra_accession> maxsize 
(20G by default)
Files are created into: 
~/work/ncbi/public/sra/
Convertion
fastqdump gzip  sra_file.sra

● On genologin, use sratoolkit to :
●  download raw file 
●  and convert format.
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Summary - Sequence quality

• Known RNAseq biais

• How to check the quality ?

• How to clean the data ?

29 Bio & Quality

RNAseq specific bias

● Influence of the library preparation

● Random hexamer priming

● Positional bias and sequence specificity bias.
Robert et al. Genome Biology, 2011,12:R22

● Transcript length bias

● « Mappability »

30 Bio & Quality

Hexamer random priming bias

Random priming 
→ not so random
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Hexamer random priming bias

−A strong distinctive pattern in the 
nucleotide frequencies of the first 13 
positions at the 5'-end :

●sequence specificity of the polymerase
●due to the end repair performed
 

−Reads beginning with a hexamer over-
represented in the hexamer distribution at the 
beginning relative to the end are down-
weighted

33 Bio & Quality

Transcript length bias

− the differential expression of longer transcripts is more likely 
to be identified than that of shorter transcripts

34 Bio & Quality

Bias “mappability”

● Quality of the reference genome influence results
○ assembly
○ finishing

● Sequence composition
● Repeated sequences
● Annotation quality
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Verifying RNA-Seq quality

FastQC :
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/

 
 

Has been developed for genomic data

36 Bio & Quality

fastq format 

● Standard for storing outputs of HTS
● A text-based format for storing a read and its 

corresponding quality scores
● 1 read  <-> 4 lines

@HWI-ST218:596:C90JYANXX:8:1101:1293:2188 1:N:0:ATTCAGAATAATCTTA
NCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAAA
+
#<3?BFGGGGGGEGGGGGGGEGGGGGG@F1FGGGGGGDDGG1FB</9FE=EGGGGGGGG>GGGGBGGGGG<<C/BDGGGGGGC=GGG

1. Begins with '@' character and is followed by a sequence identifier
2. The raw sequence
3. Begins with a  '+' character and  is optionally followed by the same sequence identifier   
4. Encodes the quality values for th read , contains the same number of symbols as letters 

in the read

37 Bio & Quality

fastq format 

● Sequence identifier
@EAS139:136:FC706VJ:2:2104:15343:197393 1:Y:18:ATCACG

1. Begins with '@' character and is followed by a sequence identifier
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fastq format 

● Base quality (Sanger standard)

@HWI-ST218:596:C90JYANXX:8:1101:1293:2188 1:N:0:ATTCAGAATAATCTTA
NCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAAA
+
#<3?BFGGGGGGEGGGGGGGEGGGGGG@F1FGGGGGGDDGG1FB</9FE=EGGGGGGGG>GGGGBGGGGG<<C/BDGGGGGGC=GGG

   

ASCII-encoded version of the PHRED quality given by

SANGER=PHRED+33 : H=ASCII(40+33) 

39 Bio & Quality

la proba d'une erreur :

fastq format 

40 Bio & Quality

The analysis in FastQC is performed by a 
series of analysis modules.

Quick evaluation of whether the results of 
the module seem :
● entirely normal (green tick), 
● slightly abnormal (orange triangle) 
● or very unusual (red cross).

These evaluations must be taken in the 
context of what you expect from your library. 
A 'normal' sample as far as FastQC is 
concerned is random and diverse.

fastqQC Report
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Statistics per Base Sequence Quality
This view shows an overview of the range of quality values across all bases at each position in 
the FastQ file.

Common to see base calls falling into the orange area towards the end of a read.

fastqQC Report

42 Bio & Quality

Statistics per Sequence Quality Score

See if a subset of your sequences have universally low quality values. 

fastqQC Report

43 Bio & Quality

Statistics per Base N Content

This module plots out the percentage of base calls at each position for which an N was 
called.

Usual to see a very low proportion of Ns appearing nearer the end of a sequence.

fastqQC Report
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Per Base Sequence Content plots out the proportion of each base position in a file for which 
each of the four normal DNA bases has been called.

In a random library : little/no difference between the different bases of a sequence run, so 
the lines in this plot should run parallel with each other. 

If strong biases which change : overrepresented sequence contaminating your library.

Statistics  Per Base Sequence Content

RNA-seq OK

fastqQC Report

45 Bio & Quality

Per Base GC Content plots out the GC content of each base position in a file.

Random library : little/no difference between the different bases of a sequence run
=> plot horizontally.
The overall GC content should reflect the GC content of the underlying genome.

GC bias: changes in different bases, overrepresented sequence contaminating your library. 
=> plot not horizontally.

Statistics per Base GC Distribution

RNA-seq OK

fastqQC Report

46 Bio & Quality

Statistics per Sequence GC Content

This module measures the GC content across the whole length of each sequence in a file 
and compares it to a modeled normal distribution of GC content.

fastqQC Report
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Statistics per Sequence Length Distribution
Some sequence fragments contain reads of wildly varying lengths.

Even within uniform length libraries some pipelines will trim sequences to remove poor quality 
base calls from the end.

fastqQC Report

48 Bio & Quality

Statistics per  Duplicate Sequences 

High level of duplication indicate an enrichment biais.

fastqQC Report

RNA-seq OK

49 Bio & Quality

Overrepresented Kmers
● A kmer is a subsequence of length k
● Should spot overrepresented sequences, give a good impression of any 

contamination.
● Kmers showing a rise towards the end of the library indicate progressive 

contamination with adapters.
● Check for adaptor sequence or poly-A sequence

  

fastqQC Report

RNA-seq OK
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Elements to be checked :
−Random priming effect
−K-mer (polyA, polyT)
− Adaptor presence

 

Alignment on reference for the second quality check and filtering.

A good run?:
−Expected number of reads produced,
−Length of the reads expected (150pb),
−Random selection of the nucleotides and the GC%,
−Good alignment: very few unmapped reads, pairs mapped on 

opposite strands.

Take home message on quality
 analysis

51 Bio & Quality

● Cleaning :
− Low quality bases
− Adaptors

● Software :
− Trim_galore 
− Cutadapt
− Trimmomatic
− Sickle
− PRINSEQ
−  ...

Cleaning analysis

53 Bio & Quality

Cutadapt

● Searches & removes adapter & tag in all reads.
● Trim quality
● Filter too short or untrimmed reads (in a separate output file).

module load bioinfo/cutadapt1.8.3python2.7.2
cutadapt a ADAPTER_FWD A ADAPTER_REV o out1.fatsq p 
out2.fastq  reads1.fastq reads2.fastq

Ex.: cutadapt -a AACCGGTT -o output.fastq input.fastq
(3’ adapter, single read)
Input file : fasta, fastq or compressed (gz, bz2, xz).

Source : http://cutadapt.readthedocs.io/en/stable/guide.html
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trim_galore

module load bioinfo/cutadapt1.14python2.7.2
module load bioinfo/FastQC_v0.11.7
module load bioinfo/TrimGalore0.4.5
mkdir DIR
trim_galore  fastqc 

stringency 3 
length 25 
trimn 
o DIR
paired <read1> <read2>

● Detect automatically adaptor 
● Trim adaptor
● Trim low quality bases
● Trim N bases
● Remove read with length lower than 20b

55 Bio & Quality

Hands-on: quality control

Data for the exercises: 

- from Mohammed Zouine (ENSAT)
- tomato wild type and mutant type (without seeds) with the 

transcription factor Sl-ARF8 (auxine response factor 8) 
overexpressed

- clonal lineage
- paired, 100 pb non stranded
- triplicated
- in the publication process 
- subsampled on chromosome 6 for faster analysis

Use FastQC and trim_galore

Exercise 1 :  quality control of used datasets
cleaning used datasets 
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Analysis workflow

Transcriptome indexation

StepOutput file 
format Tools

Reads
fastq

Quality control and cleaning

fastq
FastQC
trim_galore

Alignment on reference

STAR
samtools sort
samtools indexbam, bai

Transcripts discovery

cufflinks
cuffmerge
samtools mergegtf 

Transcriptome de référence

Reference genome 
fasta

gtf / gf
rsem-prepare-reference

Quantification 

RSEM (rsem-
calculate-expression)
featureCountcsv / txt

Genome indexation

Samtools faidx
STAR genomeGenerate

fasta, 
fai,
star*

rsem*

Summary - 
Spliced read mapping & Visualisation 

1. What is a spliced aligner?

2. Reference genome & transcriptome files formats

3. STAR principle and usage

4. BAM & Bed files formats

5. Visualisation with IGV

3 Mapping

Aim - 
Spliced read mapping & Visualisation 

Aim: Discover the true location (origin) of each read on 
the reference.

Problems:
● Some features (repetitive regions, assembly errors, 

missing information) make it impossible for some 
reads.

● Reads may be split by potentially thousands of bases 
of intronic sequence.

And:
Do it in/with reasonable time/resources.
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Splice sites

−Canonical splice site:
−which accounts for more than 99% of splicing 
−GT and AG for donor and acceptor sites

   

−Non-canonical site:
−GC-AG splice site pairs, AT-AC pairs

−Trans-splicing:
splicing that joins two exons that are not within the 
same RNA transcript

http://en.wikipedia.org/wiki/RNA_splicing

5 Mapping

Hard case

−Lot of variations (sequencing errors, mutations) 
−Repeats
−Reads spanning 3+ exons
−Gene or pseudogene

 

−Small end “anchor”

−Unknown junction inside poorly rarely expressed 
gene

Kim et al, Genome Biology, 2013

6 Mapping

Most used tools

 Tools for splice-mapping:

        - Tophat:
        - HISAT

        - STAR:
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Benchmarks

Run time:

8 Mapping

on the human-T3-data base-level statistics.

« Therefore, an algorithm that is robust to parameter settings and exhibits good performance 
using defaults is desirable »

« most reliable general-purpose aligners appear to be CLC, Novoalign, GSNAP, and STAR. »

Tuning parameters

9 Mapping

rnaSTAR

•  Spliced Transcripts Alignment to a Reference
•  Outperforms other aligners by more than a factor of 50 

in mapping speed
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● search for a MMP from the 1st base

• MMP search repeated for the unmapped portion next to the junction

• do it in both fwd and rev directions

• cluster seeds from the mates 
of paired-end RNA-seq reads

rnaSTAR strategy

Soft-clipping is the 
main difference 

between Tophat and 
STAR Dobin et al, Bioinformatics, 2011

11 Mapping

STAR : two passes strategy

Veeneman et al, Bioinformatics, 2016

« Improved ability to align 
reads by short spanning 

lengths is sufficient to explain 
the quantification benefit of 

two-pass alignment »

12 Mapping

STAR indexing

module load bioinfo/starXXX
STAR runMode genomeGenerate genomeDir 
genome_dir genomeFastaFiles genome.fasta 

To use N CPUs, add:          runThreadN N
With an annotation: sjdbGTFfile annot.gtf

Some precomputed indices are already available:
http://labshare.cshl.edu/shares/gingeraslab/www-data
/dobin/STAR/STARgenomes
or on your preferred platform: /bank/STARdb



Mapping

5

13 Mapping

Where to find a reference genome?

Retrieving the genome file (fasta):

−The Genome Reference Consortium  
http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/

−NCBI chromosome naming with « | » not well supported by 
mapping software
 

−Prefer EMBL
http://www.ensembl.org/info/data/ftp/index.html
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Reference transcriptome file
What is a GTF file ?
• An annotation file: loci of coding genes (transcripts, CDS, UTRs), non-coding 

genes, etc.
• Gene Transfer Format (derived from GFF)

chr source  feature start end  score strand frame [attributes]
1   ENSEMBL exon    1000  2000 .     +      .     gene_id "ENSG01"; transcript_id “ENST01.1”; gene_name "ABC";
1   ENSEMBL exon    3000  4000 .     +      .     gene_id "ENSG01"; transcript_id “ENST01.1”; gene_name "ABC";
1   ENSEMBL exon    1000  4000 .     +      .     gene_id "ENSG01"; transcript_id “ENST01.2”; gene_name "ABC";
1   ENSEMBL exon    5000  6000 .     +      .     gene_id "ENSG02"; transcript_id “ENST02.1”; gene_name "DEF";

 gene_id value : unique identifier for the gene.
 transcript_id value : unique identifier for the transcript. 

The chromosome names MUST be the same in the gtf file and fasta 
files (e.g. chr1 vs Chr1 vs 1).

ENST01.1

ENST01.2
ENSG02, ENST02.1, DEF

ENSG01, ABC

http://genome.ucsc.edu/FAQ/FAQformat.html#format4

15 Mapping

Hands-on :  STAR

Exercise n°3

Create a directory for the genome and annotation files.

Get the FASTA and GTF files from: 
http://genoweb.toulouse.inra.fr/~formation/19_Rnaseq_Cli
/data/reference/

Create the STAR index.
Tip: you can allocate N CPUs with the sbatch c 8
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STAR alignment

module load bioinfo/starXXX
STAR genomeDir genome_dir 
readFilesIn read1.fastq.gz read2.fastq.gz 
readFilesCommand zcat
sjdbGTFfile transcriptome.gtf 
alignIntronMin 20 alignIntronMax 500000 
outSAMtype BAM SortedByCoordinate → sort 
outSAMstrandField intronMotif → for cufflinks
alignSoftClipAtReferenceEnds No → for cufflinks
outSAMattrIHstart 0 → for cufflinks or StringTie
outFilterType BySJout → filter by splice site
outFilterIntronMotifs RemoveNoncanonical → filter 
quantMode TranscriptomeSAM GeneCounts → for RSEM
 outSAMattributes All → more information
outFileNamePrefix sampleName  
runThreadN 4

17 Mapping

Intron size
 alignIntronMin  20 
 alignIntronMax 500000

Allow soft-clipping past the end of chr (for cufflinks No)
alignSoftClipAtReferenceEnds No [default Yes]

Output format:
outSAMtype BAM SortedByCoordinate [SAM]
Output SAM/BAM alignments to transcriptome into a separate file (for 
RSEM)  
quantMode TranscriptomeSAM

→ need :sjdbGTFfile annot.gtf 
Output read unmapped 
outReadsUnmapped Fastx

STAR options

18 Mapping

Add more tags:
outSAMattributes All

Default output file name: Aligned.bam Modify prefix:
outFileNamePrefix prefix

Infer strand using intron motifs (for Cufflinks) 
outSAMstrandField intronMotif [None]

Start IH at outSAMattrIHstart 0 [1] (for Cufflinks)

STAR options
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Remove reads that did not pass the junction filter:
outFilterType BySJOut [Normal]

Filter out alignments with non-canonical intron motifs
outFilterIntronMotifs RemoveNoncanonical

Mismatches :
outFilterMismatchNmax [default: 10]

Limit multimap outputed:
outFilterMultimapNmax [Default: 10]
> Flag of secondary alignment 0x100

Too short alignemnt
outFilterMatchNminOverLread 0.66
outFilterScoreMinOverLread 0.66

STAR options

20 Mapping

STAR - two passes mode

● First pass: discover new junctions.

● Second pass: run again with knowing the new junctions.
(most useful for poorly annotated genomes.)

twopassMode [None|Basic]

Defines the number of reads to be mapped in the 1st pass :
twopass1readsN [1]

21 Mapping

STAR Output files

Outputs (w/o specific options except BAM SortedByCoordinate):

● Aligned.sortedByCoord.out.bam: list of read alignments in SAM 
format compressed

● Log.out: main log file with a lot of detailed information about the run (for 
troubleshooting)

● Log.progress.out: reports job progress statistics

● Log.final.out: summary mapping statistics after mapping job is 
complete, very useful for quality control.

● SJ.out.tab: contains high confidence collapsed splice junctions in tab-
delimited format

(chr, intron start, end, strand, intron motif, in database, # uniquely mapping 
reads, # multi, max. overhang)
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STAR technical issues

● Temporary disk space: 
− Indexing the mouse genome requires 128GB and 1 

hour on 6 slots.
−Mapping a 16M paired-end reads requires 110GB 

and 4 mins on 6 slots.

● Available cluster:
−New : 48 nodes with 32 cores and 256 GB of ram 

per node
−Old : 68 nodes with 20 cores and 256 GB of ram per 

node

23 Mapping

Hands-on :  STAR

Exercise n°3
Map the 2 FASTQ files.
Do not forget to provide a different output file name for 
each set.

Index the output BAM files with:
samtools index file.bam

→ Then BAM format presentation.

24 Mapping

Sequence Alignment/Map format:
• Each line stores an alignment/map

• Header stores genome information
@HD VN:1.5 SO:coordinate
@SQ SN:ref LN:45

SAM / BAM formats

Coor    12345678901234  5678901234567890123456789012345
ref     AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1       TTAGATAAAGGATA*CTG
+r002        aaaAGATAA*GGATA
+r003      gcctaAGCTAA
+r004                    ATAGCT..............TCAGC
r003                           ttagctTAGGC
r001/2                                       CAGCGGCAT

name flag chr start mapQ  cigar   nNext sNext tlen     seq         qual   tags
r001   99 ref   7    30 8M2I4M1D3M =     37    39 TTAGATAAAGGATACTG *
r002    0 ref   9    30 3S6M1P1I4M *      0     0 AAAAGATAAGGATA    *
r003    0 ref   9    30       5S6M *      0     0 GCCTAAGCTAA       * SA:Z:ref,29,,6H5M,17,0;
r004    0 ref  16    30    6M14N5M *      0     0 ATAGCTTCAGC       *
r003 2064 ref  29    17       6H5M *      0     0 TAGGC             * SA:Z:ref,9,+,5S6M,30,1;
r001  147 ref  37    30         9M =      7   39 CAGCGGCAT         * NM:i:1
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Fields

• Flags: https://broadinstitute.github.io/picard/explain-flags.html
• MapQ: similar to a phred score
• nNext: =  means same chr
• In general, * means NA

Coor    12345678901234  5678901234567890123456789012345
ref     AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1       TTAGATAAAGGATA*CTG
+r002        aaaAGATAA*GGATA
+r003      gcctaAGCTAA
+r004                    ATAGCT..............TCAGC
r003                           ttagctTAGGC
r001/2                                       CAGCGGCAT

name flag chr start mapQ  cigar   nNext sNext tlen     seq         qual   tags
r001   99 ref   7    30 8M2I4M1D3M =     37    39 TTAGATAAAGGATACTG *
r002    0 ref   9    30 3S6M1P1I4M *      0     0 AAAAGATAAGGATA    *
r003    0 ref   9    30       5S6M *      0     0 GCCTAAGCTAA       * SA:Z:ref,29,,6H5M,17,0;
r004    0 ref  16    30    6M14N5M *      0     0 ATAGCTTCAGC       *
r003 2064 ref  29    17       6H5M *      0     0 TAGGC             * SA:Z:ref,9,+,5S6M,30,1;
r001  147 ref  37    30         9M =      7   39 CAGCGGCAT         * NM:i:1

26 Mapping

Coor    12345678901234  5678901234567890123456789012345
ref     AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1       TTAGATAAAGGATA*CTG
+r002        aaaAGATAA*GGATA
+r003      gcctaAGCTAA
+r004                    ATAGCT..............TCAGC
r003                           ttagctTAGGC
r001/2                                       CAGCGGCAT

name flag chr start mapQ  cigar   nNext sNext tlen     seq         qual   tags
r001   99 ref   7    30 8M2I4M1D3M =     37    39 TTAGATAAAGGATACTG *
r002    0 ref   9    30 3S6M1P1I4M *      0     0 AAAAGATAAGGATA    *
r003    0 ref   9    30       5S6M *      0     0 GCCTAAGCTAA       * SA:Z:ref,29,,6H5M,17,0;
r004    0 ref  16    30    6M14N5M *      0     0 ATAGCTTCAGC       *
r003 2064 ref  29    17       6H5M *      0     0 TAGGC             * SA:Z:ref,9,+,5S6M,30,1;
r001  147 ref  37    30         9M =      7   39 CAGCGGCAT         * NM:i:1

CIGAR

• 30M  means 30 matches or mismatches
• I and D : insertion/deletion
• S and H : soft/hard clipping

27 Mapping

● Format: 2-letter name:format:value (many different)
● NM: # mismatches
● SA: chimeric reads
● NH, HI: # hits for this sequence, hit index
● AS: alignment score
● nM: # mismatches per fragment

Tags

Coor    12345678901234  5678901234567890123456789012345
ref     AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1       TTAGATAAAGGATA*CTG
+r002        aaaAGATAA*GGATA
+r003      gcctaAGCTAA
+r004                    ATAGCT..............TCAGC
r003                           ttagctTAGGC
r001/2                                       CAGCGGCAT

name flag chr start mapQ  cigar   nNext sNext tlen     seq         qual   tags
r001   99 ref   7    30 8M2I4M1D3M =     37    39 TTAGATAAAGGATACTG *
r002    0 ref   9    30 3S6M1P1I4M *      0     0 AAAAGATAAGGATA    *
r003    0 ref   9    30       5S6M *      0     0 GCCTAAGCTAA       *  SA:Z:ref,29,,6H5M,17,0;
r004    0 ref  16    30    6M14N5M *      0     0 ATAGCTTCAGC       *
r003 2064 ref  29    17       6H5M *      0     0 TAGGC             *  SA:Z:ref,9,+,5S6M,30,1;
r001  147 ref  37    30         9M =      7   39 CAGCGGCAT         *  NM:i:1
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28 Mapping

BAM (Binary Alignment/Map) format:
● Compressed binary representation of SAM
● Greatly reduces storage space requirements to 

about 27% of original SAM
● samtools: reading, writing, and manipulating BAM 

files
● Most tools require a sorted and indexed BAM file.

● To be viewed a bam file must be indexed :
samtools index

SAM / BAM

29 Mapping

samtools

module load bioinfo/samtools1.8

Bam → sam
samtools view in.bam
Sam → bam
samtools view in.sam > out.bam

Sort
samtools sort o out.bam in.bam

Index 
samtools sort in.bam

Global options nb threads:
@ 4

30 Mapping

Visualizing alignments on IGV

http://www.broadinstitute.org/igv/home 
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31 Mapping

●  High-performance visualization tool
●  Interactive exploration of large, 

integrated datasets
●  Supports a wide variety of data 

types
●  Documentations
●  Developed at the Broad Institute of 

MIT and Harvard

Visualizing alignments on IGV

32 Mapping

Visualizing alignments on IGV

33 Mapping

IGV : Load reference genome

Select a fasta file, the 
index .fai must exists in 
the same directory
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34 Mapping

IGV : Load annotation

Load GTF or GFF, to get annotation track

Go to position or gene (enter gene name)

35 Mapping

IGV : Load alignment

Select a bam file, the 
index .bai must exists in 
the same directory

36 Mapping

IGV : Load alignment
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37 Mapping

IGV : Load alignment

38 Mapping

Find library orientation 

Color alignment by > first-of-pair strand

Visualization

Exercices 5 
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Analysis workflow

Transcriptome indexation

StepOutput file 
format Tools

Reads
fastq

Quality control and cleaning

fastq
FastQC
trim_galore

Alignment on reference

STAR
samtools sort
samtools indexbam, bai

Transcripts discovery

cufflinks
cuffmerge
samtools mergegtf 

Transcriptome de référence

Reference genome 
fasta

gtf / gf
rsem-prepare-reference

Genome indexation

fasta, 
fai,
star*

Samtools faidx
STAR genomeGenerate

rsem*

Summary - 
mRNA calling & model comparison

● How to reconstruct transcript ?

● Cufflinks 

● Compare models (cuffcompare)

● Merge annotation (cuffmerge)

● Which strategy ?

3 Discovering

Transcript reconstruction

Gene location
Exon location
Junctions :
- between read pair junction
- within read junction
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4 Discovering

Model building strategies

5 Discovering

Cufflinks

  http://cole-trapnell-lab.github.io/cufflinks/

− assembles transcripts
− estimates their abundances: based on how many reads 

support each one
− Suite of software : cufflinks, cuffmerge, cuffcompare

6 Discovering

Cufflinks transcript assembly

− Transcripts assembly:
• fragments are divided into non-overlapping 

loci
• each locus is assembled independently

− Cufflinks assembler
• find the mini nb of transcripts that explain 

the reads
• find a minimum path cover (Dilworth's 

theorem):
− nb incompatible read = mini nb of 

transcripts needed
− each path = set of mutually compatible 

fragments overlapping each other

                                        

  Trapnell C et al. Nature Biotechnology 2010
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7 Discovering

− Command line:
cufflinks [options] <aligned_reads.(sam/bam)> 

− Some options:
  h/help
  o/outputdir
  p/numthreads
  G/GTF <reference_annotation.(gtf/gff)>

estimate isoform expression, no novel transcripts
  g/GTFguide <reference_annotation.(gtf/gff)>

use reference transcript annotation to guide assembly
  maxbundlelength [3,500,000]
  maxbundlefrags [500,000]
  librarytype

library prep used for input reads

Cufflinks inputs and options

module load bioinfo/cufflinks2.2.1

8 Discovering

Cufflinks library types

https://www.biostars.org/p/344264/

9 Discovering

− transcripts.gtf
contains assembled isoforms (coordinates and 
abundances)

− genes.fpkm_tracking
contains the genes FPKM

− isoforms.fpkm_tracking
contains the isoforms FPKM

− skipped.gtf
contains skipped loci (too many fragments)

Cufflinks outputs
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10 Discovering

transcripts.gtf (coordinates and abundances): 
● contains assembled isoforms
● can be visualized with a genome viewer
● attributes: ids, FPKM, confidence interval, read coverage & support

Cufflinks GTF description

− score:  most abundant isoform = 1000
 minor isoforms = minor FPKM/major FPKM

− cov:  estimate for depth across the transcript

11 Discovering

Cufflinks GTF description

transcripts.gtf (coordinates and abundances): 
visualization in IGV

12 Discovering

Compare assemblies between conditions:
● compare your assembled transcripts to a reference annotation
● track Cufflinks transcripts across multiple experiments

 
Command: 
cuffcompare [r <reference.gtf>] [o <outprefix>] <input1.gtf> 
…
 
Outputs:
● <outprefix>.stats - overall summary statistics
● <outprefix>.combined.gtf - “union” of all transfrags
● <cuff_in>.refmap - transfrags matching to reference transcript
● <cuff_in>.tmap - best reference transcript for each transfrag
● <outprefix>.tracking - tracking transfrags across samples

Cufflinks / Cuffcompare
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13 Discovering

Cuffcompare
Class code de cuffcompare

= complete match

c contained

j novel isoform

e single exon

i within intron

o exonic overlap

p polymerase run-on

r repeat

u unknown, intergenic

x exonic overlap on 
the opposite strand

s intronic overlap on 
the opposite strand

> 50% lower case bases

http://cole-trapnell-lab.github.io/cufflinks/cuffcompare/index.html#transfrag-class-codes

14 Discovering

Merge together several assemblies:
● merge novel isoforms and known isoforms
● filters a number of transfrags that are probably artifacts
● build a new gene model describing all conditions

 
Command: 
cuffmerge [options] o <assembly_GTF_list>
 
Options:
● o/outputdir

● g/refgtf

● s/refsequence

● minisoformfraction

discard isoforms with abundance below this [0.05]
● p/numthreads

Cufflinks / Cuffmerge

15 Discovering

Cufflinks / Cuffmerge

merged.gtf (coordinates and legacy): 
● contains merged input assemblies
● can be visualized with a genome viewer
● attributes: ids, name, oId, nearest_ref, class_code, tss_id, p_id



Discovering

6

16 Discovering

Which strategy ? 

Sample1_rep1.bam

Sample1_rep2.bam

Sample1_rep3.bam

Sample2_rep1.bam

Sample2_rep2.bam

Sample2_rep3.bam

samtools merge

merge.bam

cufflinks

annotation.gt

Sample1_rep1.bam

Sample1_rep2.bam

Sample1_rep3.bam

Sample2_rep1.bam

Sample2_rep2.bam

Sample2_rep3.bam

samtools merge

sample1.bam

cufflinks

annotation1.gt

sample2.bam

annotation2.gt

cufflinks

samtools merge

cuffmerge

annotation.gt

17 Discovering

Hands-on: transcripts assembly

 
Using cufflinks:

Exercise 6: 
- reconstruct known and novel transcripts 
- compare annotations
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Analysis workflow

Transcriptome indexation

StepOutput file 
format

Tools

Reads
fastq

Quality control and cleaning

fastq
FastQC
trim_galore

Alignment on reference

STAR
samtools sort
samtools indexbam

Transcriptome de référence

Reference genome 
fasta

gtf / gf
rsem-prepare-reference

Quantification 

RSEM (rsem-
calculate-expression)
featureCountcsv / txt

Genome indexation

Samtools faidx
STAR genomeGenerate

fasta, 
fai,
star*

rsem*

Quantification2

Quantification

Quantification: estimation of expression based on a read 
count.

Gene A

Gene B

Gene A       5
Gene B       2

BAM 
files

Table 
file

GTF 
file

Estimation of:
– gene expression
– transcript expression
– exon expression

Quantification3

Difficult cases

Multi-mapping read

Every quantification tools uses its own rules!
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Quantification4

Raw counts vs estimation

Raw count vs estimation: what to do with ambiguous 
reads?

Gene A

Gene B

ambiguous specific

Pros estimation:
– Use more reads.
– More accurate?

Cons estimation:
– Underlying model inaccurate.
– Raw counts for differential 

expression does not matter 
much.

Quantification5

Transcript expression

Trapnell C et al. Nature 
Biotechnology 2010; 
28:511-515

Quantification6

– Levels : exon, transcript, gene
– Multiple option for :
– Paired reads
– Assignation of reads
– Oriented library

– Also exists: HTseq-Count

Raw counts tool: featureCounts
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Quantification7

module load bioinfo/subread1.6.0

Command line:
featureCounts [options] a <annotation_file> o 
<output_file> input_file1 [input_file2] 

Inputs :
– Gtf : annotation file (a)
– Bams: input files

Some options :
t  [exon] Specify the feature type. Only rows which have the matched 
matched feature type in the provided GTF annotation file will be included for 
read counting. 

g [gene_id] Specify the attribute type used to group features (eg. Exons) 
into meta-features (eg. genes), when GTF annotation is provided. 

Raw counts tool: featureCounts

Quantification8

Q  The minimum mapping quality score a read must satisfy in order
to be counted. For paired-end reads, at least one end should
satisfy this criteria. 0 by default.

primary  If specified, only primary alignments will be counted. 

minOverlap Specify the minimum number of overlapped bases
required to assign a read to a feature. 1 by default.

p  If specified, fragments (or templates) will be counted instead of 
reads.
P  If specified, paired-end distance will be checked when assigning
d  Minimum fragment/template length, 50 by default.
D    Maximum fragment/template length, 600 by default.
B       If specified, only fragments that have both ends successfully aligned 
will be considered for summarization.

T [1]  Number of the threads. 

Raw counts tool: featureCounts

Quantification9

Estimation tool: RSEM

– Exhaustive tool
– Levels : transcript, gene
– May be used without reference genome (RNA-Seq de 

novo)

– Also exists: cufflinks
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Quantification10

RSEM : Prepare reference

Command line:
module load bioinfo/RSEMXXX

rsempreparereference gtf annot.gtf 
genome.fasta rsem_lib
 
Output files:
● rsem_lib.grp, rsem_lib.ti, rsem_lib.seq , 

and rsem_lib.chrlist are for internal use.
● rsem_lib.idx.fa: the transcript sequences
● rsem_lib.n2g.idx.fa : same, with N→ G

Quantification11

RSEM: calculate expression

Command line:
rsemcalculateexpression alignments 
alignment.bam rsem_lib quant

Outputs:
● quant.isoforms.results : isoform level 

expression estimates
● quant.genes.results : same for genes
● quant.stat: directory with stats on various aspects 

of this step
 

Quantification12

RSEM: calculate expression

Other parameters:
pairedend: specify paired-end reads
p N: use N CPUs
seed N: seed for random number generators
calcci: calculate 95% credibility intervals and 
posterior mean estimates.
-cimemory 30000: size in MB of the buffer used for 
computing CIs
estimaterspd: estimate the read start position 
distribution
--nobamoutput: do not output any BAM file 
(produced by internal mapper)
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Quantification13

Output file format
‒ effective_length: # positions that can generate a 

fragment
‒ expected_count: read count, with mapping prob. and 

read qual
‒ TPM: Transcripts Per Million, relative transcript 

abundance, see infra
‒ FPKM: Fragments Per Kilobase of transcript per Million 

mapped reads, see infra
‒ IsoPct: isoform percentage
‒ posterior_mean_count, 
posterior_standard_deviation_of_count, 
pme_TPM, pme_FPKM : estimates calculated Gibbs 
sampler

Quantification14

Output file format
‒ IsoPct_from_pme_TPM: isoform percentage 

calculated from pm e_TPM  values

‒ TPM_ci_lower_bound, TPM_ci_upper_bound, 
FPKM_ci_lower_bound, FPKM_ci_upper_bound : 
bounds of 95% credibility intervals 

‒ TPM_coefficient_of_quartile_variation , 
RPKM_coefficient_of_quartile_variation : 
coefficients of quartile variation, a robust way of 
measuring the ratio between the standard deviation and 
the mean

Quantification15

RPKM vs FPKM vs TPM

RPKM: Reads Per Kb of transcript per Million mapped
‒ r = # reads on a gene
‒ k = size of the gene (in kb)
‒ m = # reads in the sample (in millions)

RKPM = r / (k m)

FPKM: Fragments Per Kilobase…
‒ Same with f = # fragments (2 reads in PE) on a gene

Meaning:
If you sequence at depth 106, you will have x = FPKM 
fragments of a 1kb-gene.
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Quantification16

RPKM vs FPKM vs TPM

TMP:
‒ ri = # reads on a gene i
‒ si = size of the gene i
‒ cpbi = ri / si
‒ cpb = ∑ cpbi
‒ TMPi = cpbi / cpb × 106

Remark:
‒ TMPi = FPKMi / (∑ FPKMj) × 106

Meaning:
If you have 106 transcripts, x = TMPi will originate from gene i.

Quantification17

RPKM vs FPKM vs TPM

‒ These are refinement of library size normalization, with 
gene length effect.

‒ RPKM should not be used for PE reads.
‒ TMP tend to be favored now w.r.t. R/FPKM.
‒ None of them should be used for differential 

expression: only raw counts.

Ask your questions to the stats guys.

Quantification18

Quantification

Exercice 6
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Quantification19

Transcriptome indexation

StepOutput file 
format

Tools

Reads
fastq

Quality control and cleaning

fastq
FastQC
trim_galore

Alignment on reference

STAR
samtools sort
samtools indexbam

Transcripts discovery

cufflinks
cuffmerge
samtools mergegtf 

Transcriptome de référence

Reference genome 
fasta

gtf / gf
rsem-prepare-reference

Quantification 

RSEM (rsem-
calculate-expression)
featureCountcsv / txt

Genome indexation

Samtools faidx
STAR genomeGenerate

fasta, 
fai,
star*

rsem*

RNAseq pipeline : all steps

20 Discovering

How to choose count matrix ?

● Quality of the annotation : 
○ do not forget to check the genes structure with IGV
○ presence of genes of interest
○ too many transcripts
○ quality metrics with gffcompare
○ number of covered gene 

● Number of mapped reads 

● Number of assigned reads

Next step

From count matrix to DEG : 

- Normalization

- Differential expression analysis

- End more … GO enrichment

… an overview
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Satisfaction form 

 https://enquetes.inra.fr/index.php/84236


