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RNA-Seq data analysis

Cédric Cabau Sigenae / Céline Noirot Bioinfo Genotoul
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Material

http://bioinfo.genotoul.fr/index.php?id=119 

Slides & Exercise leaflet (doc)
– pdf : one per page
– pdf : three per page with comment lines

                
Data & results files (data)
http://genoweb.toulouse.inra.fr/~formation/LigneCmd/RNAseq/data/ 

http://bioinfo.genotoul.fr/index.php?id=119
http://genoweb.toulouse.inra.fr/~formation/LigneCmd/RNAseq/data/
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Session organisation

Afternoon (14h-17h) :

- Sequence quality
• Theory + exercises

- Spliced read mapping        
• Theory + exercises

Morning (9h00 -12h30) :

 - Visualisation
• Exercises

 - expression measurement
• Theory + exercises

Afternoon (14h-17h) :

 - mRNA calling
• Theory + exercises

 - some statistics ...
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What you should know

How to connect to genotoul.toulouse.inra.fr?

How to use unix commands?

wget URL 

qlogin -pe parallel_smp 4
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Summary - Sequence quality 

● Context, vacabulary, transcriptome variability ...
● Methods to analyse transcriptoms
● What is RNAseq ?
● High throughput sequencers
● Illumina protocol, paired-end library, directionnal library 
● Known biais
● How to check quality ?
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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
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Transcription products

Protein coding gene: transcribed in mRNA
ncRNA : highly abundant and functionally important RNA

• tRNA, 
• rRNA, 
• snoRNAs, 
• microRNAs, 
• siRNAs,
• PiRNAs
• lincRNA

http://en.wikipedia.org/wiki/User:Amarchais/RsaOG_RNA

http://en.wikipedia.org/wiki/User:Amarchais/RsaOG_RNA
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ENCODE

http://www.gencodegenes.org/stats.html

http://www.gencodegenes.org/stats.html
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Vocabulary

 Gene : functional units of DNA that contain the instructions for 
generating a functional product. 

 

Exon : coding region of mRNA included in the transcript
Intron : non coding region 
TSS : Transcription Start Site ≠ 1st amino acid
Transcript : stretch of DNA transcribed into an RNA molecule

Promoter region
Exon1

UTR

Exon2 Exon3

Intron Intron UTR

TSS
Promoter region

UTR
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Alternative splicing

Alternative splicing (or differential splicing) 

• the exons are reconnected in multiple 
ways during RNA splicing. 

• different mRNAs translated into 
different protein isoforms

• a single gene may code for multiple 
proteins.

Intron Retention

Post-transcriptional modification (eukaryotic 
cells) eg: the conversion of precursor 
messenger RNA into mature mRNA (mRNA), 
editing... 

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

http://en.wikipedia.org/wiki/Alternative_splicing
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Transcript degradation 
● mRNA export to the cytoplasm, 
● protected from degradation by a 5’ cap structure and a 3’ polyA tail. 
● the polyA tail is gradually shortened by exonucleases
● the degradation machinery rapidly degrades the mRNA in both in 
directions. 
● others mechanisms, bypass the need for deadenylation and can 
remove the mRNA from the transcriptional pool independently.

http://www.eb.tuebingen.mpg.de/research-groups/remco-sprangers

http://www.eb.tuebingen.mpg.de/research-groups/remco-sprangers
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Cis-natural antisense transcript  

• Natural antisense transcripts (NATs) are a group of RNAs encoded 
within a cell that have transcript complementarity to other RNA 
transcripts.

http://en.wikipedia.org/wiki/Cis-natural_antisense_transcript

http://en.wikipedia.org/wiki/Cis-natural_antisense_transcript
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Fusion genes  

• A fusion gene is a hybrid gene formed from two previously 
separate genes. It can occur as the result of a translocation, 
interstitial deletion, or chromosomal inversion. Often, fusion genes 
are oncogenes.

• They often come from trans-splicing : Trans-splicing is a special 
form of RNA processing in eukaryotes where exons from two 
different primary RNA transcripts are joined end to end and 
ligated.

http://en.wikipedia.org/wiki/Trans-splicing

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

http://en.wikipedia.org/wiki/Trans-splicing
http://en.wikipedia.org/wiki/Fusion_gene
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Transcriptome variability  

• Many types of transcripts (mRNA, ncRNA ...)

• 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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How can we study the transcriptome?

EST PCR/RT-QPCR SAGE MicroArrays

No quantification  Quantification Quantification Indirect quantification

Low throughput Low throughput
(up to hundreds)

Low throughput
(up to thousands)

High throughput
(up to millions)

Discovery (Yes) No No Discovery (Yes)

→ Need transcript sequence partially known  

→  Difficulties in discovering novels splice events

Techniques classification
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What is RNA-Seq ?

● use of high-throughput sequencing technologies to sequence 
cDNA in order to get information about a sample's RNA content

● the deep coverage and base level resolution => measure 
transcriptome data experimentally

http://en.wikipedia.org/wiki/RNA-Seq

http://en.wikipedia.org/wiki/RNA-Seq
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What is different 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, ...
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RNA-Seq platforms comparison 



20

Different approaches :

Alignment to
● De novo

– No reference genome, no transcriptome available
– Very expensive computationally
– Lots of variation in results depending on the software used

● Reference transcriptome
– Most are incomplete
– Computationally inexpensive

● Reference genome
– When available
– Allow reads to align to unannotated sites
– Computationally expensive
– Need a spliced aligner
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What are we looking for?

Identify genes
– List new genes

Identify transcripts
– List new alternative splice forms

Quantify these elements → differential expression
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Usual questions on RNA-Seq !

– How many replicates ?

● Technical or/and biological replicates ?

– How many reads for each sample?

– How many conditions for a full transcriptome ?

– How long should my reads be ?

– Single-end or paired-end ?
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Depth VS Replicates

● Encode (2011) :
– Experiments should be performed with two or more 

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

– A typical R2 (Pearson) correlation of gene expression 
(RPKM) between two biological replicates, for RNAs that 
are detected in both samples using RPKM or read 
counts, should be [0.92 - 0.98] Experiments with 
biological correlations < 0.9 should either be repeated or 
explained.

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

● On Human 100M reads are enough to detect 90% of transcript 
from 81% af genes.

● Zhang et al. 2014 :  From 3 replicates improve DE detection and 
control false positive rate.

https://www.encodeproject.org/data-standards/ 

https://www.encodeproject.org/data-standards/
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Depth VS Replicates

Effect of number 
of replicates on 
true positive rate 
and false 
positive rate.

MAQC

K_N

LCL2K_N
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Depth VS Replicates
Depth effect
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Illumina RNA-Seq protocol

1 Flowcell: 
❖ in general 1 run
❖ equivalent to 8 Lane
❖ Hiseq 2500: 2 Billion reads single or 4 Billion paired reads.
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RNA-Seq library preparation 
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Clusters generation / Sequencing
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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



30

Strand specific RNA-Seq protocol 

http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1001046

http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1001046
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Analysis workflow
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Alignment
File.bam

Quality control

Splicing mapping

Sample 
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Tools : 
Quality control : FastQC
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fastq file formats

la proba d'une erreur :
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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

– Some reads map to multiple locations
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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
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Hexamer random effect
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Transcript length bias

– the differential expression of longer transcripts is more 
likely to be identified than that of shorter transcripts
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Verifying RNA-Seq raw data

FastQC :

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

– Has been developed for genomic data

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
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FastQC graphics
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FastQC graphics : Kmer content
– 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
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Elements to be checked :
– Random priming effect
– K-mer (polyA, polyT)

Alignment on reference for the second quality check and filtering.

A good run?:
– Expected number of reads produced (2x 2 billions / flowcell),
– 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
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Hands-on : data quality

Connection genotoul : ssh -X nom@genotoul

To connect to the processing node : qlogin 

Training accounts :  anemone aster 

                                 bleuet iris 

                                 muguet  narcisse

                                 pensee rose

                                 tulipe violette

FastQC location : /usr/local/bioinfo/src/FastQC/current/fastqc
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Analysis workflow
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Tools : TopHat / STAR
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Aim - 
Spliced read mapping & Visualisation 

● Discover the true location (origin) of each read with 
respect to the reference

● Obviously features of the reference (repetitive regions, 
assembly errors, missing information) will render this 
objective impossible for a subset of the reads

● Because sequencing library was constructed from 
transcribed RNA, account for reads that may be split by 
potentially thousands of bases of intronic sequence

● Take advantage of intron/exon boundary annotations 
and be able to split reads across exons from no 
additional information (de novo spliced alignment)

● Do it in/with reasonable time/resources
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Summary - 
Spliced read mapping & Visualisation 

● Reference genome & Reference transcriptome files 
formats

● What is a spliced aligner ?
● Tophat principle and usage
● BAM & Bed files formats
● STAR usage
● Visualisation with IGV
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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

http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/
http://www.ensembl.org/info/data/ftp/index.html
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Reference transcriptome file

     What is a GTF file ? 

- derived from GFF (General Feature Format, for description of genes and 
other features)

- Gene Transfer Format:      http://genome.ucsc.edu/FAQ/FAQformat.html#format4

<seqname> <source> <feature> <start> <end> <score> <strand> <frame> [attributes] [comments]

    The [attribute] list must begin with:

- gene_id value : unique identifier for the genomic source of the 
sequence.

- transcript_id value : unique identifier for the predicted transcript. 

The chromosome name should be the same in the gtf file 
and fasta file

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

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


48

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
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Alignment Tools 

 Tools for splice-mapping:

        - Tophat:

        - STAR:
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Mapping steps 

● Indexing reference (once only)
● Mapping reads using index

index

FA

FQ BD

map res
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http://ccb.jhu.edu/software/tophat

– Aligns RNA-Seq reads to a reference genome with 
Bowtie2

– splice junction mapper for reads without knowledges
– identify splice junctions between exons

TopHat

http://ccb.jhu.edu/software/tophat
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TopHat pipeline

Numerous steps 
to resolve hard 
cases

Each step 
makes use of 
heuristics with 
parameters 
users have to 
define a value 

Kim et al, Genome Biology, 2013
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 Inputs :
– bowtie2 index of the genome

ftp://ftp.cbcb.umd.edu/pub/data/bowtie_indexes/
http://bowtie-bio.sourceforge.net/index.shtml

– Fasta file (.fa) of the reference => build index with bowtie
– Fastq file(s) of reads

                 
! the GTF file and the Bowtie index should have same name of 
chromosome or contig

Command lines :
bowtie2-build <reference.fasta> <index_base>

tophat2 [options] <index_base> <reads1[,reads2,...]> [reads1[,reads2,...]]

TopHat Inputs

ftp://ftp.cbcb.umd.edu/pub/data/bowtie_indexes/
http://bowtie-bio.sourceforge.net/index.shtml
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Some useful options (command line) :

-h/--help

-v/--version

--bowtie1 (instead of bowtie2)

-o/--output-dir

-r/--mate-inner-dist [50]

--mate-std-dev [20]

-i/--min-intron-length [50]

-I/--max-intron-length [500000]

-N/--read-mismatches [2]

--read-edit-dist [2]

-p/--num-threads [1]

TopHat Options
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Please Note TopHat has a number of parameters and options, 
and their default values are tuned for processing mammalian 
RNA-Seq reads. 

If you would like to use TopHat for another class of organism, 
we recommend setting some of the parameters with more 
strict, conservative values than their defaults. 

Usually, setting the maximum intron size to 4 or 5 Kb is 
sufficient to discover most junctions while keeping the 
number of false positives low. 

Special note on the website
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Your own junctions :

                        -G/--GTF <GTF2.2file>

                        -j/--raw-juncs <.juncs file>

                        --no-novel-juncs (ignored without -G/-j)

Your own insertions/deletions:

                        --insertions/--deletions <.juncs file>

                        --no-novel-indels 

More topHat options
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Library types
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Outputs :
● accepted_hits.bam: list of read alignments in SAM 

format compressed
● junctions.bed: track of junctions, scores : number of 

alignments spanning the junction
● insertions.bed and deletions.bed : tracks of 

insertions  and deletions
● logs: directory files
● unmapped.bam: unmapped or multi-mapped (over 

the threshold) reads
● prep_reads.info: number of reads and read length for 

input and output
● align_summary.txt

TopHat Outputs
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– Extend CIGAR strings

– Example:  intron de 81 bases

 
     

 ERR022486.8388510       81      22      32099   255     58M81N18M       =       27484   -4772 
CCTTGGTCTTGCCGAAGTAGATCTCATTGAGAGTGGAGCGGATCTTGTTCTCCATTTCCTCCACC
AGGCGTCCGAT  :9=<==;<<><=><?>>?<?==>>?>><?>>??<AA?
@AFADDD;GDGAG@GGCBE@GG?GG>GGGG?GGGGGGGG    NM:i:0  XS:A:- NH:i:1

Spliced cigar line

flag chr pos pair
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– BAM (Binary Alignment/Map) format:
● Compressed binary representation of SAM
● Greatly reduces storage space requirements to about 

27% of original SAM
● Bamtools: reading, writing, and manipulating BAM files

– Bed (Browser Extensible Data) format:
● tab-delimited text file that defines a feature track

http://genome.ucsc.edu/FAQ/FAQformat.html#format1
● The first three required BED fields are:

<chromosome> <start> <end>
● 9 additional optional BED fields

Bam & Bed

http://genome.ucsc.edu/FAQ/FAQformat.html#format1


61

Bed exemple

Chrom

Start End name score
strand drawing

Blocks info

RGB
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Tophat technical issues

– Temporary disk space
● 100 000 000 pair-ends = 0,5 To of temporary disk 

space
– Number of cpus

● 100 000 000 pair-ends = 5-7 cpu days on the local 
cluster

– New platform cluster:
● 34 cluster nodes with 4*12 cores and 384 GB of 

ram per node: 1632 cores
● 1 hypermem node (32 cores and 1024 GB of ram)
● A scratch file system (157 To available, 6 Gbps 

bandwith)
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An other aligner : STAR

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

in mapping speed
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Another strategy:
● search for a MMP from the 1rst 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

STAR

Soft-clipping is the main 
difference between 
Tophat and STAR

Dobin et al, Bioinformatics, 2011
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 Inputs :
– STAR index of the genome

ftp://ftp2.cshl.edu/gingeraslab/tracks/STARrelease/STARgenomes/ 

– Fasta file (.fa) of the reference to index

– Fastq file(s) of reads

                 

Command lines :
STAR --runMode genomeGenerate --genomeDir /path/to/GenomeDir 

--genomeFastaFiles /path/to/genome/fasta1 /path/to/genome/fasta2 
--runThreadN  <n>

STAR --genomeDir /path/to/GenomeDir --readFilesIn /path/to/read1 [/path/to/read2] 
--runThreadN <n> --<inputParameterName> <input parameter value(s)>

STAR Inputs

ftp://ftp2.cshl.edu/gingeraslab/tracks/STARrelease/STARgenomes/
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Input options:

    --readFilesCommand zcat 

Intron options: genomic gap is considered intron if 

    --alignIntronMin [21]

    --alignIntronMax [500000]

Filter output options :

    --outFilterMismatchNmax [10]: has fewer mismatches than this 
value

Output format options :

    --outSAMattributes All 

    --outFileNamePrefix 

    --outSAMstrandField intronMotif [None] Required for cufflinks

    --outSAMtype BAM SortedByCoordinate [SAM]

STAR Options
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STAR Outputs

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
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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 »
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Existing tools

How to compare tools ?
● sensibility (maximize #mapped reads)
● specificity (assign reads to the correct position)

→ for reads and for junctions
● processing time
● memory requirement

 

All of these are conflicting criteria ...
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RGASP3
The RNA-seq Genome Annotation Assessment Project 

Engström et al., Nature Methods, 2013
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RGASP3
The RNA-seq Genome Annotation Assessment Project 

Engström et al., Nature Methods, 2013
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RGASP3
The RNA-seq Genome Annotation Assessment Project 

Engström et al., Nature Methods, 2013
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TopHat vs STAR
The RNA-seq Genome Annotation Assessment Project 

STAR vs TopHat2

+ # lectures alignées -

- # lectures correctement alignées +

- Sensibilité aux variations +
- Sensibilité aux annotations +
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Visualizing alignments on IGV

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

http://www.broadinstitute.org/igv/home
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hands-on :  tophat

Example of used commands:

bowtie2-build ITAG2.3_genomic_Ch6.fasta index-bowtie2/tomato_chr6

qsub -N tophat_wt -pe parallel_smp 4 -b Y 'tophat2 -o aln_tophat_wt --max-intron-length 
5000 --mate-inner-dist 200 bowtie2-index/tomato_chr6 WT_rep1_1_Ch6.fastq.gz 
WT_rep1_2_Ch6.fastq.gz '

samtools index file.bam

samtools view file.bam | cut -f 1 | sort | uniq -c | cut -c 1-7 | sort -n |   uniq -c

Or

samtools flagstat file.bam
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Analysis workflow

Ref 
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.fasta

mRNA Calling

Count 
Matrix

New
Transcriptome
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.gtf
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File.bam

Quality control

Splicing mapping

Sample 
.fastq

Quantification

Quantification

Tools : featureCounts / Cufflinks
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Summary - Quantification

● What do we want ?

● Raw count :
●  FeatureCounts (Gene/Transcript level) usage

● Abundance estimation 
● Cufflinks (Gene/Transcript level) principle and usage
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What do we want to build?

The gene / transcript description file (and corresponding fasta)

The count file
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If you have the model file

The model is presented in the GTF file (Gene Transfer Format)

Two approaches 
● Gene level 
● Transcript level

If you don't have the model file, you'll need to build it.

1 ensembl gene 1735 16308 . + . gene_id "ENSGALG00000009771"; gene_version "4"; gene_source "ensembl"; gene_biotype "protein_coding";
1 ensembl transcript 1735 16308 . + . gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
1 ensembl exon 1735 2449 . + . gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
1 ensembl CDS 2379 2449 . + 0 gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
1 ensembl start_codon 2379 2381 . + 0 gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
1 ensembl exon 9272 9489 . + . gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
1 ensembl CDS 9272 9489 . + 1 gene_id "ENSGALG00000009771"; gene_version "4"; transcript_id "ENSGALT00000015891"; 
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featureCounts

– Levels : exon, transcipt, gene
– Multiple option for :

● Paired reads
● Assignation of reads
● Oriented library

– Also exists HTseq-Count
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featureCounts

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 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. `exon' 
by default.

-g Specify the attribute type used to group features (eg. Exons) into meta-features 
(eg. genes), when GTF annotation is provided.`gene_id' by default. This 
argument is useful for the meta-feature level summarization.
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featureCounts
-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. 

--minReadOverlap 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.
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Cufflinks in general

  http://cufflinks.cbcb.umd.edu/

– assembles transcripts
– estimates their abundances : based on how many 

reads support each one
– tests for differential expression in RNA-Seq samples

http://cufflinks.cbcb.umd.edu/
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– Violet fragment: from which transcript?
● Use of Fragment length distribution                                                                               

Cufflinks read attribution
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– Fragments attribution

– Isoforms abundances estimation:
● RPKM for single reads
● FPKM for paired-end reads

Cufflinks expression measurement

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

– Transcript length bias
– RPKM : Reads per kilobase of exon per million mapped reads

R = Number of mapped reads

N = Total mapped reads 

L = Exon gene length in bp

       109 x R

     N x L

– the transcript length depends on isoform inference 
– FPKM : for paired-end sequencing

● A pair of reads constitute one fragment

If my gene length (L) is : 200pb
Number of reads mapped (C) : 400
Total mapped reads (sum for all genes) (N) : 10^8

RPKM = (10^9 * 400)/(10^8 * 200) = 20

RPKM =
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– Command line:
● cufflinks [options]* <aligned_reads.(sam/bam)> 

– Some options :

-h/--help
-o/--output-dir
-p/--num-threads
-G/--GTF <reference_annotation.(gtf/gff)> : estimate 

isoform expression, no assembly novel transcripts

Cufflinks inputs and options
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– genes.fpkm_tracking:
● contains the estimated gene-level expression values in the 

generic FPKM Tracking Format

– isoforms.fpkm_tracking: contains the estimated isoform-level 
expression values in the generic FPKM Tracking Format

Cufflinks outputs

Quantification status
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Hands-on :  quantification

Explore GTF file.

Quantify the genes of chromosome 6 using featureCounts for both samples.
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Analysis workflow

Ref 
Genome

.fasta

mRNA Calling

Count 
Matrix

New
Transcriptome

.gtf

Known
Transcriptome

.gtf

Alignment
File.bam

Quality control

Splicing mapping

Sample 
.fastq

Quantification

Quantification
Tools : Samtools merge + Cufflinks
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Transcript reconstruction

Gene location
Exon location
Junctions :
- Between read pair junction
- Within read junction
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Model building strategies



93

Cufflinks

  http://cufflinks.cbcb.umd.edu/

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

support each one
– tests for differential expression in RNA-Seq samples

http://cufflinks.cbcb.umd.edu/
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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;28:511-515
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Cufflinks transcript assembly

– Transcripts assembly :

● Identification incompatibles 

fragments: distinct isoforms

● Compatibles fragments 

are connected: graphe construction

                                        

  Trapnell C et al. Nature Biotechnology 2010;28:511-515
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– Command line:
● cufflinks [options]* <aligned_reads.(sam/bam)> 

– Some options :

-h/--help
-o/--output-dir
-p/--num-threads
-G/--GTF <reference_annotation.(gtf/gff)> : estimate 

isoform expression, no assembly novel transcripts
-g/--GTF-guide <reference_annotation.(gtf/gff)> : 

guide RABT (Reference Annotation Based Transcript)  
assembly

Cufflinks inputs and options
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– Some options :

-g/--GTF-guide <reference_annotation.(gtf/gff)> : guide 
RABT assembly

Cufflinks RABT assembly option

Roberts A et al. Bioinformatics 2011;27:2325-2329
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– transcripts.gtf : contains assembled isoforms 
(coordinates and abundances)

– genes.fpkm_tracking: contains the genes FPKM

– isoforms.fpkm_tracking: contains the isoforms 
FPKM

Cufflinks outputs
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– transcripts.gtf (coordinates and abundances): contains assembled 
isoforms: can be visualized with a genome viewer

● GTF format + attributes (ids, FPKM, confidence inteval bounds, 
depth or read coverage, all introns and exons covered) 

Cufflinks GTF description

Chr Source Feature Start End

Score:
Most abundant isoform = 1000
Minor  : ratio=minor Fpkm/major FPKM

strand Frame

Attributes
GTF format

Whether or not all introns and 
exons were fully covered by 
Reads (with -g)
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– transcripts.gtf (coordinates and abundances): contains assembled 
isoforms: can be visualized with a genome viewer

●  Exemple VISUALISATION    IGV

Cufflinks GTF description
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– Comparison of transcriptoms files

– Command: 
cuffcompare -r <reference_mrna.gtf> -o <outprefix>  <input1.gtf> …

– Outputs:
● Overall summary statistics: <outprefix>.stats

The Sn and Sp columns show specificity and sensitivity values at each level, while the fSn 
and fSp columns are “fuzzy” variants of these same accuracy calculations, allowing for a 
very small variation in exon boundaries to still be counted as a “match”.

● The “union” of all transfrags in all assemblies: 
<outprefix>.combined.gtf

● Transfrags matching to each reference transcript: <cuff_in>.refmap
● Best reference transcript for each transfrag: <cuff_in>.tmap
● Tracking transfrags through multiple samples: <outprefix>.tracking

Cuffcompare
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Cuffcompare

Class code de cuffcompare

http://cufflinks.cbcb.umd.edu/manual.html#class_codes

= identité

c inclus

j nouvel isoforme

e exon

i intron

o chevauchant

p polymerase run-on

r répétition

u autre

x exon antisens

s intron antisens

élément répété
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Gene discovery pipeline

Alignment (Tophat)

Bam merge (samtools)

Discovery of novels features (cufflinks)

Quantification file with (featureCounts)
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Hands-on : cufflinks

Commands :

Merge all bam :

Samtools merge merge_all.bam file1.bam file2.bam

Cufflinks command:

cufflinks  -p 4 --output-dir=cufflinks

               -g reference_transcript.gtf  

               merge_all.bam

Cuffcompare command :

cuffcompare -f reference_transcript.gtf  -o compare cufflink_transcripts.gtf
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Analysis workflow

Ref 
Genome

.fasta

mRNA Calling

Count 
Matrix

New
Transcriptome

.gtf

Known
Transcriptome

.gtf

Alignment
File.bam

Quality control

Splicing mapping

Sample 
.fastq

Quantification

Quantification
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Differential expression

– Biostatistics Genotoul Platform
– Training :

● http://perso.math.univ-toulouse.fr/biostat/category/formation
/

● Tutotial of RNAseq analysis 
www.nathalievilla.org/teaching/rnaseq.html

– R scripts available on Genotoul cluster
● See http://bioinfo.genotoul.fr/index.php?id=119 

http://perso.math.univ-toulouse.fr/biostat/category/formation/
http://perso.math.univ-toulouse.fr/biostat/category/formation/
http://www.nathalievilla.org/teaching/rnaseq.html
http://bioinfo.genotoul.fr/index.php?id=119
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But : trouver les gènes significativement 
différentiellement exprimés entre 2 conditions.

Méthode: 

• Normalisation

• Estimation de l'expression

• Test

Outils :

• DESeq, EdgeR, DESeq2, etc. (en R)

• CuffDiff (suite Tuxedo)

Differential expression
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Problème: Le nombre de lectures est différent d'un réplicat à 
l'autre.

Idée: Appliquer à chaque échantillon un coefficient 
multiplicatif.

Command :

Rscript /usr/local/bioinfo/Scripts/bin/Normalization.R 
-f tomato_count.R.txt 
-o norm

Script that perform edgeR 
normalizations (RLE, TMM 
upperquartile) and provide graphs 

Differential expression
Normalization
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But : Comparer les distributions d'expression dans 2 
conditions.

Résultats: p-value et q-value (p-value avec correction 
de tests multiples)

Command :

Rscript /usr/local/bioinfo/Scripts/bin/DEG.R 
-f tomato_count.R.txt 
--norm norm/RLE_info.txt 
--pool1 mt 
--pool2 wt 
-o DEG

Differential expression
Test
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Differential expression
Test



111

Cufflinks >= 2.2.0
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Quality for Bioinfo Plateform!

Satisfaction form :

http://bioinfo.genotoul.fr/index.php?id=79

http://bioinfo.genotoul.fr/index.php?id=79
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Useful links

Seqanswer: http://seqanswers.com/

RNAseq blog: http://rna-seqblog.com/

Illumina: http://www.illumina.com/

http://seqanswers.com/
http://rna-seqblog.com/
http://www.illumina.com/
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