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What can we find with 
Mapping 
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What can we find with 
Mapping 
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Workflow for Mapping 
Raw data

Indexed 
Reference

Quality 
control Statistics

selected reads

Mapping

Map

(un)mapped
reads
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Tools for Mapping 
bowtie - an ultrafast, memory-efficient short read aligner
http://bowtie-bio.sourceforge.net/index.shtml

BWA - Burrows-Wheeler Aligner
http://bio-bwa.sourceforge.net/

SOAPaligner - Short Oligonucleotide Analysis Package
http://soap.genomics.org.cn/soapaligner.html

http://bowtie-bio.sourceforge.net/index.shtml
http://bio-bwa.sourceforge.net/
http://soap.genomics.org.cn/soapaligner.html
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The Principle of Assembly 
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Workflow for Assembly 
Raw data

Quality 
control Statistics

selected reads

Assembly

new sequences (contigs)

unused
reads
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Contigs - Scaffolds

ReadsContig

Scaffold



Contigs - Scaffolds
Connect Contigs with:

mate-pair information
homology data
physical maps
gene synteny

homologous sequence



deBruijn graph
Nodes are k-mers and not reads

small k-mers dense graph (not good)

large k-mers sparse graph (good, results in larger 
contigs, but need more reads)



deBruijn graph



deBruijn graphTAGTCGAGGCTTTAGATCCGATGAGGCTTTAGAGACAG
TAGTCGAG    
     GAGGCTTTAGA              AGAGACAG
             AGATCCGATGAG



Data



Assembly measures
Sum of Contig length

• Theoretical genome size

Number of contigs

N50
• Contig or scaffold N50 is a weighted median statistic such that 

50% of the entire assembly is contained in contigs or scaffolds 
equal to or larger than this value

Accuracy



Assembly measures



Assemblers
Phrap
CAP3
Celera assembler
CABOG (modified Celera assembler for 454)
Newbler
Arachne
AMOS (A Modular Open-.-Source whole genome 
assembler)
ABBA (Assembly Boosted by Amino Acid Sequences)
MIRA
ABySS
Euler
Velvet
SOAPdenovo
ALLPATHS, ALLPATHS-.-LG



Assembler

Velvet
• http://www.ebi.ac.uk/~zerbino/velvet/

ABySS
• http://www.bcgsc.ca/platform/bioinfo/software/abyss/

SOAPdenovo
• http://soap.genomics.org.cn/soapdenovo.html

http://www.ebi.ac.uk/~zerbino/velvet/
http://www.bcgsc.ca/platform/bioinfo/software/abyss/
http://soap.genomics.org.cn/soapdenovo.html
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Transcriptome



Methods for 
Transcriptome Analysis

• EST (Expressed Sequence Tag
- cDNA library from cloned mRNA sanger sequencing

• Microarray
• qPCR
• SAGE (Serial Analysis of Gene Expression)
• RNA-seq

- Applying NGS technology



(m)RNA Processing



RNA-seq Data Processing

• Transcriptome sequence
- Gene models

- Alternativne splicing, novel splice junctions

• Gene expression
- Transcript abundances

• non-coding RNA
- miRNA, siRNA, lncRNA, piRNA etc.



RNA-seq Data Mapping

• Reference
- Genomic

- Transcriptome (usually incomplete)

• Split‐read mapping
• Software:

- Casava (Illumina), LifeScope (SOLiD), GS Reference Mapper (454)

- TopHat

- GSNAP

- etc



RNA-seq Data Mapping



RNA-seq Software

TopHat (mapping)
• Based on bowtie
• Single reads & PE reads
• Can find novel splice junctions
• Different versions

Trapnell et al., 2009



RNA-seq Software

TopHat (splice call)
• Based on bowtie
• Single reads & PE reads
• Can find novel splice junctions
• Different versions

Trapnell et al., 2009



RNA-seq Software

CuffLinks
• Transcript call



RNA-seq Software

CuffLinks
• Transcript assembly 

based on reference 
mapping

• Trapnell et al., 2010



RNA-seq Gene Expression
•Sequence count data

- Mapping

- Read count - abundance of target transcript

•Differential expression
- Is difference statistically significant?

- What is good distribution for count data?



RNA-seq Gene Expression
Data normalization

• Goal
- Remove technical artefacts

- Keep biological variation

• Methods
- Total number of counts

- House keeping gene(s)

- Distribution of counts

All normalization methods are based on some 
assumptions!



RNA-seq Gene Expression
Software
R packages
• edgeR

• Robinson, McCarthy, Smyth; Bioinformatics 2010: edgeR: a Bioconductor 
package for differential analysis of digital gene expression data

• DESeq
• Anders and Huber; Genome Biology 2010: Differential expressio analysis for 

sequence count data sequence

• baySeq
• Thomas J Hardcastle* and Krystyna A Kelly; BMC Bioinformatics 2010: baySeq: 

Empirical Bayesian methods for identifying differential expression in sequence 
count data



Analyzing known and new 
small RNAs from Deep 
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Discovery
1986

1990

1992



Discovery
1998



Summary
PTGS - Post Transcriptional Gene Silencing (plants)

RNAi - RNA interference (animals)

both

result from the same mechanism for the down-regulation 
of a gene at the RNA level by cleavage or blocking of the 
mRNA with help of short (19 - 25) single stranded RNA 

fragments.



Coding vs. non-coding RNA



Coding vs. non-coding RNA

Number of genes in procaryotes up to 8000



Coding vs. non-coding RNA

Genome size in procaryotes up to 9Mb

Number of genes in procaryotes up to 8000



Coding vs. non-coding RNA
An explanation for this apparent paradox comes from two 
unexpected findings: 

that biological complexity generally correlates with the 
proportion of the genome that is non-protein-coding; 
and 

that, while only 2% of the mammalian genome encodes 
mRNAs, the vast majority is transcribed, largely as long 
and short non-protein-coding RNAs (ncRNAs)
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small RNAs

siRNA
small-interfering RNA



small RNAs

siRNA
small-interfering RNA

Drosha



small RNAs

siRNA
small-interfering RNA

Drosha

two-base overhang on 
the 3' end



small RNAs

siRNA
small-interfering RNA

Drosha

mature miRNA
miRNA* (star)

micro RNA

two-base overhang on 
the 3' end



small RNAs
5’-auagaugggccccacauauac-3’ small RNA



small RNAs
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small RNAs

Target

non-canonical and canonical targeting

perfect seed matchno seed but more extensive base pairing



other small RNAs

 promoter-associated small RNAs
 sno-derived small RNAs
 ta-siRNAs (Trans-acting siRNA)
 piRNAs (Piwi-interacting RNA)



Bioinformatics of miRNAs

 specific sequence length
 two-base overhang on the 3' end 

between mature and star sequences
 precursor sequence folds in stem 

loop manner
 high abundance of mature 

miRNA

Parameters for the miRNA analysis



Bioinformatics of miRNAs

 Read processing
 miRNA identification
 Target search
 Digital Gene Expression

Steps for the miRNA data analysis



Bioinformatics of miRNAs
 Read processing

3’ adapterbarcode
(if multiplexed)

4-6 bases

small RNA
18-30 bases

5’ adapter



Bioinformatics of miRNAs
 Read processing

3’ adapterbarcode
(if multiplexed)

4-6 bases

small RNA
18-30 bases

5’ adapter



Bioinformatics of miRNAs
 Read processing

3’ adapterbarcode
(if multiplexed)

4-6 bases

small RNA
18-30 bases

 Reads are typically around 50 bases and therefore read into the 3’-adaptor

 If multiplexed detect barcode sequence and separate experiments

 Trimming barcode and 3’-adaptor fragment (adaptor sequence not always 
present since “small RNA” too long ==> discharge!!!!

 Since sequencing errors tends to be more frequent in 3’ part, 3‘-adaptor 
trimming need to accept mismatches

5’ adapter



Bioinformatics of miRNAs
 Read processing

3’ adapter3’ adapter

 Small RNA are regulated and therefore can appear as redundant sequences 
in the deep sequencing data set.

 Therefore the cleaned reads are clustered so that the new data set 
consists on unique sequences.



Bioinformatics of miRNAs
 Read processing

3’ adapter3’ adapter

 Small RNA are regulated and therefore can appear as redundant sequences 
in the deep sequencing data set.

 Therefore the cleaned reads are clustered so that the new data set 
consists on unique sequences.

1          153224
2            19430
3              6872
4              3718
5              2443
.
,
,
47048              1
68067              1
76800                1
220414              1



Bioinformatics of miRNAs
 Read processing

3’ adapter

 Small RNAs have specific sizes
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Bioinformatics of miRNAs
 Read processing

3’ adapter

 Small RNAs have specific sizes
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Bioinformatics of miRNAs
 Target search

 Cleavage of mRNA requires a high degree of miRNA:target 
base-pairing however allowing bulges and gaps.

 Diffucult problem, particularly in animals, where the degree of 
miRNA:target complementarity is limited

 Based on stability of miRNA:target hybrid including empirical 
rules of hybridisation



Tools and Databases
miRNA databases

miRBase miRBase database is a searchable database of 
published miRNA sequences and annotation. database http://www.mirbase.org/

deepBase
deepBase is a database for annotating and 
discovering small and long ncRNAs (microRNAs, 
siRNAs, piRNAs...) from high-throughput deep 
sequencing data.

database http://deepbase.sysu.edu.cn/

microRNA.org
microRNA.org is a ddatabase for Experimentally 
observed microRNA expression patterns and 
predicted microRNA targets & target 
downregulation scores.

database
http://www.microrna.org/
microrna/getExprForm.do

miRGen 2.0 miRGen 2.0: a database of microRNA genomic 
information and regulation database http://www.microrna.gr/mirgen/

miRNAMap miRNAMap: genomic maps of microRNA genes 
and their target genes in mammalian genomes database

http://
mirnamap.mbc.nctu.edu.tw/

PMRD PMRD: plant microRNA database database http://bioinformatics.cau.edu.cn/
PMRD/

Rfam
The Rfam database is a collection of RNA families, 
each represented by multiple sequence alignments, 
consensus secondary structures and covariance 
models (CMs).

database http://rfam.sanger.ac.uk/



Tools and Databases
miRNA detecting tools

mirDeep2

miRDeep2 is a completely overhauled 
tool which discovers microRNA genes 
by analyzing sequenced RNAs. The tool 
reports known and hundreds of novel 
microRNAs with high accuracy in seven 
species representing the major animal 
clades.

tool

http://www.mdc-berlin.de/en/
research/research_teams/
systems_biology_of_gene_regulato
ry_elements/projects/miRDeep/
index.html

miRcheck
MIRcheck is a perl script designed to 
identify RNA sequences with secondary 
structures similar to plant miRNAs. 

tool http://web.wi.mit.edu/bartel/pub/
software.html

miRanalyzer
A microRNA detection and analysis tool 
for next-generation sequencing 
experiments

tool, 
webserver

http://
web.bioinformatics.cicbiogune.es/
microRNA/miRanalyser.php

UEA slRNA 
toolkit

This site provides access to our 
software tools for the analysis of high-
throughput small RNA data. This is the 
plant-specific version of the site. We 
provide versions for animal and plant 
datasets. 

tool, 
webserver

http://srna-tools.cmp.uea.ac.uk/

http://srna-tools.cmp.uea.ac.uk


Tools and Databases
miRNA target databases

targetScan targetScan is Search for predicted 
microRNA targets in animals

database, 
webserver

http://
www.targetscan.org/

StarBase
starBase is a database for exploring microRNA-
target interaction maps from Argonaute (Ago) CLIP-
Seq (HITS-CLIP) and degradome sequencing 
(Degradome-Seq, PARE) data.

database http://
starbase.sysu.edu.cn

TarBase
A comprehensive database of 
experimentally supported animal 
microRNA targets

database
http://
diana.cslab.ece.ntua.
gr/tarbase/

miRecords an integrated resource for microRNA-
target interactions. database http://

mirecords.biolead.org

PicTar PicTar is Combinatorial microRNA target 
predictions.

database, 
webserver, 
predictions

http://
pictar.bio.nyu.edu/

http://starbase.sysu.edu.cn
http://mirecords.biolead.org


Tools and Databases
miRNA target databases

RepTar
A database of inverse miRNA target 
predictions, based on the RepTar algorithm 
that is independent of evolutionary 
conservation considerations and is not limited 
to seed pairing sites.

database http://reptar.ekmd.huji.ac.il/

miRDB  
miRDB is an online database for miRNA 
target prediction and functional annotations 
in animals. 

database http://mirdb.org/miRDB/

miRGen

miRGen is an integrated database of:a) 
positional relationships between animal 
miRNAs and genomic annotation sets, b) 
animal miRNA targets according to 
combinations of widely used target prediction 
programs

database http://www.diana.pcbi.upenn.edu/
miRGen.html

miRNA – 
Target Gene 
Prediction at 
EMBL

This website provides access to our 2003 and 
2005 miRNA-Target predictions for Drosophila 
miRNAs. 

database http://www.russelllab.org/miRNAs/



Tools and Databases
miRNA target prediction tools

miRanda

miRanda is an algorithm for finding 
genomic targets for microRNAs. This 
software will be further developed 
under the open source model, 
coordinated by Anton Enright and Chris 
Sander 

tool http://www.microrna.org/
microrna/home.do

RNAhybrid
RNAhybrid is a tool for finding the minimum free 
energy hybridization of a long and a short RNA. 
The hybridization is performed in a kind of domain 
mode, ie. the short sequence is hybridized to the 
best fitting part of the long one.

tool
http://
bibiserv.techfak.uni-
bielefeld.de/rnahybrid/

PITA
PITA, incorporates the role of target-
site accessibility, as determined by 
base-pairing interactions within the 
mRNA, in microRNA target recognition.

webserver, 
predictions

http://
genie.weizmann.ac.il/
pubs/mir07/
mir07_data.html

RNA22
First finds putative microRNA binding 
sites in the sequence of interest, then 
identifies the targeted microRNA.

webserver, 
predictions

http://
cbcsrv.watson.ibm.com/
rna22.html

Diana-microT
DIANA-microT 3.0 is an algorithm based on 
several parameters calculated individually for each 
microRNA and it combines conserved and non-
conserved microRNA recognition elements into a 
final prediction score.

webserver
http://
diana.cslab.ece.ntua.gr/
microT/



Workflow
Raw Sequencing 

Data

Adaptor & Barcode
Search (step1)

Size filtering & 
Statistics (step2)

miRNA detection with 
mirDEEP2

Cleaned Sequence 
Data (fastq, fasta)

Known & Novel 
miRNA

Cleaned Sequence 
Data (fastq, fasta)

Mapping on Genome 
with BWA

Mapping on ncRNA 
Reference with BWA

Genome Position & 
other ncRNA

fold-change Calculation

DATABASE
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2007	
  –	
  Complexity	
  Reduc1on	
  of	
  Polymorphic	
  Sequences	
  van	
  Orsouw	
  et	
  al.,	
  PLoS	
  ONE	
  2(11):	
  e1172.	
  	
  
SNP	
  discovery	
  using	
  454	
  sequencing,	
  genotyping	
  via	
  Keygene	
  SNPWave	
  –>	
  patent	
  applica1on	
  	
  

2008	
  –	
  Rapid	
  SNP	
  Discovery	
  and	
  Gene1c	
  Mapping	
  Using	
  Sequenced	
  RAD	
  Markers.	
  Baird	
  et	
  al.	
  PLoS	
  ONE	
  
3(10):	
  e3376	
  Direct	
  SNP	
  genotyping	
  by	
  Illumina	
  sequencing	
  	
  

2009	
  -­‐	
  High-­‐throughput	
  genotyping	
  by	
  whole-­‐genome	
  resequencing.	
  Huang	
  et	
  al.,	
  Genome	
  Res	
  
19:1068–1076.	
  Low-­‐coverage	
  whole	
  genome	
  resequencing	
  of	
  rice	
  RILs	
  	
  

2011	
  –	
  Mul1plex	
  shotgun	
  genotyping	
  for	
  rapid	
  and	
  efficient	
  gene1c	
  mapping.	
  Andolfa`o	
  et	
  al.,	
  Genome	
  
Res.	
  21(4):	
  610–617	
  Single	
  restric1on	
  enzyme	
  digest,	
  HMM	
  model	
  for	
  data	
  analysis	
  	
  

2011	
  –	
  A	
  Robust,	
  Simple	
  Genotyping-­‐by-­‐Sequencing	
  (GBS)	
  Approach	
  for	
  High	
  Diversity	
  Species.	
  Elshire	
  
et	
  al.,	
  PLoS	
  ONE	
  6(5):	
  e19379.	
  Simplified	
  protocol	
  for	
  high	
  throughput	
  	
  

2012	
  –Development	
  of	
  High-­‐Density	
  Gene1c	
  Maps	
  for	
  Barley	
  and	
  Wheat	
  Using	
  a	
  Novel	
  Two-­‐Enzyme	
  
Genotyping-­‐by-­‐Sequencing	
  Approach.	
  Poland	
  et	
  al.,	
  PLoS	
  ONE	
  7(2):	
  e32253	
  Two-­‐enzyme	
  version	
  of	
  
Elshire	
  et	
  al	
  protocol	
  	
  

2012	
  –	
  Double-­‐digest	
  RAD-­‐seq.	
  Peterson	
  et	
  al.,	
  PLoS	
  ONE	
  7(5):	
  e37135	
  Two-­‐enzyme	
  method	
  similar	
  to	
  
Poland	
  et	
  al,	
  with	
  size-­‐selec1on	
  to	
  increase	
  reproducibility	
  of	
  genotyping	
  	
  

2013	
  –	
  RESTseq	
  –	
  Efficient	
  Benchtop	
  Popula1on	
  Genomics	
  with	
  RESTric1on	
  Fragment	
  SEQuencing.	
  Stolle	
  
&	
  Moritz,	
  PLoS	
  ONE	
  8(5):	
  e63960	
  Complexity	
  reduc1on	
  for	
  fewer	
  markers,	
  higher	
  mul1plexing,	
  reduced	
  
costs	
  	
  

Development



Strategy



Genome Coverage vs. 
Sample Size



GBS



GBS



Multiplexing



Multiplexing



Genetic Map



Linkage Map



Methylation profiling
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Methylation

CG,	
  CHG	
  and	
  CHH	
  (H	
  =	
  A,	
  C	
  or	
  T)

MeDIP-­‐Seq	
  -­‐	
  Immuno	
  precipita1on	
  
MBD-­‐Seq	
  -­‐	
  methyla1on	
  specific	
  DNA	
  binding	
  
BS-­‐Seq	
  -­‐	
  Bisulfit	
  conversion	
  



BS-seq



Data Analysis Workflow
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