Plateforme Bioinformatique Midi-Pyrénées

8 NGS reads and SNP
finding

dou & Christophe Klopp
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Sz Organisation

Morning (9h30 -12h30) : Afternoon (14h-17h) :
- Sequence quality - SAM format
- Theory + exercises - Theory + exercises
- Read mapping - Visualisation
- Theory + exercises - Theory + exercises
- SNP calling

- Theory + exercises
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bioinfo

SEnE Why are you here?
Because

* You have produced or are going to produce a lot of
reads for which you want to find variation between
conditions or individuals or populations?
* You use :

- Whole Genome Sequencing,

- Sequence capture,

Reduced Representation Libraries,
- Long range Polymerase Chain Reaction,

Amplification Fragment Length Polymorphisms.
* You use Solexa or Roche 454 platfor 5 1

* You are curious!




S Where are we?
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De Novo Alignment
Assembly
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SNP Calling

Genome

Transcriptome

Chip Seq

I
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Transcriptomic

Methylation

geno

Yot What are you going to learn?

bioinfo

* To extract reads and reference genome from the NCBI
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* To verify the read quality

* To format reference sequence

* To align the reads on the reference genome

* To index the reference sequence and the aligned reads
* To visualise the alignments and variations

* To call SNPs

$E  What you should already know?

bioinfo

* How to connect to a remote unix server (putty)?
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» \WWhat a unix command looks like?
* How to move around the unix environment?

* How to edit a file?




s ot The pieces of software

* Quality : fastqc
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* BWA : alignment
» Samtools : formating SNP discovery
* IGV : visualisation

Babraham Bioinformatics

FastQC

e .1 Integrative
e gv Genomics
Viewer

SOURCEFORGE.NET®

A

@%ﬁtﬁm The 1000 genomes project

* Joint project NCBI / EBI
e« Common data formats :
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- fastq
- SAM (Sequence Alignment/Map)

Plateforme Bioinformatique Midi-Pyrénées

fastq (
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NGS platforms

» Two platforms :
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- lllumina Solexa
- Roche 454
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s ¥ 454 /Roche — Genome Sequence FLX
£ 1 1 1 >
-3 [ | | 1
| | I
2006 2007 2009
Gs20 GSFLX Standard GSFLX Titanium
20Mb / run 100Mb / run 500Mb / run
100pb / lecture 250pb / lecture 500pb / lecture
BB Illumina / Solexa — Genetic Analyzer
—1 | |
] | |
2007 2008
2009 2010
GA 1 GA Il GA lIx i
1Gb / run 8Gb / run 30Gb / run HiSeq 2000
32pb / lecture 50pb / lecture ) 100pb / lecture 200 Gb/run
Lectures en paires 10 jours / run 100 pb /lecture
Lectures en paires Paired reads
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Sequencing bias bibliography

Research

Evaluation of next generation sequencing platforms for population
targeted sequencing studies

Olivier Harismendy*", Pauline C Ng**, Robert L Strausberg®,

Xiaoyun Wang’, Timothy B Stockwell’, Karen Y Beeson,

Nicholas J Schork”, Sarah S Murray”, Eric J Topol”, Samuel Levy’ and
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Jolla, CA 92037, USA. TThe J Craig Venter Institute, Medical Center Drive, Rockville, MD 20850, USA.
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Substantial biases in ultra-short read data sets from

high-throughput DNA sequencing
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Sequencing bias

» Platform related FrrT

TTCTGCG

, ' \
minTm AR

i Mean error rate . 0155% Kev seauence = TCAG for identifying wells and calibration
37% deletions, 53% insertions, 10% substitutions.

homopolymers errors

Q ROChe 454 (data from Jean-Marc Aury CNS)
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- 99,9% mapped reads

LI

emPCR duplications
» Solexa (data from Jean-Marc Aury CNS)
- 98,5% mapped reads
- Mean error rate : 0,38%
3% deletions, 2% insertions, 95% substitutions

Low A/T rich coverage

e ] What data will we use?
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* The needed data :
- Areference sequence :
» Genome
* Parts of the genome
* Transcriptome
- Short reads

=S

S £277 T Where to get a reference genome?

b

» Assemble your own

* Use a public assembly :
- NCBI : Genbank
- EMBL
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Where to get short reads?
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* Produce your own sequences :
- CNS
- Local platform

- Private company
 Use public data :
- SRA : NCBI Sequence Read Archive
- ENA : EMBL/EBI European Nucleotide Archive

=] NCBI SRA?
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Search across databases [FOO003 (60 Gaalnen
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EBI ENA

<« v & @ [15] httpymwww.ebi.ac ukrena/

[ Les plus visités v 5 SIGENAEY  [EBiolnfov  EEBIAY ESoftv Eofficev  feFree HLinuxFR EaAPIsv  [fMeteo &Linux
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atabases ~ [EnterText Here
oo A Datab
= ENA home E81 > Datatasss > Nuckolils > The Eurapean Nuckotids Archie
A SpariRbiows European Nucleotide Archive

= Submit & update

= AboutENA The European Nucleotide Archive (ENA) provides a comprehensive
? recard of the world's nucleoide sequencing information, covering raw

e ENA<sn.

Next Genoration Search & browse
Sequencing Workshop.

European Nucleotide Archive

Access to ENA data is provided though the browser, through search
EBlwilhokionthe 12-14 | tools, large scale file download and through the API
Vay 20102 hands-an
raining workshop on Next
Generaton Sequencadala  Text Search
handing, inclucing
perl Enter search query, for example: BN0000ES

Sequence Search Advanced Search

Enter or paste a nucleotide sequence

Submit & update

A hostof submission tools are presented to suit a breadth of data types from small to large volumes.
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Meta data

* Meta data structure :

- Experiment
- Sample

- Study

- Run

- Data file
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ERP000014 Detecting variation in phi A by pooled DNA
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E FASTQ format stores sequences and Phred qualities in a single file. It is concise and compact.
$ FASTQ is first widely used in the Sanger Institute and therefore we usually take the Sanger
= specification and the standard FASTQ format, or simply FASTQ format. Although Solexa/Illumina
read file looks pretty much like FASTQ, they are different in that the qualities are scaled
differently. In the quality string, if you can see a character with its ASCII code higher than 90,
probably your file is in the Solexa/Illumina format.
Example
@EASS54_6_R1_2_1_413_324
CCCTTCTTGTCTTCAGCGTTTCTCC
+
PidiiiiiiiiiiiiTiviiiii88
@EAS54_6_R1_2_1_540_792
TTGGCAGGCCAAGGCCGATGGATCA
+
PiiiiiiiiiiTiiiiiciii3i83
@EAS54_6_R1_2_1_443_348
GTTGCTTCTGGCGTGGETGGGEGEE
+EAS54_6_R1_2_1_443_348
;:9:7;7.7;393333
20
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= Published online 16 December 2009 Nucleic Acids Research, 2010, Vol. 38, No. 6 1767-1771
E doi:10.1093/nar|gkp1137
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c SURVEY AND SUMMARY
8
1 -
£ The Sanger FASTQ file format for sequences
with quality scores, and the Solexa/lllumina
FASTQ variants
Peter J. A. Cock"*, Christopher J. Fields?, Naohisa Goto®, Michael L. Heuer* and
Peter M. Rice®
Table 1. The three described FASTQ variants, with columns giving
the description, format name used in OBF projects, range of ASCIT
characters permitted in the quality string (in decimal notation),
ASCII encoding offset, type of quality score encoded and the
possible range of scores
Description, OBF name  ASCII characters Quality scorc
Range Offsct Type Range Opurep = —10 x l()gm(]-’[,)
Sanger standard
fastg-sanger 33-126 33 PIIRCD 0 to 93 .
Solexa/early Illumina Pe
/ QOsolexa = —10 x log o ——
fastg-solexa 59-126 64 Solexa ~ —5 to 62 1— P,
Mlumina 1.3+
fastg-illumina 64-126 64 PHRED 0 to 62
21




§
&
£
%
=
]
§
E
s
a
A
=
b
=
&

* Phred : base calling

What is Phred Quality?

Sequence quality

bl

\
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Traditionally, Phred quality is defined on base calls. Each
base call is an estimate of the true nucleotide. It is a
random variable and can be wrong. The probability that a
base call is wrong is called error probability.

Explanation about the quality values :

source http://mag. net/qual.shtml
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SgmE  Which reads should | keep?

* All

» Some : what criteria and threshold should | use

- Composition (number of Ns, complexity,...),

- Quality,

- Alignment based criteria,

» Should | trim the reads using :

- Composition

- Quality

23
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* Number of reads
* Length histogram

Basic reads statistics

* Number of Ns in the reads

* Reads quality
* Reads redundancy

* Reads complexity

Nombre de lectures

Repartition des lectures par leur taille
10000

24
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Sequence quality analysis

 FastQC : 79 ioinformatics

FastQC
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@09 FastqC

Eile Help
ERRO03087 fastq
@ BesiciStatistics) Quality scores across all bases (Sanger encoding)
(4.) per base sequence qualiy
300
Per sequence quality scores
@ e sequence qusty scores
(@) per base sequence content |
(@) perbase oc content i
@ mersccanan ol L LTI HTHPRELHOOEETEEEN
@ per base  content 20.0
@ Sequence Length Distribution 18.0 [~
Q Sequence Duplication Levels | 150
140
Overrepresented sequences
20
100
80
5.0
4.0
20
00 25
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Sequence quality analysis

» FastQC : f%%) Babraham Bioinformatics
]| | Fastoc |
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0808 rastac

ERR003037 fastq

@ Basic Statistics Sequence content across all bases
4 100.0
(L)) perbase sequence quality %G

@ Per sequence qualty scores 90.0
@ Per base sequence content %C
B0,

@ Perbase GC content

@ rerscauence oc content 700

Q) erbase n content
60.0

@ Sequence Length Distribution

@) sequence puplication Levels

50.0

)
{J) Overrepresented sequences 4

0.0
12345 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 26
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NG6 - Home

A PROJETS RUNS 2 recherche
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Présentation de NG6

~ Identification de lutilisateur

s
NGB est un envirannement de stackage et de mise & dispesition des données fssues des nouveles technalogies

des séquencage développé dans Le catre du partenariat liant les plate-formes bia-informatique et génomique
Genotaul. Cet environnement, arganisé autour des notions de projet et de run, permet un accés sécurisé aun
dennéesbrutes, traitements r tations produites. NG6 st un

module typo3.
NG6 Presentation Motdepases [ |

Idel

Entrez votre nam g'utilisateur et vatre mat de passe pour vous
identifier:

166 isa starage platform aiming to provide an access to new sequencing generation data, This praject has been
initiated by the callaboration between the bicinfarmatic et senomic plateform of Genotoul, Thisenviranment )\
is arganised around the natian of praject and run, and allow a secured acces to raw data, stalistics, assembly

and praduced annatations. NG is a typa3 madul.

sse aublié

geno _Y geno
ss= toul
? genaomic bicinfo




geno

toul
bioinfo

NG6 - Runs

Plateforme Bioinformatique Midi-Pyrénées

# PROJETS RUNS
e

Nom du Nature des Nombrede  Taille totale

Nom du run et Date  Espéce el Type) wquences | desséquences | Description Séquenceur
s feme de “ieme run de validation, librairie

PhiX validation  Démonstration 1612410 PhiX DhA floweell A- 190913596 192273196 llumina, Paired-end 2:100pb. Hiseq 2000
Lane 1 Taille insert = 250pb

Démanstration . y Escherichia Run public téléchargeable sur le

e Démonstration 070909 Coyl ADNg 12 plaque 8512 100417483 fclin 454G FLXC

Démanstratian - Escherichia Run public téléchargeable surle 454

i Démonstration 070909 Col ADNg 12 plague 245281 104753228 e eum

EcoliKiZrégion . Escherichia 454

£ Démonstration 280509 Fon ADNg 12 plague 671856 291988221 Librairie Rache iium

E coli Ki2 région . Escherichia

= Démonstration 280509 ot #DNg /2 plaque 52953 20797170 Librairie Roche e

28
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NG6 - Run

& PROJETS RUNS
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Run PhiX validation :

dieme ru de validation, librairie lllumina. Paired-end 2x100pb. Taille insert = 250pb

Nom du projet : Démanstration
Date: 161210

Espece : PhiX

Type: 1/8 feme de flowcellA - lane 1
Nature des donnees : DA

Nembre de séquences : 19091359

Taille totale des saquences : 1282973196

Séquenceur : HiSeq 2000

51 S_1_phi.fasta sorted.bam. bai

Teléchargements :
1 5 {_phi fasta_sorted.bam

Analyses réalisées :

Nom Description Logictel Version

Aignmentstats Statistiques alignement contre genome de reference. samigols flagstat Q.17 (1510)

Contaminationsearch Recherche de contaminants sur les banques. Bwa 058 115%)

Rezdstats Statistiques sur les lectures et leurs qualites. fastac 07.0
geno

NG6 - Stats
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Analyse ReadsStats : Statistiques sur les lectures et leurs qualites.

Statistiques sur les lectures et sur leur qualité

Statistiques p3 positi Statistiques par séquence
Echantillons
lite  GC% QNS ntenue  Nombre de séquence  Qualité  GC% Longeur upl mers
sAfgseqll) PASS  PASS  PASS  PASS 95456795 PASS  ASUWARM)  0H(PASS)  FAIL WARN  PASS
si12qwql2) FAL PASS  PASS  PASS 95456795 PASS  4A0WARN)  0I(PASS)  FAIL WARN  PASS

4ide Statistiques par positio

41 Qualite : WARN = plus petit quartile dune base inférieur & 10, au S la mediane dune base est inférieur & 25. FAIL = plus petit quartile dune base inférieur 4 5, au s la mediane dune
~ base st inférieur a 20,
1 GC% : WARN =GCX par position +/- 35 de lamoyenne. FAIL = GCK par position /- 10% de lamoyenne.

1 NS WARN = NS > 5, FAIL = NSk > 10K,

| Contenue : WARN = différence entre A et T ou G et C > 0% sur une pasition. FAIL = différence entre A et T au G et C >20% sur une position.

"y 4ide Statstiques par séquence ;

1 Qualite : WARM = la qualité [a plus observée < J7 (taux derreur de 0.2%). FAIL = Ia qualité la plus observée < 30 (taux derreur de 1%).
1 GO : WARN = plus de 15K des sé un GC différent de normale. FAIL - plus de 30% des sé un GO différent de normale.
41 Longueur : WARN = toutes les séquences niant pas la méme langueur. FAIL = une séquence a une longueur de Opb.

»1 Niveau de duplication : WARN = plus de 20% des séquences sant non uniques. FAIL = plus de 50 des séquences sant nen uniques.

| Séquences surreprésentses : WARN = Une séquance représente plus de 0.1% du total. FAIL = une séquence représente plus de 1% du total.

Fichiers résultats
fastqc.ter. gz
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ReadsStats
Relative entichment over read length

TGCTG
GCGGC

K-mers

fasta !

3

9 13 17 21 23 28 35 37 41 43 49 33 57 61 B3 69 73 77 Bl B3 B9 93

Position in read (bp}
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NG6 - Stats

nG6 ReadsStats
100 Sequence content across all
e
Ang
80
Sta
70
Ec
0 Sequence content e
across all bases
50
a
- 40
3
:
4 30
" |
11w
:
[
Fict 1 3 5 7 & 11 13 15 17 19 21 23 25 27 28 31 33 35 37 39 41 43 45 47 49 51 53 55 57
fastq Position in read (bp)
G I =
4 Do NG6 - Stats
£ toul
: S bioinfo
z
]
= nGé6 ReadsStats
£
E 100 N content across all bas
s
¢
2
g Runs > P Te)
z
Ani
20
Sta
70
Ec
a0 N content across =
all bases
50
=
- a0
q
: 30
- 20
11
:
o
Fict 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57
Fastq Position in read (bp)
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S Exercises / set 1

* Snp server connexion
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 Short read retrieval (wget)
» Read statistics (fastqc)

» Data sets :
- SRX002048
- ERR003037
- ERR000017

S Read alignment

* What are the ideas?
* The different software generations :
- Smith-Waterman / Needleman-Wunch (1970)
- BLAST (1990)
- MAQ (2008)
- BWA (2009)
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S BWA

* Much faster than MAQ
* Exact match
* Limited number of errors (2 for 32bp, 4 for 100 bp)

http://bio-bwa.sourceforge.net/
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ORIGINAL PAPER " 575 tosamsinsmetconiass

Sequence analysis
Fast and accurate short read alignment with Burrows-Wheeler

transform

Heng Li and Richard Durbin*

Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Cambridge, CB10 1SA, UK
Received on February 20, 2000; revised on May 6, 2009; accepted on May 12, 2009

Advance Access publication May 18, 2009

Associate Editor: John Quackenbush
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S BWA prefix trie

» Word 'googol’
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» A = gtart character

=)

O=0r=0-=0=0F

» -—-- Search of 'lol' with one error

(=]

The prefix trie is compressed to fit in memory in most
cases ( 1Go for the human genome).
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H Manual Reference Pages - bwa (1)
NAME
bwa - Burrows-Wheeler Alignment Tool
CONTENTS
Synopsis
scription
ands And Options
ghment Format
s On Short-read Alignment
Alignment Accuracy
Estimating Insert Size Distribution
Memory Requirement
Speed
Notes On Ln‘ng—reat\ Alignment
See Also
Author
License And Citation
History
SYNOPSIS
bwa index -a butsw database.fasta
bwa aln database.fasta short_read.fastq > aln_sa.sai
bwa samse database.fasta aln_sa.sai short_read.fastgq > aln.sam
bwa sampe database.fasta aln_sal.sai aln_sa2.sai readl.fq read2.fq > aln.sam
bwa bwasw database.fasta long_read.fastg > aln.sam
38
§ geno ==
1S en Commands
B (¥ bioinfo
E
:
i Reference sequence indexing
[l bwa index -a bwtsw db.fasta
Read Alignment
bwa aln db.fasta short read.fastq > aln sa.sai
bwa bwasw database.fasta long read.fastg > aln.sam
Formatting unpaired reads
bwa samse db.fasta aln sa.sail short read.fastq > aln.sam
Formatting pair ends
bwa sampe database.fasta aln sal.sai aln sa2.sai readl.fq
read2.fqg > aln.sam
39
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index

Index

bwa index [-p prefix] [-a algoType] [-c] <¢in.db.fastas

Index database sequences in the FASTA format.

OPTIONS:

-C Build color-space index, The input fast should be in nucleotide space.

=p STR Prefix of the output database [same as db filename]
-a STR Algorithm for constructing BWT index. Available options are:

is IS linear-time algorithm for constructing suffix array. It
requires 5.37N memory where N is the size of the database. IS is
moderately fast, but does not work with database larger than 2GB.
IS is the default algorithm due to its simplicity. The current
codes for IS algorithm are reimplemented by Yuta Mori.

butsw Algorithm implemented in BWT-SW. This method works with the whole
hunan genome, but 1t does not work with database smaller than
16ME and 1t is usually slower than IS,
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aln

bwa aln [-n maxDiff] [-o naxGap0] [-e maxGapE] [-d nDelTaill [-i nIndelEnd] [-k
maxSeedDiff] [-1 seedlen] [-t nThrds] [-cRN] [-M misMsc] [-0 gap0sc] [-E gapEsc]
[-a trimQual] <in.db.fasta> <in.query.fo> > <out,sai>

Find the SA coerdinates ef the input reads, Maxinum maxSeedDiff differences are
allowed in the Tirst seedlen subsequence and maxinun maxDif7 differences are
allowed in the whole sequence,

OPTIONS:

-n NUM Maximun edit distance 17 the value is INT, or the fraction of missing
alignments given 2% uniform base error rate 1f FLOAT. In the latter case,
the maximum edit distance is automatically chesen for different read
lengths. [0.04]

-0 INT Maximun number of gap opens [1]

-e INT Maximun number of gap extensions, -1 for k-difference mode (disallowing
Tong gaps) [-1]

-d INT Disallow a long deletion within INT bp towards the 3°-end [16]

-1 INT Disallow an indel within INT bp towards the ends [5]

-1 INT Take the first INT subsequence as seed. If INT is larger than the query
sequence, sesding Will be disabled. For long reads, this option 1s
typically ranged from 25 to 35 for -k 2°. [inf]

-k INT Maximun edit distance in the seed (2]

|-t INT nfumber of threads (multi-threading mode) (1] ]

-M INT Mismatch penalty. BWA will not search for suboptinal hits with a score
Tower than (bestScore-misHsc). [3]

-0 INT Gap open penalty [11]

-E INT Gap extension penalty [4]

-R INT Proceed with suboptinal alignments if there are no more than INT equally
best hits. This option enly affects paired-end mapping. Increasing this
threshold helps to inprove the pairing accuracy at the cost of speed,
especially for short reads (~32bp).

- Reverse query but not complement it, which is required for alignment in
the color space

-N Disable iterative search. ALl hits with no more than maxDiff differences
Will be found. This mode is much slower than the default,

-q INT Parameter for read trimming. BWA trims a read down to 41
argnax_x{\sun_{i=x+1}*1(INT-q_i)} if q_L<INT where 1 is the original read

length. [0]
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samse & sampe

samse  bwa samse [-n maxOcc] <in.db.fasta> <in.sai> <in.fq> > <out.sam>

Generate alignments in the SAM format given single-end reads. Repetitive hits will

be randenly chosen.

OPTIONS:

=n INT Maximum number of alignments to output in the XA tag for reads paired
properly. If a read has nore than INT hits, the XA tag will not be
written, [3]

sampe  bwa sampe [-a naxInsSize] [-o maxOcc] [-n maxHitPaired] [-N maxHitDis] [-P]

<in.db.fasta> <inl,sai> <in2.sai> <inl.fq> <in2,7q> > <out.sam>

Generate alignments in the SAM format given paired-end reads. Repetitive read pairs
will be placed randonly

OPTIONS:

-2 INT Maxinun insert size for a read pair to be considered being napped
properly. Since ©.4.5, this option is only used when there are not enough
good alignment to infer the distribution of insert sizes. [508]

=0 INT Maxinun occurrences of a read for pairing. A read with more occurrneces
will be treated as a single-end read. Reducing this paraneter helps faster
pairing. [100000)

-P Load the entire FM-index into memory to reduce disk operations (base-space
reads only). With this option, at least 1.25N bytes of memary are
required, where N is the length of the genome,

=n INT Maximun number of alignments to output in the XA tag for reads paired
properly. If a read has more than INT hits, the XA tag will not be
written, [3]

=N INT Maximun number of alignments to output in the XA tag for disconcordant
read pairs (excluding singletons). 1T a read has more than INT hits, the
XA tag will not be written. [10]
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=M bwasw

bwasw bwa bwasw [-a matchScore]l [-b mmPen] [-q gapOpenPen] [-r gapExtPen] [-t nThreads]
[-u bandWidth] [-T thres] [-s hspIntv] [-z zBest] [-N nHspRew] [-c thresCoef]
<in.db fasta* <in.fq>

§
&
£
%
=
]
§
E
s
a
A
=
b
=
&

Align query sequences in the =in.fg> file
OPTIONS
-a INT  Score of a match [1]
-b INT  Mismatch penalty (3]
-q INT  Gap open penalty [5]
r

-r INT  Gap extension penalty. The penalty for a contiguous gap of size k is
gric*r. [2]

-t INT  Number of threads in the multi-threading mode [1] I
- INT  Band width in the banded alignment [33]

-T INT  Minimum score threshold divided by a [37]

<

-¢ FLOAT Coefficient for threshold adjustment according to query length. Given an
1-long query, the threshold for a hit to be retained is
a*max{T,c*log(1)}. [5.5]

M

INT  Z-best heuristics. Higher -z increases accuracy at the cost of speed.
11
-5 INT  Maximum SA interval size for initiating a sesd. Higher -s increases
accuracy at the cost of speed. [3]
=N INT  Mininum nunber of seeds supporting the resultant alignment to skip
reverse alignnent. [5]

43
| Bl Exercises / set 2
] ° Retrieving the reference sequence in fasta format :
§ ol g||224581 838|ref|NC_01 2125.1 | Salmonella enterica
subsp. enterica serovar Paratyphi C strain RKS4594, complete genome
* Indexing the reference sequence
* Aligning the reads (fastq format)
» Formatting the alignment in SAM
44

S i Sequence Alignment/Map (SAM) format

¢ bioinfo

> Data sharing was a major issue with the 1000 genomes

- Capture all of the critical information about NGS data in a single
indexed and compressed file

> Sharing : data across and tools

~ Generic alignment format

> Supports short and long reads (454 — Solexa — Solid)

- Flexible in style, compact in size, efficient in random access
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Website :

http://samtools.sourceforge.net

Paper :

Li H.*, Handsaker B.*, Wysoker A., Fennell T., Ruan J., Homer N., Marth G.,
Abecasis G., Durbin R. and 1000 Genome Project Data Processing Subgroup

(2009) The Sequence alignment/map (SAM) format and SAMtools.

Bioinformatics, 25, 2078-9. [PMID: 19505943]
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3 Youl Sequence Alignment/Map (SAM) format

bioinfo

Aligners natively generating SAM
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BFAST, 'Blat-like Fast Accurate Search Tool for lllumina and SOLID reads.

Bowtie. Highly efficient short read aligner. Natively support SAM output in recent
version. A convertor is also available in samtools-C.

BWA, Burrows-Wheeler Aligner for short and long reads.

GEM library. Short read aligner. Convertor provided by the developers.

Karma, the K-tuple Alignment with Rapid Matching Algorithm.

Mosaik. The latest version support SAM output.

Novoalign. An accurate aligner capable of gapped alignment for Illumina short reads.
Academic free hinary. Convertor is also available in samtools.

SNP-o-matic, short read aligner and SNP caller.

SOLID BaseQV Tool. Developed by Applied Biosystems for converting SOLID output
files.

SSAHAZ (since v2.4). Classical aligner for both short and long reads.

Stampy, by Gerton Lunter. An accurate read aligner capable of gapped alignment for
lllumina short reads. Used for indel discovery on the 1000 genomes data. Not
released.

TopHat for mapping short RNA-seq reads bridging exon junctions.

46
| SAM format
£ o =
P eicinto Header section
5
E
£
8 - Header lines start with @ followed by a two-letter TAG
3 ; " i
) - Header fields are TYPE:VALUE pairs

[ Tpe | Tagl] [Description
a0 — header |vm+ |File format version.
so  [Sort order. Valid values are: unsortad, qusrynams or coordinate.
o |Group order (full soring is not impased in a group). Valid valuss are: ons, query o referarce.
s sw+  |[Sequence name. Unigue among all sequence records in the file. The value of this field is used|
L lin alignment records.
sequence u+  |Sequence lengih.
dictienazy |57 [Genome assembly identiier. Refers 1o the reference genome assembly in an unambiguous
ferm. Example: HG18.
lus  [MD5 checksum of the sequence in the uppercase (gaps and space are removed)
um  |URIcfthe sequence
s [Species.
S o+ |Unique read group identifier. The valus of the ID field is used in the AG tags of alignment|
— records.
read grevr  [gys  |3ample (use pool name where a pool is being
ta |Library
bs  |Description
zu  |Plariorm unit (=.9. lane for llumina or slide for SOLIDY; should be a full, i identifier
ox  |Predicted median inssrt size (maybe diffsrent from the actual median insert sizs)
cw  |Name of center producing the read
or  |Date the run was producsd (IS0 8601 date or datefiime).
3 used io produce the read. eHD VN:1.0
e zo+  [Program name
L = |Program version @so SN:chr20 LN:62435964
iz ot |Command line @eRrRG ID:L1 PU:SC_1_10 LB:SC_1 SM:NA12891
co — comment] [One-fine text comments [chile] ID:L2 PU:SC_2_ 12 LB:SC_2 SM:NA12891

% geno = SAM format
Bicinte Alignment section

> 11 mandatory fields
> Variable number of optional fields
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> Fields are tab delimited

QNAME: Query name of the read or the read pair
FLAG: Bitwise flag (pairing, strand, mate strand, etc.)
RNAME: Reference sequence name

POS: 1-Based leftmost position of clipped alignment
MAPQ: Mapping quality (Phred-scaled)

CIGAR: Extended CIGAR string (operations: MIDNSHP)
MRNM: Mate reference name (‘=" if same as RNAME)
MPOS: 1-based leftmost mate position

ISIZE: Inferred insert size

SEQQuery: Sequence on the same strand as the
reference

QUAL: Query quality (ASCII-33=Phred base quality) 48
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SAM format
Full example
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Header

ERROOO017_2 .5am

150 SHiref  LN:AS33080
16 ref 740200 0 18« 0 0 TITIIITIIITITIIIIT  »)30s»@e77ieassres X2 HD:2 15A5RG
16 ref 740202 0O 18M # 0 O TITTITTTITITITIT00T PPIIEIPIIIIIIIIVY TRz MD:Z :5ASAG
16 ref 740202 O 18M * 0 0 TTITT HTzA:l MD:Z :5ASA6
16 ref 740202 O 13M * 0 0 XT:A MD:Z :5ASAG
16 ref 740202 O 18M # 0 O TITTITTTITITTITTI00T TR MD:Z :5ASAG
16 ref 740202 O 18M * 0 0 HTzA:l MD:Z :5ASA6
16 ref 740202 O 13M * 00 TR MD:Z :5ASAG
16 ref 740202 O 18M # 0 O TITTITTTITITTITTI00T rErrRT T ? TR MD:Z :5ASAG
16 ref 740202 0O 18M * 0 0 DIFIDSIPSIEISIDFIS HT:R: MD:Z :5ASAG

Ul 0 ref 4702037 25 13M * 0 0 CTATGCAGCTATATGTTT DE33iOOTININTIT) > RIRGH MD:2Z 1301162

i 16 ref 2018365 37 18+ 0 0 EGGTBGITATGICIATIC  0200ssdoasrsdbag HTHA MDiZ}13

12 0 ref 2895664 37 18M * 0 0 GTTTIGTTATGTGAATAT 5 227007307742 (7 HT:R:l MD:Z:18

13 16 ref 510805 37 18M * 0 0 ATICTCTATEGAGTGGET <7994 50550y HTzA:l MD:Z:18

14 16 ref 740202 O 13M * 0 0 DREIRRIPIIIEIRIIINY KT:A MD:Z :5ASAG

15 4 % 0 a * # 0 0 GTGCCACTCCTRGTCTTR >8;>1;>>8-9,7/(+5%

16 16 ref 740202 O 18M * 0 0 DRE R ITTTITITITIT HTzA:l MD:Z :5ASAG

17 0 ref 1847348 37 9MIIEM * O 0O CATCACARTATAATCATT 5493358, 7751436+ HT:R: MD:Z2:5T11

<QNAME> <FLAG> <RNAME> <POS> <MAPQ> <CIGAR> <MRNM> <MPOS> <ISIZE> <SEQ> <QUAL>

[<TAG>:<VTYPE>:<VALUE> [...]]

Juswaubiy

X? : Reserved for end users A
NM Number of nuc. Difference i : signed 32-bit integer
MD : String for mismatching positions f : Single-precision float number
RG : Read group 7 : Printable string 49
. ) H : Hex string (high nybble first)
i R SAM format
] v Flag field
£
H
£
H Flag Description
0x0001 |the read is paired in sequencing, no matter whether it is mapped in a pair
00002 |the read is mapped in a proper pair ({depends on the protocol, normally inferred during alignment) 1
0x0004 |the gquery sequence itsell is unmapped
00008 |the mate is unmapped !
0x0010 |strand of the query (0 for forward; 1 for reverse sirand)
0x0020 |strand of the mate !
0x0040 |ihe read is the first read in a pair 2
0x0080 |the read Is the second read in a pair 12
0x0100 |the alignment is not primary (a read having split hits may have multiple primary alignment records)
020200 |the read fails platform/vendor quality checks
0x0400 [the read is either a PCR duplicate or an optical duplicate
http://picard.sourceforge.net/explain-flags.html
50

¢g one SAM format
Bieinte Extended CIGAR format

Ref: GCATTCAGATGCAGTACGC
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Read: ccTCAG--GCATTAgtg
POS CIGAR
5 25S4M2D6M3S

op Description

Alignment match (can be a sequence maich or mismaich)
Insertion to the reference

Deletion from the reference

Skipped region from the reference

Soft clip on the read (clipped sequence present in <seqg>)

Hard clip on the read (clipped sequence NOT present in <seq>)
Padding (silent deletion from the padded reierence sequence)

Hlm|lw|=z|o|+|=
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SAM format
Extended CIGAR format

[ » |Padding (silent deletion from the padded reference sequence) |
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REF: CACGATCA**GACCGATACGTCCGA REF: CACGATCA**GACCGATACGTCCGA
READL: CGATCAGAGACCGATA READL: CGATCAGAGACCGATA
READ2: ATCA*AGACCGATAC READ2: ATCAA*GACCGATAC
READ3: GATCA**GACCG READ3: GATCA**GACCG
READ1: 6M2I8M READ1: 6M2I8M
READ2: 4M1P1IOM READ2: 4M1I1P9M
READ3: 5M2P5M READ3: 5M2P5M

[ v [skipped region from the reference

REF: AGCTAGCATCGTGTCGCCCGTCTAGCATACGCATGATCGACTGTCAGCTAGTCAGACTAGTCGATCGATGTG
READ: GTGTAACCC. e .t vverocsssscnsecsoonsancnsanna TCAGAATA

where ‘...’ on the read sequence indicates the intron. The CIGAR for this alignment is: 9M32N8M.

52

S BAM format
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~ Binary representation of SAM

> Compressed by BGZF library

~ Greatly reduces storage space requirements to
about 27% of original SAM

53

S SAMtools

- Library and software package
> Creating sorted and indexed BAM files from SAM files
> Removing PCR duplicates
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- Merging alignments

> Visualization of alignments from BAM files
~ SNP calling

- Short indel detection

http://samtools.sourceforge.net/samtools.shtml
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SAMtools
Example usage

i
£
H
5
|

/Bureau/FormatienNGS/JeuxDonnées> .. /samtool:
samtools view [optiens] <in > [regionl [...

output BAM
print header for the SAM output

merge merge
rmdup remove

reference
output f it]
o for un
o] roul

SAMtools
Example usage

> Create BAM from SAM

samtools view -bS aln.sam -o aln.bam

- Sort BAM file

samtools sort example.bam sortedExample

> Merge sorted BAM files

samtools merge sortedMerge.bam sortedl.bam sorted2.bam

> Index BAM file

samtools index sortedExample.bam

> Visualize BAM file

samtools tview sortedExample.bam reference.fa

i
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Picard

- A SAMtools complementary package

H
£
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£

> More format conversion than SAMtools
~ Visualization of alignments not available

- SNP calling & short indel detection not available

http://picard.sourceforge.net/

57/




s geno = Picard

g
H oul
LT Example usage
E ~ ValidateSamFile - SamToFastq
4~ SortSam > FastqToSam
> MarkDuplicates > SamFormatConverter
» EstimateLibraryComplexity - CreateSequenceDictionary
» MergeSamFiles > CleanSam
- ViewSam > CompareSAMs

- ReplaceSamHeader

java -Xmx2g -jar PicardCmd.jar OPTIONl=valuel OPTION2=value2...

| ki Exercise / set 3
E ioinfo
59
% geno Visualizing the alignment
toul .
Biainto SAMtools : tview

Bioinformatique Midi-Pyrénées

samtools tview aln.sorted.bam ref.fasta




< gons Visualizing the alignment

€/ vicinfo IGV

> IGV : Integrative Genomics Viewer
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> Website : http://www.broadinstitute.org/igv

T Integrative Home
gv Genomics

Viewer

[oome Integrative

¥ Downloads

L Genomics
Viewer

- FAQ
1GV Quick Start

1GV User Guide
File Formats
Release Notes
Acknowledgments

Search website

What's New Downloads
Broad Home NEWS  May 10, 2010. New and updated genomes have Please register to download IGV. After registering,
Cancer Program been added: Zebrafish (danRer 6), Opossum you can log in at any time using your email
(menDoms), and Rice (0. Sativia release 6.1). oY, adiress.
g BROAD
INSTITUTE February 5, 2010. IGV version 1.4.2 has been released Eundi 61
© 2009 Broad Institute See the release notes for detals. unding|
s DevalnDment of IGV i mare nossiie b fundinn from fhe

<y gene Visualizing the alignment
e e IGV
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File Formats

-High-performance visualization tool « Ele Extension cenites Fomat

= Recommended File Formats

= BAM
~Interactive exploration of large, integrated  ::

= CN

datasets " Guosan

FASTA
Ge1
enepred
GEE
GISTIC
= HDFS

>»Documentations < lai

dsuite Files

>Developed at the Broad Institute of MIT R
and Harvard

i

-Supports a wide variety of data types
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= File View Tracks Help
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=
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geno

toul
bioinfo

e| view Tracks Help

Visualizing the alignment
IGV - Loading the reference

Load from File.
Load from URL.
Load from Server...

ol E

@ 0

New Session...
Open Session...
Save Session...

lgeri

Import Genome.

Remove Imported Genomes. ..

Name |

Save Image ..

File® [

Export Regions ...
Import Regions .
Clear Regions

Cytoband File |

Gene File |

Exit

Jhome/bardouligv_session.xm!

*Required

The sequence file (required) can be a FASTA file, &
directory of FASTA files. or 2 zip of FASTA files. Optionally

Specify 3 cytoband file to dispiay the chromosorme

ideagram and an annotation file to display the gene track.
for descriptions of

See the
annotstion formats.

RefSeq genes

HA N AR AR R
Bl UBR MALLL 5L

LT
53 INTU AP
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1 tracks loaded il [ 68M of 75M l
Vi lizi th li t
1 ¢ geno isualizing the alignmen
E toul .
E ALRGRE IGV - Loading the reference
=
s
3
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B
= e View Tracks Help
£ Reference ‘ ‘gi\22&5&1EaE\reﬂNC_012125.1| M [oip245e1 838 pefue_012125.1] Jao| B @ M 11111111111
a
g []
8
2
&
4 833 kb
lo Too0is 2000w 3000k 4000k
Il Il L Il 1 -
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1 tracks loaded I Il 57M of 110M 0]
Vi lizi th li t
1 ¢ geno isualizing the alignmen
E toul . .
3 BEDI T IGV - Loading the bam file
=
s
3
3
s
= e| View Tracks Help
£ Load from File. 4581838 ref|NC_012125.1] ‘v‘ ‘g\|2245§lEBEVEHNC_DIHZS 1) ‘Gn BT
@ Load from URL.
13 Load from Server... B
2
5
[
4 833 kb
o Too0is 2000w 3000k 4000k
Remove Imported Genomes... L I L L | i
Save Image ... =
Export Regions ...
e ;
lar rogions s -] [E]
Exit [C3Piga_ERR000017 2 [} ERR003037.bam
thomebardourigv_session.xm! .
IC7 Piga_ERR003037 [} ERR003037.fastq
[} ERRO00017_2.bam [} ERRO03037.fastq.qualstat
[} ERRO00017_2.fastq [} ERRO03037.fastq. qualstat.l
[} ERRO00017_2.fastq.qualstat [} ERRO03037.fastq. qualstat.
[} ERRO00017_2.fastq.qualstat.boxplot.png [ ERRO03037.5ai
[} ERRO00017_2.fastq.qualstat.png [ ERR003037.5am
[ ERRO00017_2.5ai [ ERR003037.50rted.bam
[ ERRO00017_2.5am [} ERRO03037.50rted.bam.bai
[} ERRO00017_2.sorted.bam [ nc_012125.1.fasta
[} ERRO00017_2.s0rted.bam.bai [} nc_012125.1.gff
gl 1 [ D
Nom de fichier :  [‘ERR0000L7 2.sorted.bam" "ERR003037.50rted bam"
Fichiers du type : [Tous les fichiers [~] u
et ok Annuler =
66
1 tracks loaded I Il 59M of[110M 0]
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le_view Tracks Help

Visualizing the alignment
IGV - Loading the bam file

Reference M ‘gnzzasmaamreﬂnc,mz125.1| M [airz24581 838 refinC_o12125.1) \Gn| @ I
& 4 833 kb
FE| o 100010 2000k 200016 400016
I

2
Coverage -5
ERR000017_2 sorted ba
- Zoom in to see alignments,

Location: 2 242 347

Coverage o =

ERR003037.s0ned. bam

Zoom in to see alignments.

gi[224581838]ref|NC_012125.1:2414739 | Il
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g eone Visualizing the alignment
St IGV - Loading a gff file

File view Tracks Help
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o IR IGV - Loading a dff file
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> Generate the coverage information to be displayed in IGV.

java -jar igvtools.jar count aln.bam aln.depth.tdf ref.genome

- Remark : ref.genome was generated when we imported the
genome sequence

~ This step is optional, but it is essential if you want to see the
read depth information in large scale.
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geno m= Visualizing the alignment
3¢ IGV - Coverage

©.© @ GV - Session: /home/bardou/Bureau/FormationNGS/JeuxDonnées/TEMP/ERR000017_2-sort.bam.bam
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S The pileup format

bioinfo

Chr. - Coord. - Base(™ for indel) - Number of reads covering the site - Read bases* - Base qualities

\\//////
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seql 272 T 24 ,.%..... T4, maet ) dedaodsade=g; <) Tok
seql 273 T 23 . I .EL ) S e

seql 274 T 23 $ a7 @) aaaaaaaad=a; <) <<g
seql 275 A 23 L. ... . aaa et o D aecsdee e [ 2
seql 276 G 22 . T, ue i iauu s 33 +eaT=Fa<Tab=a] | b

seql 277 T 22 .. ... Coaus s G0 479 eeacaacha=aay | 2aha

sel 278 G 23 .. ek %3G T T e S
seql 279 C 23 A T.. oo vasaa i, ) 75bheaegagasa=aaafaa; 22

seq2 156 A 11 .§...... +2AG, +24G. +2AGGG <875;  <aae

Read bases :
> ""and",’ : match to the reference base on the forward/reverse strand
» "ACTGN' and 'actgn’ : for a mismatch on the forward/reverse strand
> '"A'and '$' : start/end of a read segment
» '+[0-9]+[ACGTNacgtn]+' and '-[0-9]+[ACGTNacgtn]+' : insertion/deletion

http://samtools.sourceforge:net/pileup.shtml r




i
£
H
5
|

geno

toul
bioin

S

» Get the raw variant :

samtools pileup -vcf ref.fa aln.bam > raw.txt

Variant Calling with SAMtools

samtools view -u aln.bam X | samtools pileup -vcf ref.fa - > raw-X.txt

ref.fa Fasta formatted file of the reference genome
aln.bam Sorted BAM formatted file, from the alignments
raw[-X].txt Output pileup formatted, with consensus calls
-C Calls the consensus base at each position

-v Show positions that do not agree with ref.fa

-f Reference sequence, ref.fa (in FastA format)
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The pileup format

Consensus base - Consensus quality - Probability of difference from ref. base - Max. mapping quality

I
\ -

seql 60 T [TWNGOMONEE| 13 ........... At BenS; e
seql 61 G (@ ¥2 @ 890 15 ............. Sy (; 0758, <<
seql 62 T | 72 B 88 15 <;;,05; <ddadaaas
seql @3 G |G ¥2 0O 99 15 oo T, 320 =T feaaaaas
seql 64 G |G B9 @ 99 14 .............. Q45 ;) maaaaas

seql 63 A (A B8 @ 89) 14 f............. w52y e

seql 66 C (€ 66 @ 89 13 ............. e | <ceccBe

seql §7 C (€ B8 6O 89 14 ............. e , 75, deceec- <<
seql 68 C |[€ 68 @ &9 14 .............. 576<; FeeecsBes

seq2 156 A A 10 © 99 11 .§...... +20G.+2AG, +2AGGG <D75; : 2oaax
seq2 156 * 4+AG/AHAG 71 252 99 11 +AG ¢ 3 8 0

>

1'indel allele - 2" indel allele - Reads supporting 1°' - Reads supporting 2" - Reads supporting 3“c
R R =

7y
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Filter -

>Filter the raw variant calls :

samtools.pl varFilter raw.txt > raw_ok.txt

(samtools.pl varFilter -p raw.txt > raw_ok.txt

minimum

minimum

minimum ri
mum r

INT
INT
INT
) INT

min indel score for nearb
SKMP within INT bp around

INT
w INT

for filteri
number of SN

W INT
INT

L INT window F4

print fil

samtools.pl

) >& raw_filtered.txt

snP filtering [25]
ap to be filtered [10]

[1el
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S e Filter - awk

bioinfo

Acquire final variant calls by setting a quality threshold (50 for

i
£
H
5
|

indels and 20 for substitutions) :

awk ' ($3=="*"§&$6>=50) || ($3!="*"&&$6>=20)"' raw.flt.txt > raw.final.txt

1;
1999999999999
9999999999999

Consensus base - Consensus quality - Probability of difference from ref. base - Max. mapping quality

79

% g?:b_‘i Consensus - samtools.pl

Plateforme Bioinformatique Midi-Pyrénées

Consensus : A way of representing the results of a multiple
sequence alignment (which residues are most abundant in the
alignment at each position).

samtools.pl pileup2fq raw.txt > raw.fq

80

Synthesis
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GFF

pileup

SAMOOIS)
pIlEup)

AWk

Varsilien

pileup pileup
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