Lab 3: Analysis of Resequencing
Data



Quality encoding table
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S — Sanger Phredt33, raw reads typically (0, 40)
A - Solexa Solexatfd, raw reads typically (-5, 40)

I - I1lumina 1.3+ Phredtfd, raw reads typically (0, 40)

T - I1lumina 1.5+ Phredtfd, raw reads typically (3, 40)
with O=urmzed, 1=urm=ed, 2=Read Segment Guality Control Indicator (bold)
(Hote: Ses discussion abowe).

L - I1lumina 1.8+ Phredt33, raw reads typically (0, 41)



Identify quality encoding

Use the table above encoding table. You only
need to differentiate between Sanger (S),
Solexa (X) and Illumina (1, J)
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What is resequencing?

* You have a reference genome

— represents one individual
* You generate sequence from other individuals
— same species / closely related species

 You want to identify variations
— map millions of reads to reference genome

— identify SNPs / indels / structural variations
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Steps in Resequencing

Map reads to a reference genome (.bam)

e finds best placement of reads

recalibrate alignments (.bam)

e realign indels
e remove duplicates
e recalibrate base quality

identify / call variants (.vcf)

e statistical algorithms to detect true variant




Steps in Resequencing




Step 1: map reads

MAQ, (http://maq.sourceforge.net/)

— non-gapped

BWA (http://bio-bwa.sourceforge.net/)
— Burrows-Wheeler aligner

— gapped (limited number of errors)
— successor to Mag, but much faster than MAQ

Bowtie (http://bowtie-bio.sourceforge.net)

— fast + memory efficient

Mosaik (http://bioinformatics.bc.edu/marthlab/)
— Smith-Waterman



http://maq.sourceforge.net/�
http://bio-bwa.sourceforge.net/�
http://bowtie-bio.sourceforge.net/�
http://bioinformatics.bc.edu/marthlab/�
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Manual Reference Pages - bwa (1)
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bWa index -a bwtsw database fasta

bWa aln database  fasta sherti_read.fastg = aln_sa.sail

bWa samse database.fasta aln_sa.sal short_read,fastg * aln.san

bWa sampe database.fasta aln_sal.sail aln_sald . sa1 readl.fq read2. fg * aln.san

bWa bwasw database.fasta Long_read, fastg * aln.san



bwa command line

Reference sequence indexing :

bwa index -a bwtsw db.fasta

Read Alighment :

bwa aln db.fasta short_read.fastq > aln_sa.sai

bwa bwasw database.fasta long_read.fastqg > aln.sam
Formatting unpaired reads (single-end) :

bwa samse db.fasta aln_sa.sai short_read.fastq >
aln.sam

Formatting pair ends (paired-end):

bwa sampe database.fasta aln_sal.sai aln_sa2.sai
readl.fq

read2.fg > aln.sam



bwa index

index bwa index [-p prefix] [-a algoType] [-c| <in.db.fasta:
Indzx database =equences in the FASTA fornat,

OPTIONS:

“C Build color-space index. The input fast should be in nucleotide space.
«p STR Prefix of the output database [same as db filsname]

<3 STR Algorithm for constructing BWT index. fvailable options are:

[5 Tinear-time algorithm for constructing suffix array, It
requires 5.37N memory where N is the size of the database. IS is
moderately fast, but dees not work with database larger than 2GB.
I5 15 the defaulft algorithm due to 1ts simplicity. The current
codes for IS algorithm are reimplemented by Yuta Mord,

Algorithm implemented in BWT-5W, This method works with the whole
human genome, but 1t does not work with database snaller than
10ME &nd it 15 usually slower than 15,




aln

bwa aln

bwa aln [-n naxliff] [-o0 mawGapld] [-e maxGapE] [-d nDelTail]l [-i nInd=1End] |-k
naxbeedliTF] [-1 seedlen] [-t nThras] [-cBN] |-M misMsc] [-0 gapUsc] [-E gapEsc|
|- trimQual] <in.db. Tasta= <1n.guery.Tq= = <aut. 31>

Find the 58 cpardinates of the 1nput reads. WHaximun maxsSesdl7r diTrerences are
allowed +dn the First =eesdlen subsequence and neximum saxdy©F differences are
allowsd in the whole sequence,

OFTIONS:

-n WUM HMaximum ecdit distance if the walue iz INT. or the fraction of mis=ing
alighnents given 2% unifoerm base errer rate 1f FLOAT. In the Llatter case,
the maxinun edit distance 1 3utoRat1cally chosen Tor different read
lenzth=. [0,84]

=o INT HMazimum nunber of gap opens [1]

=& INT HMazimum nunber of gap extension=, -1 Tor k-di fference mode (di=allowing
lang gapsy [-1]

-d INT DMMszllow & long deletion within INT b towards the 27 -snd [LE]
-4 INT DMiszllow an indel within INT bp towards the ends [5]

-1 INT Take the first INT subsequence as seed. IF INT 1= larger than the query
sequence, seeding W11l bBe disabled. For leng reads, this aptien 1=
typically ranged Trem 25 te 35 Tar '-k 2' . [inT]

=k INT HMaximum edit distance in the sesd [2]

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

=M INT Mismatch penalty. BWA will not =earch Tor suboptimal hits with & scare
Llowzr than (bhestScors-misHMscy, [3]

-0 INT Gap opsn penalbty [11]
<E INT Gap extension penalty [4]

-8 INT Proceed with suboptimal alignments if there are no more than [NT =quslly
best hits., This eption only affeckts paired-end napping., Increasing this
threzzhold helps to 1mprove the patring accuracy =t the cost af speed,
especi®lly for sharkt reads (~32bp).

= Fewsrse gquery bubt neat conplement 1t, which is reguired Tor alignment in
the color space.

=M Pisable iterative searckh, ALl hits with re more than wmaxliF differences
K11l be Tound. This mods 1= much slowsr than the detault.

=g INT Parsmeter for read trinming. BWA trins a read down to
argmar_s{vsun_{1=x+1} L INT-q_133 1T g_L=INT where 1 i= the original read
length, [2]



bwa samse & sampe

SENZE bwa =amse [-n nexlcc] <in. db. fasta= <ip.sa1= <in.fg* * <out. san=

Generate slignments in the SAW fornet given single-end reads, Repebitive hits will
bz randanly chosen,

OFTIONS:

=n INT Mawinum rumber of alignments to ouwtput in the ¥4 teag for reads paired
properly, [T a read has nore than INT hits, the ¥4 tag will not be

wWritten. [3]

SEnpeE bwa =ampe [-= nexlns5ize] [-o0 masfcc] [-n naxHitPeired] [-H mazHitDas] [-F]
2in, gl fasta® <inl.sai* “1nd.sa1* ¢inl,.fg* <ind . fg* > <out,san>

Gzherate alighments 1n the 54N fermat given paired-end reads, Fepetitive read paitrs
W11l be placsd randamly.

OFTIONS:

=3 INT Maximum insert size for a read pair to be considered Eeing mapped
properly. Since @.4.5, this aption 15 only used when there are not enough
good alignment bo infer the distribution of insert =sizes, [508]

¢t INT Mawimun occurrence=s of a read for pairing., & re=sd with more occurrnsces
Will ke treakted ss s single-end read, Reducing thiz parameter helps fastier
pairing. |LEODED]

=P Lozmd the entire FMN-1ndex 1hto menory io reduce dick operaiionc [D3ce-cpace
reads anlyy, With this aption, abC Teast 1,254 hytes aT menory are
reqguired, where N 1=z the length of the zenone.

-m INT Maximum number of alignnents to output in the I8 tag for reads padired
properly, [f @ read has more thanm INT hits, the X& tag will not be
Written. |[3]

=M INT Hawinunm number of aligrnents bto sutput in the ¥4 tag Ter disconcordant
resd pairs (excluding =ingletons), [f & read ha=s nore than INT hits. the
X4 taz will not be written. [18]



DwWwasw

bwasw

bwa bwasu [-a matchScore] |[-b mmFen] [-q gapUpenFen] [-r gapExtFen] [-t nThreads)
[-w bandWidth] [-T thres] [-= h=plntw] [-z zBezt] [-H nHspRew] [-c thresCoef]
=in.db, fasta* <in.fg~

Align query sequences in the <in. fq® f1le.

OPTIONS

=a INT Score of a match [1)
=b INT  HMismatch penaliv [3]
-q INT  Gap open penalty [5]

=r INT hap extension penalty., The penalty for a contigunus gap of =size k 15
g+k*r. [2

-t INT Humber of threads in the multi-threading mode [1]
=W INT Band width in the banded alignment [33]
-T INT Hindmum score threshold divided by a [37]

-c FLOAT Coefficient Tor threshold adjustment according to guary length. Giwen an
L-long query. the threshold for 3 hit to be retained is
a'max|{T,c*leg{12}. [5.5]

-z INT I-best heuristics, Higher -z dncrease=s accuracy at the cost of speed.
[11

=5 INT Haximum & interval size fTor imtiating a s=ed. Higher -3 1ncrezses
accuracy at the coct of gpeed. [3]

=N INT Hirmimum nunber of seeds supperting the resultant alignment to skip
reverse al1gnnent., [5]



Exercise

e Data sets:
— SRX002048
— ERRO0O3037
— ERRO0O0017

® Retrieving the reference sequence in fasta format :

— gi|224581838|ref[NC_012125.1| Salmonella enterica subsp. enterica
serovar Paratyphi C strain RKS4594, complete genome

® Indexing the reference sequence
® Aligning the reads (fastqg format)
® Formatting the alignment in SAM



Mapping Algorithm trick

brute force (simple)

hash tables

suffix trees

Burrows-Wheeler transform (BWT)



Brute force

TCGACCC TCGACCC
X e
GACCTCATCGATCCCACTG GACCTCATCGATCCCACTG
¥ 2 2
TCGACCC TCGACCC
X | | x
GACCTCATCGATCCCACTG GACCTCATCGATCCCACTG
¥ 2 3
TCGACCC TCGACCC
X ». X
GACCTCATCGATCCCACTG GACCTCATCGATCCCACTG




seed length =7

Hash table

Build an index of the reference sequence for fast access

GACCTCATCGATCC

CACTG

GACCTCA
ACCTCAT
CCTCATC
CTCATCG
TCATCGA
CATCGAT
ATCGATC
TCGATCC

chromosome 1, pos 0
chromosome 1, pos 1
chromosome 1, pos 2
chromosome 1, pos 3
chromosome 1, pos 4
chromosome 1, pos 5
chromosome 1, pos 6
chromosome 1, pos 7

CGATCCC chromosome 1, pos 8
GATCCCA chromosome 1, pos 9




TCGATCC=?

seed length =7

Hash table

Build an index of the reference sequence for fast access

GACCTCATCGATCC

CACTG

GACCTCA
ACCTCAT
CCTCATC
CTCATCG
TCATCGA
CATCGAT
ATCGATC
TCGATCC

chromosome 1, pos 0
chromosome 1, pos 1
chromosome 1, pos 2
chromosome 1, pos 3
chromosome 1, pos 4
chromosome 1, pos 5
chromosome 1, pos 6
chromosome 1, pos 7

CGATCCC chromosome 1, pos 8
GATCCCA chromosome 1, pos 9




Hash table

Build an index of the reference sequence for fast access

TCGATCC=chromosome 1, pos7

seed length =7

GACCTCATCGATCC

CACTG

GACCTCA
ACCTCAT
CCTCATC
CTCATCG
TCATCGA
CATCGAT
ATCGATC
TCGATCC

chromosome 1, pos 0
chromosome 1, pos 1
chromosome 1, pos 2
chromosome 1, pos 3
chromosome 1, pos 4
chromosome 1, pos 5
chromosome 1, pos 6
chromosome 1, pos 7

CGATCCC chromosome 1, pos 8
GATCCCA chromosome 1, pos 9




Hash-based algorithms

ACTGCGTGCGTGA Chrl posl234; Chr2 posS567

ACTGCGTGTGC Chr7 posX
ACTGCGTGTGT Chr7 posZ;

* Since lookups in hashes are fast!!!

1. Index the reference using k-mers

2. Search reads vs. hash k-mers

3. Perform alignment of entire read around seed
4. Report best alighnment



Hash table: improvement

e Spaced seed: increasing sensitivity

* Multiple seeds: instead of extending around a
single seed, but around positions with
multiple seed matches (SHRiMP)



Hash tables

BLAST

BLAT, SSAHA (long read aligners)

MAQ, SOAP (“older” short read aligners)
Both nucleotide and color-space

— BFAST

— SHRiIMP
— Novoalign (commercial)

partially by Mosaik

Problem:

— Memory exhaustive: Indexing big genomes/lists of reads
requires lots of memory

— Poor hashing leads to slow alignment



Burrows-Wheeler Transform (BWT)

Hash-based aligners require lots of memory
and are only reasonable fast

e Can we make it better/faster?
e BWT and suffix arrays

— originally created for compression (implemented
in bgzip2)
— Aligners: BWA, Bowtie, Bowtie2, SOAPv2, bwa-sw

— Low memory usage



The concepts

* BWT

— A reversible transformation of the genome

— All overlapping regions need only be searched
once

e Suffix arrays: quickly find all possible matches

— “array of integers giving the staring positions of
suffixes of a string in lexicographical order”



BWT — creating index

Genome Marks end-of-string, lexicographically smallest

NS

X = AGGAGCS



BWT — creating index

|. Create all possible transformations of
the string

X = AGGAGCS (move first base to end)

AGGAGCS



BWT — creating index

|. Create all possible transformations of
the string

X = AGGAGCS (move first base to end)

AGGAGCS
GGAGCSA



BWT — creating index

|. Create all possible transformations of

the string
X = AGGAGCS (move first base to end)
AGGAGCS
GGAGCSA

GAGCSAG



BWT — creating index

|. Create all possible transformations of
the string

X = AGGAGCS (move first base to end)

AGGAGCS
GGAGCSA
GAGCSAG
AGCSAGG
GCSAGGA
CSAGGAG
SAGGAGC



BWT — creating index

2. Sort the strings lexicographically
X = AGGAGCS

AGGAGCS
GGAGCSA
GAGCSAG
AGCSAGG
GCSAGGA
CSAGGAG
SAGGAGC

O s W DN O



BWT — creating index

2.Sort the strings lexicographically
X = AGGAGCS

AGGAGCS 6 SAGGAG C
GGAGCSA
GAGCSAG
AGCSAGG
GCSAGGA
CSAGGAG
SAGGAGC

O O W N R O



BWT — creating index

3. Create the Suffix-Array (SA) and the BWT

X = AGGAGCS

0 AGGAGCS 6 SAGGAG C
1 GGAGCSA 3 AGCSAG G
2 GAGCSAG 0 AGGAGC §
3 AGCSAGG 5 CSAGGA G
4  GCSAGGA 2 GAGCSA G
5 CSAGGAG 4 GCSAGG A
6 SAGGAGC 1 GGAGCS A



BWT — creating index

3. Create the Suffix-Array (SA) and the BWT

X = AGGAGCS
i SA BWT

0 AGGAGCS 0 |6 | SAGGAG |C
1 GGAGCSA 1 3| AGCSAG |G
2 GAGCSAG 2 | 0| AGGAGC |$
3 AGCSAGG 3|5 | CSAGGA |G
4  GCSAGGA 4 |2 | GAGCSA |G
5 CSAGGAG 5 4| GCSAGG |A
6 SAGGAGC 6 |1| GGAGCS |A




X = AGGAGCS

Oy O s N = O

BWT — creating index

AGGAGCS
GGAGCSA
GAGCSAG
AGCSAGG
GCSAGGA
CSAGGAG
SAGGAGC

O O W0 N -

3. Create the Suffix-Array (SA) and the BWT

w
>

e DO N O D Oy

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

D QY Y O

i =(0,1,2,3,4,5,6)
SA = (6,3,0,5,2,4,1)
BWT = CG$GGAA
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BWT

Our index

=N OO WO

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

—align to index

BWT

I EONOR2EONe)
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BWT — aligh to index

Our index

=N OO WO

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

- EONORHON®)

Read = “AG”



S N WN R O -

%
>

BWT — aligh to index

Our index

= s N OO WS

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

OO EON®

Read ="AG”

Which strings starts
with “AG™?
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BWT — aligh to index

Our index

= N OO WO

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

Y QU0

Read ="AG”

Which strings starts
with “AG™?

Get Suffix Array Indices: i = [1,2]



BWT — align to index

Qur index Read =“AG”
i SA BWT Which' st[‘ings”starts
06| $AGGAG |C with “AG™
— 113 |[AGCSAG) |G Get Suffix Array Indices:i = [
— 210 ‘AGGAGC\ $ :
315 | CSAGGA |G Suffix Array values : SA[i] =
4|12 | GAGCSA |G
54| GCSAGG |A
61| GGAGCS |A

3,0
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BWT — aligh to index

Our index

= s N OO WO

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

ORI NN

Read ="AG”

Which strings starts
with “AG™?

Get Suffix Array Indices: i =

Suffix Array values : SA[i] =

= read aligns at pos 0 & 3

1,2]
3,0]
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BWT — aligh to index

Our index

= s N OO WO

SAGGAG
AGCSAG
AGGAGC
CSAGGA
GAGCSA
GCSAGG
GGAGCS

BWT

I ONORCEONS!

Read = “AG”

Which strings starts
with “AG™?

Get Suffix Array Indices:i =

Suffix Array values : SA[i] =

= read aligns at pos 0 & 3

pos 0: AGGAGC
pos 3: AGGAGC

1.2
3,0,




11

1253456784901
S —accagcacactd

BEWT (agcagcazact)

tzcclezaaaac

suffix# |BWT(5) |suffix/rotation ch Aa |t

o] 11 t bascascasact ... rank {ch} 1 2111
1 = = actyascascag

= 51 c agactfascasc

! ! o agcacactiaze -

il 0 1 agcagcagact]

5 = = cagactfazcag

B 2 = cagcacactfag .

T S a ctyascascasa

2 T a gactlascasca

o d a ccagactiazca o,

10 1 a ccagcagactia
11 10 o tfagcascasac t.




Recovering s from bwt(s)

function recowver (buwt)
1 /¢ ERecover original string from its transform
war pos = 0O,
ans endChar; /¢ $—terminated here
for{ wvar 1 = 1; 1 < bwt.length; i++ )
[ ans bwt. chardt (pos) + ans;
pos inwverse \po=s, bwt) ;

i

return ans=s;
A recower (BWT)

function inwversel(pos, buwt)
1 /4 one step of the rewerse reconstruction
war ch = bwt. charit (pos) ;
war chiCode = ch. charCodedft (0) ;
return rank [chiCode] + occich, bwt, pos):
1 finverze (pos, bwt )

furiction occich, bwt, pos)
S returns the # of occurences of ch 1in bwt
£ before position pos



occ() function

function occSlow(ch, bwt, 1) // (SLOW, but see occFast)
{ war commt = 0
for{ war 1=0: 7 <1 j+ )
it bwt. chardt (i) == ch } count++;
return count
b/ {oceSlawich, but, 1)

furiction occFast (ch, bwt, laoc)

I if{ loc <€ 0 ) return 0O;
var bucket = Math. flooriloc/freqBucketSize) ;
war lo = bucket * fregbucketSize;
var cournt = freqCache [bucket] [ch. charCodedst (0017 ;
forf{war j = lo; j < loc; jH+ )

if { bwt. charit(j) == ch ] count ++ ;

return count ;

1/ #occFast (ch, bwt, loc)



Multiplicity

function multiplicitsyipat, bwt)

1 /# Return the rmmber of times, if any, that pat occurs
/# 1n refStr where bwt iz the transform of refStr.
var lo = 0, hi = bwt. length:; S/ i.e. [lo,hi)
for{ war 1 = pat.length — 1: hi = 1o &% 1 >= 0; 1— )

I war pati = pat.charit (1)
var patiCode = pati. charCodedt (0)
lo = rank[patiCaode] + occipati, bwt, lao):
hi = rank[patiCode] + occipati, bwt, hi);
1féfor
return hi — lo;
VA/maultiplicity (pat, bt



trie

sorted reverse .
prefixes trie
agcagcagact]
scagcagactda 1
scagactasca 1
agc| a
cactbagcasca faszc
~tYascascaga fascascas
tYagcascasac fascascasa
azcagactyazc % =
ag,
azactascasc fagc
cagcasactas 3
cazactbagcas i ag
agc
actbascascas fasc
fascascagact fagcascagact




search for pattern

function locationz(pat, bwt)
1 wvar lo = 0, hi = bwt.length:; // [lo,hi)
for( war 1 = pat.length — 1; hi > lo && 1 »>= 0; 1— )
1 war pati = pat.chardt (1) ;
var patiCode = pati.charCodedt (0) ;
lo = rank[patiCaode] + ocecipati, bwt, lao);
hi = rank[patiCode] + ocecipati, bwt, hi);
1/#for
for{ war 1 = lo; 1 < hi; i++ )
print { locateii,buwt) + ", " ) ;
printlni “." ) ;
return;
1/ locationz (pat, bwt)



locate() function

function locateSlowipos, bwt)

{ pos = inwverselipos, bwt)
war count ;
for{ count = 0; po=s > 0; count ++ )
pos = inwerselpo=s, buwt)

return count ;
A locateSlow{po=s, but )

function locateFast(pos, bwt) // Fast
{ var count:
for( comt = 0: pos ¥ saBucketSize » 0; court+t )
pos = inwverzelpos, bt
return |count+saCache [pos/zafucketSize]) ¥ buwt. length:
i//locateFast (pos, but)



approximate search

function approx(pat, errzLeft)
{ approxB (pat, errsLeft, pat.length—1, 0, bwt.lengsth) ;
} approx (pat, errsLeft)

function approzBi{pat, errsLeft, loc, 1o, hil
I if{ errsleft < 0 ) return; /F fail, else >=0

if{ loc < 0 ) /Y done all pat, ... are we ok?
{ for({ war 1 = lo; i < hi; i ++ )
print { locate(di,bwt) + 7,7 J;:
returmn;
14felse loc »>= 0
approxhb (pat, errzleft—1, loc—1, lao, hil}; FSidel (x)

war patLoc = pat. charCodedt (loc) ;
for{ war =sv = minCode; =v <= maxCode: =v ++ )
{ war rankSwy = rank[=v],
sviAzsChar = String. fromCharCode (=) ;
war lo2 = rankSy + occiswva=Char, bwt, lao),
hi? = rankSw + occlzvisChar, bwt, hi);
if({ 1o2 < hiZ2 ) /F not a dead—end, et
i approxBipat, errsLeft—1, loc, la?, hiZ): SSins ()

wvar e? = errsLleft — (sw¥v == patLoc 7 0 : 1)} ;
approxb (pat, eZ, loc—1, loZ2, hiZ);
HAAAE
A for

returmn;
1A approxB o, ...



Choosing aligners

lllumina: BWA, Bowtie2
Solid: SHRiIMP

lon Torrent: BWA-SW, (TMAP)
454: BWA-SW, (gsMapper)

PacBio: BWA-SW, (BLASR)



Coverage

e Coverage/depth is how many times that your
reads covers the genome (on average)

e Example:
— N: number of reads, 5 M C = NxL
— L: read length, 100 G

— G: Genome size, 5M
— C=5*100/5 = 100X

— On average there are 100 reads covering each
position in the genome



Actual Depth

How much do we actually cover?

Avg.depth ~ 90X
Range from 0-250X
Only 50% of the genome -

g

was covered with reads

~90X

~50%



Steps in Resequencing

recalibrate alighments (.bam)
e realign indels
e remove duplicates

e recalibrate base quality




Step 2: recalibration

e realign indels
 remove duplicates

e recalibrate base quality



software

some very useful programs for manipulation of short
reads and alignments

samtools (http://samtools.sourceforge.net/ )

— provides various utilities for manipulating alignments in the
SAM and BAM format, including sorting, merging, indexing and
generating alignments in a per-position format

Picard (http://picard.sourceforge.net/)
— Java-based command-line that manipulates SAM and BAM files

Genome Analysis Toolkit (GATK, http://www.broadinstitute.org/gatk )

— for variant discovery and genotyping as well as strong emphasis
on data quality assurance (QA)

Integrative genomics viewer (IGV, http://www.broadinstitute.org/igv/)
e visualizing mapped reads



http://samtools.sourceforge.net/�
http://picard.sourceforge.net/�
http://www.broadinstitute.org/gatk�
http://www.broadinstitute.org/igv/�

SAM format

header section

@HD VN:1.0 SO:coordinate

@SQ SN:1 LN:249250621 AS:NCBI37 UR:file:/data/local/ref/GATK/human_glk_v37.fasta M5:1b22b98cdeb4a9304cb5d48026a85128
@SQ SN:2 LN:243199373 AS:NCBI37 UR:file:/data/local/ref/GATK/human_glk_v37.fasta M5:a0d9851da00400dec1098a9255ac712e
@SQ SN:3 LN:198022430 AS:NCBI37 UR:file:/data/local/ref/GATK/human_glk_v37.fasta M5:fdfd811849cc2fadebc929bb925902e5
@RG ID:UMO0098:1 PL:ILLUMINA PU:HWUSI-EAS1707-615LHAAXX-L001 LB:80 DT:2010-05-05T20:00:00-0400 SM:SD37743 CN:UMCORE
@RG ID:UMO0098:2 PL:ILLUMINA PU:HWUSI-EAS1707-615LHAAXX-L002 LB:80 DT:2010-05-05T20:00:00-0400 SM:SD37743 CN:UMCORE
@PG ID:bwa VN:0.5.4

alignment section

8_96_444 1622 73 scaffold00005 155754 255 54M * 0 0 ATGTAAAGTATTTCCATGGTACACAGCTTGGTCGTAATGTGATTGCTGAGCCAG
BC@B5)5CBBCCBCCCBC@@7C>CBCCBCCC;57)8(@B@B>ABBCBC7BCC=> NM:i:0

8_80_1315_464 81 scaffold00005 155760 255 54M = 154948 0 AGTACCTCCCTGGTACACAGCTTGGTAAAAATGTGATTGCTGAGCCAGACCTTC
B?@?BA=>@>>7;ABA?BB@BAA; @BBBBBBAABABBBCABAB?BABA?BBBAB NM:i:0

8_17_1222_ 1577 73 scaffold00005 155783 255 40M1116N10M * 0 0 GGTAAAAATGTGATTGCTGAGCCAGACCTTCATCATGCAGTGAGAGACGC
BB@BA??>CCBA2AAABBBBBBB8A3@BABA; @A:>B=,;@B=A:BAAAA NM:i:0 XS:A:+ NS:i:0

8_43_1211_347 73 scaffold00005 155800 255 23M1116N27M * 0 0 TGAGCCAGACCTTCATCATGCAGTGAGAGACGCAAACATGCTGGTATTTG
#>8<=<@6/:@9';@7A@ @BAAA@BABBBABBB@=<A@BBBBBBBBCCBB NM:i:2 XS:A:+ NS:i:0

8_32_1091_284 161 scaffold00005 156946 255 54M = 157071 0 CGCAAACATGCTGGTAGCTGTGACACCACATCAACAGCTTGACTATGTTTGTAA
BBBBB@AABACBCASBBBBBABBBB@BBBBBBA@BBBBBBBBBA@:B@AA@=@ @ NM:i:0

query reference




SAM Mandatory fields

QNAME: Query name of the read or read pair

FLAG: Bitwise flag (pairing, strand, mate strand, etc.)
RNAME: Reference sequence name

POS: 1-based left most position of clipped alignment
MAPQ: Mapping quality (Phred-scaled)

CIGAR: Extended CIGAR string (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)



CIGAR operators

M: alignment match/mismatch

I: insertion to the reference

D: deletion from the reference

S: softclip on the read (clipped sequence present in <seq>
H: hardclip (clipped sequence NOT present in <seq>)

P: padding (silent deletion from the padded reference)

N: skipped region from the reference

POS CIGAR
5 254M2D6M3S

Reference: GCATTCAGATGCAGTACGC
Read: ccTCAG—GCAGTAgtg




Example of extended CIGAR and pileup output

(a) coor
ref

rEel+
rae .l +
ree3+

raB4d

1

rae3 -

rgel

12345678501234

TTAGATAAAGGATA*CTG
23aaAGATAA*GGATA

pectaAGCTAA

{(b) @SQ SN:ref LN:45

ragl 163
roe:2 5]
rée3 5]
raed @
res 1o
ragl 83
(c) ref 71
ref 87T
ref 9 A
ref 18 G
ref 11 A

ref
ref
ref
ref
ref
ref

1
1 .
3
3
3

Fi
9
3
16
49
37

..C

e 8M2I4M1D3M = 3

ATAGCT

38 356M1PLI4M
38 5H6M

368 6H5M
38 SM

ref
ref
ref
ref
ref

5
= B

* e

30 6ML4ANSM * @
* 8

.

12 1
13 A
14 A
15 G
16 A

Li H et al. Bioinformatics 2009;25:2078-2079

LA 2AG,+106G

Wi Pod P L L

lllllll

CAGCGLCAT

56789012345678989123456789012345
AGCATGT TAGATAA* *GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

39 TTAGATAAAGGATACTA

8 AAAAGATAAGGATA
NM:i:1l

8 AGCTAA

8 ATAGCTTCAGC

B TAGGL

ref 17 1
ref 18 4
ref 19 G
ref 20 C

*

3

-39 CAGCGCCAT

3
3
2
P

-.-10..

%
¥

¥

NM:1i:6n

E
.

%



BAM format

e Binary representation of SAM

e Compressed by BGZF library

e Greatly reduces storage space requirement to
about 27% of original SAM



samtools examples

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 sorted1.bam
sorted2.bam

Index BAM file
samtools index sortedExample.bam

Visualize BAM file
samtools tview sortedExample.bam reference.fa



Steps in Resequencing

identify / call variants (.vcf)

e statistical algorithms to detect true variant




Variant calling with samtools

* Get the raw variant :
samtools pileup vcf ref.fa aln.bam > raw.txt
samtools view -u aln.bam X | samtools pileup vcf ref.fa > rawX.ext

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)



The pileup format

chr - coord - base (* forindel) — number of reads cover the site - read bases* base quality

seql 272 T 24 L. F. . s vs i iaaaa T4 St Swesassesas=<; < /<&
seql 273 T 23 ... i is i nass s A S 2CCdasCC<<3<=<<<; <<+

seql 274 T 232 . 8. oo s v s s s 7<7; =; <<<<<<<<<=<; <; <<6
seql 275 A 23 ,$.. .. ssisisninasasaao L. 2 OFcgagdeddS=<<] <2<
seql 276 G 22 ... T,., ..., .. ..., 33i4esi=fcc/cb<<] ; <<b=<

seql 277 T 22 ...........C.,.,....0, +7< ecccaccha=<a; | <<b<

seql 278 G 23 ... L. s s aaaaeee k. B3I8* << <Tw<T<=<<<; <<<<<
seql 279 C 23 A, . T, ., . .o iuss s ; 7ol aaaaa=aa<O<ca; ==

seq2 126 A 11 N - + 280, +280 ., + 24000 =R RES SSS e

e Read bases:

'."and',' : match to the reference base on the forward/reverse strand
'ACTGN' and 'actgn' : for a mismatch on the forward/reverse strand
'N'and 'S’ : start/end of a read segment

'+[0-9]+[ACGTNacgtn]+' and '-[0-9]+[ACGTNacgtn]+' : insertion/deletion



The pileup format

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

Hhhhﬁ“““ﬁnnh X 1.f,1;:::::iZ::::::—-——‘—""‘"‘_'4_'~—‘_—‘_

seql T|T 66 0 99|13 ........... ~,  QeeS5<;<cccees
seql 51 G 15 ............. "‘~.“]r. (; O75&; 2e<ccaee
seql 62 T 1S 6. <;;,55; <<<<<cs
seql 63 G 15 6. . v fm, 4252 pedaedas
seql 64 G 14 ... ... . ... 045 1 1 <eecegs

seql 65 A 14 %, .. 0 <5-2<; ; Ceceee:

seql 66 C 13 e &¥<;  <<<<<<B=

seql 67 C 14 ... S , 75<, Jeccce- <<
seql 68 C 14 ... ... 0000 o76<; F<<<<<B<<

seq2 156 A A 10 O 99 11 .§%...... +2A0G, +24G,+24060G <975; 1 <<<<<

seq2 156 * <+AG/+AG 71 252 99 11 +AG * 3 8 0O

1% indel allele - 2" indel allele - Reads supporting 1% - suppﬂrtmg 2™ _ Reads supporting 3"c
moads ason Roooes ahabios



samtools.pl: Filter

e Filter the raw variants calls:

samtools.pl varFilter raw.txt > raw_ok.txt

(samtools.pl varFilter —p raw.txt > raw_ok.txt) >8& raw_filtered.txt

Usage: samtools.pl varFilter [options] <in.cns-pi1leup>

Options: -Q INT minimum RMS mapping quality for SNPs [25]
P _ PPiNg g y
-q INT minimum RMS mapping quality for gaps [10]
INT minimum read depth [3]
[N naximum read depth [100]

G INT min i1ndel score for nearby SNP filtering [25

1
INT SNP within INT bp around a gap to be filtered [10]

d T J1Ndow S17e TO 3 lters g dense ShPs

| INT max number of SNPs 1n a window [2]
-1 INT window si1ze for filtering adjacent gaps [30]




awk: Filter

e use quality threshold to filter the final variant calls

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

Cnnsensﬁ;t-:ase - Consensus quality - Probability of difference from ref. base - rﬁax_._rﬁﬁpping quality



Generating consensus

* 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.fastq
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