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« What is assembly by mapping?

 Methods
— BWT
* File formats
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e Issues

* Visualization
 Discussion
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Mapping = alignment of reads on a reference
mostly for Ultra High Throughput (re)Sequencing

« Simpler by mapping reads onto an existing genome
— User must select the most appropriate reference
— Success depends on the degree of similarity of the reference

« Variations detectable: SNPs and deletions
« Variations difficult to guess: insertions and inversions

W refe rence
» \ . target
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Mapping methods

« By sequence comparison with Smith-Waterman
— much too slow
« By sequence indexing (e.g., BLAST or BLAT)

— Conventional tools like Blast or Blat do not work well with short
sequence reads.

— > Modification of existing alignment algorithms to handle short
reads.

* |ndexing methods
— Suffix tree
— Suffix array
— Seed hash tables
— BWT (Burrows-Wheeler Transform)
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Suffix tree

« The suffix tree for a string S is a tree whose edges are labelled with strings. Suffix
trees also provided one of the first linear-time solutions for the longest common
substring problem. These speedups come at a cost: storing a string's suffix tree
typically requires significantly more space than storing the string itself.

NAS

$ NAS

35Gb for the human genome
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Suffix array

« Consider the string BANANAS$ of length 7. It has 7 suffixes:

0 BANANAS 6 $

1 ANANAS 5 AS

2 NANAS 3 ANAS

3 ANAS sort =2 1 ANANAS
4 NAS 0 BANANAS
5 AS 4 NAS

6 $ 2 NANAS

The suffix array is the array of indices: {6,5,3,1,0,4,2}

12Gb for the human genome a
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Seed hash table

« Given the string ACGTACGTAAG of length 10, extract all
substrings length 4 (seeds) and store their starting positions.

0,4  ACGT 0,4  ACGT
1,5  CGTA 1,5  CGTA
2 GTAC 6 GTAA
3 TACG sort =2 2 GTAC
6 GTAA 7 TAAG
7 TAAG 3 TACG

The size of the hash table depends on the length of the seed and the
complexity of the input string

12Gb for the human genome g
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Seed hash table

« Hash tables can be generated according to different hash functions
and using various seeds. Example for the sequence AGTGACAGT

— Continuous seed (length 4): AGTG, GTGA, TGAC...
— Non continuous seed (length 4). AGTG, ACAG

— Spaced seed (length 4, weight 3, path1101): AG*G, GT*A,
TG*C...

— Periodic spaced seed: path=n*(1101)

« Hash tables have been extensively used in mapping programs.
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Spaced seed hash table indexing (MAQ)

 MAQ build 6 hash tables, each indexing 14 of the first 28 bases

1 14 28

Hence, Maq finds all alignments with at most 2 mismatches in the first 28 bases.
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Why Burrows-Wheeler?

« BWT very compact:

— Approximately
— As large as the original text, plus a few “extras”

— Can fit onto a standard computer with 2GB of memory

 Linear-time search algorithm
— proportional to length of query for exact matches
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Burrows-Wheeler Transform (BWT)

all rotations l_ BW Matrix

acaacg Sacaac
g-acaac aacgsa

cg-acaa acaacg

acgraca acgsac

acaacgs ﬁ aacgsac ﬁ caacgs$ ﬁ gcSaaac

caacgsta g¢ort CYSaca

acaacg gsacaa

Langmead et al. 2009 Genome Biology

=
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Burrows-Wheeler Matrix

S

aacgs
acaacgs
acgs
caacgs$
cg$

gs

See the hidden suffix array? a

© 2009 SIB LF June 3, 2010




Burrows-Wheeler Transform “LF mapping”
property:

The ith occurrence of character X in the Last column corresponds to
the same text character as the ith occurrence of X in the First column

Sacaac
aacgsa
2nd
acaacgs [3232;2
caacg9a] 2«
cgsaca
gSacaa

=
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Burrows-Wheeler Transform “LF mapping”

property:

O DL ;mMOoW W

Qoo0owLowow
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Using LF the UNPERMUTE algorithm can recreate the original string

O

OO ;Mmow

o oowoLoe

acg

0O L oL»mow

Qo0 em

aacg

O Do LeMmow

caacg

Qoo w
O Do w»mow

acaac

s

S
a
a
a
c
c
g

=
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Burrows-Wheeler Transform “LF mapping”
property:

Using LF the EXACTMATCH algorithm from Ferragina and Manzini
can find occurrence of a substring from right to left (! greedy)

aac aac aac
$ g $ g S g
a c__a c Taac c
a $ ac $ " a $
2 a__ac a a a
c a C a c a
3. C a c a c a
g c g c g c
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File formats

* Input
— FASTA
— FASTQ (various versions)
— csFASTA
— QSEQ

 Paired-end

— 2 files
— crossbow style
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Output
map
bwt
pileup
SAM
BAM
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Example of FASTQ lllumina 1.5

@C3PO 0001:2:1:17:1499#0/1
TGAATTCATTGACCATAACAATCATATGCATGATGCAAATTATAATATCATTTTTAGTGACGTCGTGAATCGTTT
+C3PO 0001:2:1:17:14994#0/1

abaaaaaaaaaaa’a aa aaaaaaaaaaaaaaaa a aaa aaaaa’aaaaa“al”a  YZYZ" NJIDJ\ Z
@C3PO 0001:2:1:17:1291#0/1
TGTTTGAGCAAATGATTCATAATAATGTATTTCAATATTTTTAGGAATATCTCCCAATATTGCGCGTGCTGAATT
+C3PO_0001:2:1:17:1291#0/1

a~ " \a aaaa _a”"z""ala”aala " a “Taa  "aa"X"X""aa_\_1VR™\a_ IW\_ "~ alall[\RzZV
@C3PO 0001:2:2:1452:1316#0/1
GTCCATCCGCAGCAGCGAATTTTTGACGTCCCCCCCCGAANGGANGNGANNNNGNNGNNNTNTNNAAANGNNNNN
+C3PO_0001:2:2:1452:1316#0/1
_U__a\__\]_\ZP\\_ZA[]aaAa_]XNBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
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Warning: various FASTQ formats...

A

l

I"HS%&! () *+,-./0123456789: ; <=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ [\]1”" “~abcdefghijklmnopgrstuvwxyz{ |}

33 59 64 73 104
126

S - Sanger Phred+33, raw reads typically (0, 40)

X - Solexa Solexa+64, raw reads typically (-5, 40)

J - Illumina 1.5+ Phred+64, raw reads typically (3, 40) with 0 and l=unused, 2=Read Segment
Quality Control Indicator (bold)

http://en.wikipedia.org/wiki/FASTQ format
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SOLID color space FASTA format

>1 51 64 F3
T103010312303332332033330000211 3
>1 51 127 F3
T2010323233203132310110100200310310

Each number can be replaced according to this table

2nd Base

/

- \ Template Sequence

A C G
A
c @
G

.
-

TA AC AA GA
L CG CA CC TC

GC GT GG AG
—— TA TG TT CT

1st Base

© 2009 SIB LF June 3, 2010

Bioinformatics




MAQ Pileup example

emb |BA000018.

w
w
o
N
©
b=
o
N
@

rrrr . Crrrr ey

emb |BA000018.3 36130 A 103 @rrrerrrrrrrrres R AR AR Ry Perrr ey R R P AR AR
emb |BA000018.3 36131 T 100 Crvrrrrrrres R R R R R R NN R R SRR ’ Gervrrrerrreeenns
emb |[BA000018 36132 T 93 @, . Prerr ey R R NN R A R R A2 A R R
emb |BA000018.3 36133 A 95 N R R R N T T e PR R R vt
emb |BA000018.3 36134 G 98 R R A R S R R R N S R N R R R R EE R SN RS R SN S
emb |BA000018.3 36135 T 99 @, Prerr e Perrr ey R SRR R GrGrrwrrronnnns Peernny

b |BA000018 36136 c 97 Crrerrrecrrearearss rerrrr ity R R A A RN N R RN
emb|BA000018.3 36137 T 96 Crrveerreararny Perrr e R SRR R TR A R reerrry Y
emb |[BA000018 36138 A 96 Crrevrerny Per ey P e R A N R R R NN
emb |BA000018.3 36139 T 93 @y Perrrr et iy R R R TR R rreras

b | BA 36140 c 94 @rry Perrr ety Ry R R R R S R R
emb |BA000018.3 36141 A 97 N N A R Y rerras AR reerrr rrerrny Ry
emb |BA000018 36142 A 100 [N T R R R T I Faeees R R R R I N T T
emb |BA000018.3 36143 A 102 N R R T T Feeaen rrrrrrCroaaais R R R R R T Y
emb |BA000018.3 36144 A 102 [ Y T R R R T I Y P PP I e r e N TN N rr

w

emb |BA000018. 36145 G 102 QTTTTEETTTTTTTTETTT T Tttt TETT T Tttt bttt Tttt TTTTTE T T Tttt ETEETTTTEE e TTETTTTEE L L TEETTETTEEEETEETTETT

emb |BA000018.3 36146 A 103 [ N T R R S SN Fesees PP T E e r e R R R R R R R Ty

emb |BA000018.3 36147 A 105 N R T T T S R N L T R Sreri

emb |[BA000018.3 36148 A 108 Crevvrrrirrrorrrrey Perr e R fCrrrr e reerrny Ry rrers Peerreri i

emb [BA000018.3 36149 G 110 Cosrvrrrrrrarrrr-y Per e Crovnnn PEr e reerrry R R ARy Peerr i

emb |[BA000018.3 36150 G 113 Crvvrrnrrerirrey R R R Prrr e reerrny Ry Peerren R N ]
emb [BA000018.3 36151 G 109 Crevrrrey R A R R PEr e reerrny rrerrny Peerre P

emb |BA000018.3 36152 G 110 @y s et e ot s e PRI i e e e e P I N R Y R Y N N T I ey
emb |BA000018.3 36153 T 111 (NI B R teerrrr0Coryyy. N R S e

emb |BA000018

w
w
o
-
&)
@
@

emb | BA0O00018.

111 [P AU e p
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SAM/BAM formats

« Here is an example of an SAM file:

@HD VN:1.0

@SQ SN:chr20 LN:62435964

@RG ID:L1 PU:SC_1 10 LB:SC_1 SM:NA12891
@RG ID:L2 PU:SC_2 12 LB:SC_2 SM:NA12891

read 28833 29006 6945 99 chr20 28833 20 10M1D25M = 28993 195 AGCTTAGCTAGCTACCTATATCTTGGTCTTGGCCG
<<<<<<<<<<<<<<<<<<<<<:<9/,&,22; ;<<< NM:1:1 RG:Z:L1

read 28701 28881 323b 147 chr20 28834 30 35M = 28701 -168 ACCTATATCTTGGCCTTGGCCGATGCGGCCTTGCA

<<<<<;<<<<7;:1<<<6;<<<<<<<<<<<<7<<<< MF:1:18 RG:Z:L2

« BAM is the binary version of the same data

http://samtools.sourceforge.net/SAM1.pdf a
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Mapping Tools list (non-exhaustive)

Tool Open Max read Algorithm SOLID
Source | Length colorspace?

BFAST Hash genome + SW

Bowtie Yes BWT No
BWA Yes 200 + more BWT + SW Yes
ELAND Com. Hash reads No
MAQ Yes 127 Hash reads Yes
Mosaik Yes Hash genome + SW  Yes
Novoalign Com. Hash reads No
RMAP Yes 64 Hash reads No
SHRiMP Yes Hash reads + SW Yes
SOAP2 No 60 2way BWT No
Zoom! Com. 240 Hash reads Yes

=
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MAQ

#index the reference

maq fasta2bfa reference.fa genomeref.bfa

#index the reads

maq fastg2bfg Séout 1.fastqg Seout 1.bfg

maq fastg2bfg Séout 2.fastqg Seout 2.bfg

#map the reads in paired-end

mag map -a 600 -1 36 -2 36 S6.map genomeref.bfa Séout 1.bfg S6out 2.bfqg
# get the consensus

maq assemble -p S6.cns genomeref.bfa S6.map

maq cns2fqg S6.cns > Sé6consensus.fq ## warning need to convert to fasta
### Find SNPs

mag cns2snp S6.cns > S6.snp

## filter quality

mag.pl SNPfilter -d 50 -w 20 -g 40 S6.snp > S6.fil.snp

### pileup the reads

maq pileup -p -m 2 genomeref.bfa S6.map > S6.pileup
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Bowtie

# index reference
bowtie-build -f reference.fa Saureus
# map reads

bowtie -n 1 -1 36 -I 400 -X 700 —-un unmapped -p 10 Saureus -1
s 1 1 sequence.txt -2 s 1 2 sequence.txt > mybest.bwtmap

# convert to SAM & BAM

# index reference

samtools faidx reference.fa

# convert bowtie to SAM

bowtie2sam.pl mybest.bwtmap > mybest.sam

# convert SAM to BAM

samtools view -T reference.fa -b mybest.sam > mybest.bam
# sort BAM

samtools sort mybest.bam mybest.sorted.bam
# index BAM

samtools index mybest.sorted.bam
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BWA

# index reference
bwa index reference.fa
# index reads

bwa aln -t 4 mybest.fa ../saureus 1.fg > saureus 1l.sai

bwa aln -t 4 mybest.fa ../saureus 2.fg > saureus 2.sai

# map reads

bwa sampe -a 600 -P reference.fa saureus 1l.sai saureus 2.sai ../

saureus 1.fqg ../saureus 2.fqg > mybest.sam

# index reference

samtools faidx reference.fa

# convert SAM to BAM

samtools view -T reference.fa -b mybest.sam > mybest.bam
# sort BAM

samtools sort mybest.bam mybest.sorted.bam

# index BAM

samtools index mybest.sorted.bam
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Visualization tools for assemblies

MM_ input format

BAMview Y

Consed/Gap5 N Y (X11) Y (X11) ACE, MAQ, BAM

Eagleview Y Y Y ACE

Gambit Y Y Y BAM

Hawkeye Y (cigwin) Y (Y) afg (AMOS)

IGVviewer Y Y Y BAM, SAM, ...

Tablet Y Y Y ACE, MAQ, BAM, afg, SAM, ...

=

© 2009 SIB LF June 3, 2010 wiss Institute of
Bioinformatics



Tablet interface
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Tablet
visualization of the mapping and the SNPs

Mapping of the reads of a Staphylococcus aureus sequencing, showing 2 SNPs vs the
reference genome.
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Hawkeye scaffold view
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Best view: LookSeq

LookSeq
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Software issues

File formats jungle

— Each software has its own internal formats, few comply with the
emerging standards

« Often single threads
— Few of the software are multithreaded
« Difficult to identify insertions/deletions/inversions
« Unfinished beta software or not maintained
* Poor visualization tools
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The practicals

« http://edu.isb-sib.ch

» select «workshops» on the left menu
» select «Helsinki NGS workshop» at the top
« Enrol yourself with the key «kEMBRACE2010»

* Login to hippu server, then follow the instructions of the exercises

© 2009 SIB LF June 3, 2010
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Coverage problem ? (mapping on genomic island
|ICEclc 100kbp)
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= FGC bias problem... —
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New sequencing coverage of CLC 100kbp
for P.knackmussii 2762 (top) vs B13 (bottom)
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Great coverage improvement!... © ﬂ
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Application of NGS

« Genome sequencing (denovo and resequencing)
* Transcriptome (RNAseq)

 ChlPseq

« Metagenomics

« Genotyping

« Comparative genomics

« Systems Biology

=
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