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We can predict that from 10 to 15 years personal DNA sequencing
(genome, exome, transcriptome) will be as usual as blood test
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DNA

THE STRUCTURE OF DNR

Sugar
backbone

Base

bonds
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Genes

Gene 1
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Chromosome

Genes
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The Central Dogma of Molecular Biology
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RNA Synthesis

gene
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RNA synthesis and processing
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Size of the Genomes (Mbp)

Escherichia coli (bacteria) 4.6
Saccharomyces cerevisiae (yeast) 13
Caenorhabditis elegans (worm) 100
Arabidopsis thaliana (plant) 125
Drosophila melanogaster (fruit fly) 180
Rice 400
Homo sapiens 3,300
Fern 160, 000
Amoeba dubia 670,000
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Sequencing techniques

Old Sanger
Long & expensive

Next Generation Sequencing or High Troughput Sequencing

techniques

Fast & cheap
Main technologies include: Roche/454, lllumina, SOLID, Helicos,
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Main Technologies

Roche/454 - Genome Sequencer FLX

@ majority of 500bp reads

@ around 1,000,000 _a
reads/run thus -
500Mbp/run

@ 8h/run
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Main Technologies

lllumina/Solexa - Genome Analyzer

@ around 100bp reads

@ around 240M reads/run
thus 240Gbp/run

@ 10 days/run
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Main Technologies

SOLiID 4hq System

@ 2-base color encoding
A CG T
AGO O
co0oo0
G 00

TO®O OO0
AA  CC GG TT
AC CA GT TG

AT CG GC TA
@ around 75bp reads

@ around 4G reads/run thus
300Gbp/run

@ 14 days/run

.
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Production of millions of short sequences (around 100 bases) called
tags or reads
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sequenced genome

tags
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Fastq format

@ base calling

@ quality values

QERR000057.1 BGI-FC206YCAAXX_6:6:1:433:388 length=36
GGACAAAAAGCAAAATGAACTACAGACAACGCGCAC

+ERRO00057.1 BGI-FC206YCAAXX_6:6:1:433:388 length=36
D2&%% #8 (#7° $LS#H#SYL" $%$" $&3$&$’ $7%&

Q@ERR000057 .2 BGI-FC206YCAAXX_6:6:1:37:287 length=36
AATGACCAAGTTATATCCAAAATTGAGCCAAATTGG

+ERRO00057.2 BGI-FC206YCAAXX_6:6:1:37:287 length=36
ITIITIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIL

Q@ERR000057 .3 BGI-FC206YCAAXX_6:6:1:207:211 length=36
AAGGTTAAACTCTGTGAGTTGAACGCACACATCACA

+ERRO00057.3 BGI-FC206YCAAXX_6:6:1:207:211 length=36
IITITIIIIIIIIIIIIIIIIIIIIIIIII>III?I

©@ERR000057 .4 BGI-FC206YCAAXX_6:6:1:320:242 length=36
TGGAACTGCTGTTGGGATATGATTCCAATAGGACTC

+ERRO00057.4 BGI-FC206YCAAXX_6:6:1:320:242 length=36
IIIITIIIIIIIIIIIIIIIIIIIIIIIIIIIICIC

g 2=
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 18/71 UNIVERSTE DE ROUEN



af =
O ¥IH§ Molecular Biology Indexing Structures Mapping Reads Perspectives

reference genome

sequenced genome

tags
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reference genome

sequenced genome *®

o

tags —_—
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Different Projects

Different types

@ de novo versus resequencing

whole genome
transcriptome (RNA-seq)
exome

ChlP-seq

miRNA
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Different Projects

Ongoing large projects

@ www.1000genomes.org: study of human genetic variations

@ www.1001genomes.org: study of Arabidopsis thaliana genetic
variations

@ Beijing Genomics Institute will purchase 128 Illumina HiSeq
2000 = 3Tb/day

@ metagenomics

=
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A lot of efforts, people, machines, money, ...
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Costs

Less than 10 years ago: the first draft of the Human Genome
A lot of efforts, people, machines, money, ...

Advertisement on the Web (August 2010)

Whole genome 12,500 euros

Exome 3,900 euros
Transcriptome 1,100 euros
miRNA 950 euros

Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 23/71 uwmﬁq
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Strong need for time-space efficient data structures for
manipulating the reads and the genomes
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Mapping reads on the genome
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Non Compact Suffix Tree or Suffix Trie

01 2 3
y = a t a t
0 atatgat$
1 tatgat$
2 atgat$
3 tgat$
4 gat$
5

6

7

4 5 6 7
g a t $

at$
t$
$

_—
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Non Compact Suffix Tree or Suffix Trie

y = a t
0 atatgat$
1 tatgat$
2 atgat$
3 tgat$
4 gat$
5 at$
6 t$
7 $
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(Compact) Suffix Tree

2 __
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 28/71 UNIVERSTE DE ROUEN



Molecular Biology

Indexing Structures

Mapping Reads

29/71

Perspectives




3 uf =
@ thls Molecular Biology Indexing Structures Mapping Reads Perspectives

(Compact) Suffix Tree
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(Compact) Suffix Tree

01 2 3
a ¢t
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(Compact) Suffix Tree

01 2 3
a ¢t

[Weiner'73,McCreight'76,Ukkonen’92,Farach’97]
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(Compact) Suffix Tree
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(Compact) Suffix Tree

@ tais a factor of y

_—
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(Compact) Suffix Tree

@ tais a factor of y

@ tt is not

g 2=
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(Compact) Suffix Tree

@ tais a factor of y
@ tt is not

@ at occurs 3 times at
positions 0, 2 and 5

g 2=
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(Compact) Suffix Tree

@ tais a factor of y
@ tt is not

@ at occurs 3 times at
positions 0, 2 and 5

@ t occurs 3 times at
positions 1, 3 and 6

g 2=
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[Blumer et al'85,Crochemore’86]
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(4.1)
(7.1) (4.1)
(7.1)\ ¢
(5.2)
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Compact Suffix Automaton

01 2 3 4 5 6 7
a t g a t $
)(4,1)
(7,1) (4,1)

(7.1)
(5.2)

[Crochemore & Verin'97]
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Suffix Trie

compaction minimization

Suffix Tree

minimization

|Compact Suffix Automaton|
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Non Compact Suffix Vector

root: (0,2),(1,1),(4,4),(7,1)
atatgat$
012345617
|
6| (44),(71)
1161 (44),(71)
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3 uf =
@ lltls Molecular Biology Indexing Structures Mapping Reads Perspectives

Non Compact Suffix Vector

root: (0,2),(1,1),(4,4),(7,1)
atatg8&at$
01234567
|
6| (44),(71)
16| (44),71)
[Monostori et al'01]
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6| (44).(71)
16| (44),(71)
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Indexing Structures

Compact Suffix Vector

root: (0,2),(1,1),(4,4),(7,1)
atat gat
0123456
6| (44).(7.1)
16| (44),(71)

Thierry Lecroq (LITIS EA 4108, Rouen, France)
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01234567
\
22[6](44).(71) ]
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Compact Suffix Vector

root: (0,2),(1,1),(4,4),(7,1
" )(a )t( a )t( g )a t ¢ root: (0,2),(1,1),(4,4).(7.1)
01234567 atategatsy
| 0 ‘1 234567
6| (4.4)(7,1)
e (@a) ) 22[6](44).(71) ]
[Monostori et al'01,Prieur & L'08]
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Augmented classical diagram

compaction minimization

minimization compaction

|Compact Suffix Automaton|

more compaction

|Compact Suffix Vector|

>
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@ online

@ linear in time

@ linear in space
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suffix trees compact suffix vectors
Ecoli (Canterbury corpus) 12.56 12.51




uf =
O EIH§ Molecular Biology Indexing Structures Mapping Reads Perspectives
4 _

Bytes per symbol

suffix trees compact suffix vectors
Ecoli (Canterbury corpus) 12.56 12.51

Human genome 3.3Gbp
41.25 Gb
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NPT Suffix Aray.
01 2 3 45 6 7

y = a t a t g a t $

O . « 7
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A sy
01 2 3 45 6 7
y = a t a t g a t $
atatgat$
tatgat$
atgat$
tgat$
gat$
at$
t$

$

~No ok W N+ O
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Suffix Array

01 2 3 4 5 6 7

y = a t a t g a t $
SA  sort of the suffixes

0 atatgat$ 5 at$
1 tatgat$ 0 atatgat$
2 atgat$ 2 atgat$
3 tgat$ 4 gat$
4 gat$ 6 t$
5 at$ 1 tatgat$
6 t$ 3  tgat$
7 3 7 %

g 2=
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Suffix Array

01 2 3 4 5 6 7

y = a t a t g a t $
SA  sort of the suffixes
0 atatgat$ 5 at$
1 tatgat$ 0 atatgat$
2 atgat$ 2 atgat$
3 tgat$ 4 gat$
4 gat$ 6 t$
5 at$ 1 tatgat$
6 t$ 3  tgat$
7 3 7 $
nlogn bits

g 2=
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Suffix Array

01 2 3 45 6 7

y = a t a t g a t $
SA  sort of the suffixes
0 atatgat$ 5 at$
1 tatgat$ 0 atatgat$
2 atgat$ 2 atgat$
3 tgat$ 4 gat$
4 gat$ 6 t$
5 at$ 1 tatgat$
6 t$ 3  tgat$
7 3 7 $
nlogn bits

[Manber & Myers'90,Karkkainen & Saunders'03, Kim et al'03, Ko
& Aluru’'03]
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Longest Common Prefix

01 2 3 4
y = a t a t g
SA  sort of the suffixes
atatgat$
atgat$
at$
gat$
tatgat$
tgat$
t$
$

~NOo Wk O NN O

g 2=
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Longest Common Prefix

01 2 3 4
y = a t a t g

w
>

sort of the suffixes
atatgat$
atgat$

at$

gat$

tatgat$

tgat$

t$

$

~NOo Wk O NN O

Thierry Lecroq (LITIS EA 4108, Rouen, France)

7

$

SA LCP
0
2 2
5 2
4 0
1 0
3 1
6 1
7 0

Index and NGS

sort of the suffixes
atatgat$
atgat$

at$

gat$

tatgat$

tgat$

t$

$

=
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Longest Common Prefix

01 2 3 45 6 7
y = a t a t g a t $
SA  sort of the suffixes SA LCP sort of the suffixes
0 atatgat$ 0 atatgat$
2 atgat$ 2 2  atgat$
5 at$ 5 2  at$
4 gat$ 4 0 gat$
1 tatgat$ 1 0 tatgat$
3 tgat$ 3 1 tgat$
6 t$ 6 1 t$
7 $ 7 0 $

[Kasai et al'01]
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LCP-interval

An interval [i,j] , 0 < i < j < mn, is an Icp-interval of lcp value £
(denoted by ¢-[i, j]) if

O LCPli] < ¢,

Q LCPkl>tfori+1<k<yjy,

© LCPlk] = ¢ for at least one k with i +1 < k < j,

Q LCPj+1] <.

g 2=
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LCP tree

01 2 3 45 6 7
y = a t a t g a t $
SA LCP sort of the suffixes
atatgat$
atgat$
at$
gat$
tatgat$
tgat$
t$
$

~NOo ok WwWw N+ O
~NOoO WK~ MO N O
O, HF OONNDN
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01 2 3 4 5 6 7
= a t a t g a t $
SA LCP sort of the suffixes

atatgat$
atgat$
at$

gat$
tatgat$

tgat$
t$

$

<

~NOo ok WwWw N+ O
~NOoO WK~ MO N O
O, HF OONNDN
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Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 43/71 UNIVERSTE DE ROUEN



af =
0 ¥IH§ Molecular Biology Indexing Structures Mapping Reads




af =
O ¥m§ Molecular Biology Indexing Structures Mapping Reads




af =
O ¥m§ Molecular Biology Indexing Structures Mapping Reads Perspectives

[Abouelhoda et al'04]
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wn
>

sort of the suffixes
atatgat$
atgat$

at$

gat$

tatgat$

tgat$

t$

$

~NOoO W Mo N O
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wn
>

sort of the suffixes
atatgat$
atgat$

at$

gat$

tatgat$

tgat$

t$

$

~NOoO W Mo N O

[Makinen'02]
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SAo
0 0
1 2
2 5
3 4
4 1
5 3
6 6
7 7

N cnancs W
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SA0 Bo
0 0

~No ok WNHO
~No Wk pMOIN
H ORFRMHORO

Boli] = 1 if SA|i] is odd
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SAo Bo rankg
0 o0 0

~No ok WNHO
~No Wk pMOIN
HOFRFORO
AP WWNREEFRO

Bo[i] = 1 if SA¢l[i] is odd
rankoli] = Y y_, Boll]
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Compressed Suffix Array

SAo By ranko Yo

0 0 O 0 4
1 2 0 0 5
2 5 1 1 2
3 4 0 1 2
4 1 1 2 4
5 3 1 3 5
6 6 0 3 7
7 7 1 4 7

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

_—
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 46/71 UNIVERSTE DE ROUEN
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Compressed Suffix Array

SA() Bo mnko \I’O SAl
0O 0 0 0 4 0 2
1 2 0 0 5 10
2 5 1 1 2 2 1
3 4 0 1 2 3 3
4 1 1 2 4
5 3 1 3 5
6 6 0 3 7
7 7 1 4 7

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

_—
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 46/71 UNIVERSTE DE ROUEN
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SA() Bo mnko

0 0 O
1 2 0
2 5 1
3 4 0
4 1 1
5 3 1
6 6 0
7 7 1

Boli] = 1 if SAq[i] is odd
rankoli] = Y y_, Boll]

Woli] =

Indexing Structures

Mapping Reads

Compressed Suffix Array

0

AP WWNHEEFEO

i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

)

4

NN~ DNDNDND O

W N = O

Thierry Lecroq (LITIS EA 4108, Rouen, France)
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»—\.—nooUJ

Index and NGS
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SA() Bo mnko

0 0 O
1 2 0
2 5 1
3 4 0
4 1 1
5 3 1
6 6 0
7 7 1

Boli] = 1 if SAq[i] is odd
rankoli] = Y y_, Boll]

Woli] =

Indexing Structures

Mapping Reads

Compressed Suffix Array

0

AP WWNHEEFEO

i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

)

4

NN~ DNDNDND O

W N = O

Thierry Lecroq (LITIS EA 4108, Rouen, France)
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Index and NGS

46/71

Perspectives

i =
UNIVERSITE DE ROUEN



e uff =
S Molecular Biology

SA() Bo mnko

0 0 O
1 2 0
2 5 1
3 4 0
4 1 1
5 3 1
6 6 0
7 7 1

Boli] = 1 if SAq[i] is odd
rankoli] = Y y_, Boll]

Woli] =

Indexing Structures

Mapping Reads

Compressed Suffix Array

0

AP WWNHEEFEO

i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

)

4

NN~ DNDNDND O

W N = O
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Compressed Suffix Array

SA() Bo mnko \I’O SAl Bl rankl ‘1/1
0O 0 0 0 4 o 2 0 0 3
1 2 0 0 5 too0 02
2 5 1 1 2 2 1 1 1 2
3 4 0 1 2 33 12 3
4 1 1 2 4
5 3 1 3 5 SA,
6 6 0 3 7 0 0
7 7 1 4 7 11

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise
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Compressed Suffix Array

SA() Bo mnko \I’O SAl Bl rankl ‘1/1
0O 0 0 0 4 o 2 0 0 3
1 2 0 0 5 too0 02
2 5 1 1 2 2 1 1 1 2
3 4 0 1 2 33 12 3
4 1 1 2 4
5 3 1 3 5 SAs B
6 6 0 3 7 0 0 0
7 7 1 4 7 101 1

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

g 2=
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Compressed Suffix Array

SA() Bo mnko \I’O SAl Bl rankl ‘1/1
0O 0 0 0 4 o 2 0 0 3
1 2 0 0 5 too0 02
2 5 1 1 2 2 1 1 1 2
3 4 0 1 2 33 12 3
4 1 1 2 4
5 3 1 3 5 SA2 BQ ’f‘a’flk‘z
6 6 0 3 7 0 0 0 0
7 7 1 4 7 101 1 1

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

g 2=
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1

0 0 0 0 4 0 2 0 0 3
1 9 0 0 5 1 0 0 0 2
9 5 1 1 9 2 1 1 1 2
3 4 0 1 9 3 3 1 2 3
4 1 1 2 4

5 3 1 3 5 SA2 BQ mnkg \112
6 6 O 3 7 0 0 0 0 1
7 7 1 4 7 1 1 1 1 1

Boli] = 1 if SAli] is odd
rankoli] = Y y_, Boll]
Woli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

g 2=
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1
0O 0 0 0 4 o 2 0 0 3
1 2 o0 o s 1 0 0 0 2
2 5 1 1 2 2 1.1 1 2
3 4 0 1 2 3 3 1 2 3
4 1 1 2 4
5 3 1 3 5 SA2 BQ mnkg \112
6 6 0 3 7 o 0 o0 0 1
7 7 1 4 7 1 1 1 1 1
Boli] = 1 if SAli] is odd SAL[i] = 2% SAks1 [ranks (U (i) —1]+Bgi]
rankoli] = 22:0 By

Uoli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

g 2=
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1

0o 0 0 0 4 o 2 0 0 3

1 2 0 0 5 Lo 0 0 2

2 5 1 1 2 2 1.1 1 2

3 4 0 1 5 3 3 1 2 3

4 1 1 2 4

5 3 1 3 5 SA2 BQ mnkg \112

6 6 0 3 7 0 0 O 0 1

7 7 1 4 7 1 1 1 1 1
B()[Z] =1if SA()[Z] is odd SAkM = 2><SAk+1[mnkk(\llk(i))—l]—l—Bk [’L}
rankoli] = Y y_, Boll] SAo[4] = 2 x SA1[ranko(Vo(4)) — 1]+ Bo[4]

Uoli] =
i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise

g 2=
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1

0o 0 0 0 4 o 2 0 0 3

1 9 0 0 5 1 0 0 0 2

2 5 1 1 2 2 1.1 1 2

3 4 0 1 2 3 3 1 2 3

4 1 1 2 4

5 3 1 3 5 SA2 BQ mnkg \112

6 6 0 3 7 0 0 0 0 1

7 7 1 4 7 1 1 1 1 1
B()[Z] =1if SA()[Z] is odd SAkM = 2><SAk+1[mnkk(\llk(i))—l]—l—Bk [’L}
rankoli] = Y y_, Boll] SAo[4] = 2 x SA1[ranko(Vo(4)) — 1]+ Bo[4]
‘IIQ[Z] = SAo [4] =2 X SA1[Tanko(4) — 1] + By [4]

i if SAq[i] is odd
j st SAo[j] = SAo[i] + 1 otherwise
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1

0o 0 0 0 4 o 2 0 0 3

1 9 0 0 5 1 0 0 0 2

2 5 1 1 2 2 1 1 1 2

3 4 0 1 2 3 3 1 2 3

4 1 1 2 4

5 3 1 3 5 SA2 BQ mnkg \112

6 6 0 3 7 0 0 0 0 1

7 7 1 4 7 1 1 1 1 1
B()[Z] =1if SA()[Z] is odd SAkM = 2><SAk+1[mnkk(\llk(i))—l]—l—Bk [’L}
rankoli] = Y y_, Boll] SAo[4] = 2 x SA1[ranko(Vo(4)) — 1]+ Bo[4]
‘IIQ[Z] = SAo [4] =2 X SA1[Tanko(4) — 1] + By [4]

i if SAo[i] is odd SAo[4] = 2 x SA1[2 — 1] + Bo[4]

j st SAo[j] = SAo[i] + 1 otherwise
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Compressed Suffix Array

SA() BO mnko \I’O SA1 Bl mnk1 ‘1/1

0 0 0 0 4 0 2 0 0 3

1 9 0 0 5 1 0 0 0 2

2 5 1 1 2 2 1 1 1 2

3 4 0 1 2 3 3 1 2 3

4 1 1 2 4

5 3 1 3 5 SA2 BQ mnkg \112

6 6 0 3 7 0 0 0 0 1

7 7 1 4 7 1 1 1 1 1
Boli] = 1 if SAli] is odd SAk[i] = 2xSAg 1 [ranks (U (i))— 1]+ Bili]
rankoli] = Y y_, Boll] SAo[4] = 2 x SA1[ranko(Vo(4)) — 1]+ Bo[4]
‘IIQ[Z] = SAo [4] =2 X SA1[Tan]€o( ) — 1] + By [4]

i if SAli] is odd SAo[4] = 2 x SA1[2 — 1] + Bo[4]

j st SAo[j] = SAoli] + 1 otherwise SA0l4] = 2 x 0+ Bo[4]

SA[4] =

g 2=
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uf =
0 Em; Molecular Biology Indexing Structures Mapping Reads Perspectives

@ last SA,

@ every By, ranky and Wy for 0 < k < ¢ — 1 in a compressed
form
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@ last SA,

@ every By, ranky and Wy for 0 < k < ¢ — 1 in a compressed
form

[Grossi & Vitter'00]
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Burrows-Wheeler Transform

01 2 3 45 6 7
y = a t a t g a t $

SA  sort of the suffixes
atatgat$
atgat$

at$

gat$

tatgat$

tgat$

t$

$

~NOoO WKk O NN O

g 2=
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Burrows-Wheeler Transform
01 2 3 45 6 7

y = a t a t g a t $
sort of the conjugates

SA  sort of the suffixes F L
0 atatgat$ a tatgat $
2 atgat$ a tgat$a t
5 at$ a t$atat g
4 gat$ g at$ata t
1 tatgat$ t atgat$ a
3 tgat$ t gat$at a
6 t$ t $atatg a
7 3 $ atatga t

BWT = $tgtaaat

g 2=
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Burrows-Wheeler Transform
01 2 3 45 6 7

y = a t a t g a t $
sort of the conjugates
SA  sort of the suffixes F L
0 atatgat$ a tatgat $
2 atgat$ a tgat$a t
5 at$ a t$atat g
4 gat$ g at$ata t
1 tatgat$ t atgat$ a
3 tgat$ t gat$at a
6 t$ t $atatg a
7 3 $ atatga t
BWT = $tgtaaat
nlog o bits

[Burrows & Wheeler'94] s
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BWT

||t d|m]p]p »

[¢t]e]® » ofoa]ct]er ]|~

g at §$

g 2=
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 49/71 UNIVERSTE DE ROUEN



Olitis

BWT

Thierry Lecroq (LITIS EA 4108,
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BWT

Thierry Lecroq (LITIS EA 4108,

Indexing Structures
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BWT
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cC|0[|3|4]|7

LF[i] = C[L[i]] + rankg;) (L, 7)
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F L

0 a $

1 a t

2 a g

3 8

C||0[3|4]|7 4 t a

5 a

LF[i] = C[L[i]] + rankp (L, ) 3 ; :
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Compressed suffix array + BWT
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Less than 2Gb
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Compressed suffix array + BWT

Less than 2Gb I

[Ferragina & Manzini'00]
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Reconstruction of the suffix array

Insertion of 500 single letters |

Time (in ms.)
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Text length
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DNA

= E—
104 P
Reconstruction of the suffix array

\

———
o Insertion of 500 single letters |

10%

Time (in ms.)

10t . =
nsertion of a factor of length 500-|

|

1-107 2-107 3.107 4-10° 5-107 6-107
Text length

[Salson et al’09 and '10]
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Indexing structures

Other structures include

o PATRICIA tries
Factor oracles
Bonsai trees
Suffix sequoias

Compressed suffix trees

Wavelet trees

Contracted suffix trees

°
°
°
°
@ LZ-indexes
°
°
°

Most of the times they can be generalized to several strings J

>
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 53/71 UNIVERSTE DE ROUEN
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Mapping Reads

Indexing Structures

e MUMmer
e OASIS

@ Vmatch

@ Segemehl
@ Bowtie

e BWA

e SOAP2

e BWT-SW
e BWA-SW
°

V.

Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 55/71 UNIVERSTE DE ROUEN
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Exact search for gat in atatgat
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Exact search for gat in atatgat

F L
a tatgat ¢
a tgatia t
a thatat 8
g at$ata t
t atgatt a
t gat$at a
t $atatg a
$ atatga t
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Exact search for gat in atatgat

F L
a tatgat ¢
a tgatfa t
a thatat 8
g at$ata t
t atgatt a
t gat$at a
t $atatg a
$ atatga t
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Exact search for gat in atatgat

F L
a tatgat ¢
a tgatfa t
a thatat 8
g at$ata t
t atgatt a
t gat$at a
t $atatg a
$ atatga t
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Exact search for gat in atatgat

F L
a tatgat ¢
a tgatia t
a thatat 8
g atfata t
t atgatt a
t gat$at a
t $atatg a
$ atatga t
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Exact search for gat in atatgat

F L
a tatgat §
a tgatia t
a thatat 8
g atfata t
t atgatt a
[Ferragina & Manzini'08] gat$at a
t fatats a
$ atatga t

I cnancs s wR
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Approximate search for tta in atatgat: backtracking
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
a tiatat 8
g at$ata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢

T . «
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tgat$a t
a tfatat 8
g at$ata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢

T . «
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tgat$a t
a tfatat 8
g at$ata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
atintat 8
g at$ata t
t atgat$ a
t gat$at a
t Satatg a
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tgat$a t
a tfatat 8
g at$ata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
a tiatat 8
g atfata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
a tiatat 8
g atfata t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
a tiatat 8
g at$ata t
t atgatt a
t gatfat a
t Satatg a
$ atatga ¢

T . «
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Approximate search for tta in atatgat: backtracking

F L
a tatgat ¢
a tpatia t
a tiatat 8
g t
t atgatt a
t gat$at a
t Satatg a
$ atatga ¢

[Langmead et al'09]
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Mapping Reads

Hash Tables

o ELAND, ELANDv2
@ CloudBurst
@ SOAP
SeaM @ PerM
@ SeqMa
e o GNUMAP
e MAQ ;
@ SHRIMP
e BFAST
@ RazerS
e SOCS .
@ Novoalign
e RMAP
° .
e ZOOM )

=
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Hash tables

@ store the positions of every factors (called g-grams or seeds)
of a given length

@ spaced seeds (partial words, strings with holes, string with
don't cares ...): more sensitive

o if seeds of different lengths or different shapes: several hash
tables

g 2=
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 59/71 UNIVERSTE DE ROUEN
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Approximate matching

Search for abcdefgh with 2 substitutions: at least of factor of
length 2 will match exactly:

axxdefgh abckxfgh
axcxefgh abckexgh
**xcdefgh axcdxfgh abcxef*h
*bxdefgh axcde*xgh abcxefgk
*bckefgh axcdefxh
*bedxfgh xcdefgx abcdxxgh
*bcd *gh arcdets abcdf*h
caers ab**efgh abcdxfg*
*bcdef*h abxdxfgh
abcdex*xx*xh
*bcdefgh ab*de*gh
abcdexgx*
abxdefx*h bedefss
abxdefg* abcae

g 2=
Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 60/71 UNIVERSTE DE ROUEN
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Approximate matching

Search for z of length m with k substitutions: at least one factor
of length |m/k| will match exactly J
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Approximate matching

Search for z of length m with k substitutions: at least one factor
of length |m/k| will match exactly J

Use of spaced seeds
Weight of a seed: number of solid (non don't care) symbols J
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Approximate matching

Search for z of length m with k substitutions: at least one factor
of length [m/k] will match exactly

Use of spaced seeds
Weight of a seed: number of solid (non don't care) symbols

o
Goal

Design spaced seeds with maximal weight and minimize the
number of hash tables
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Approximate

Space seeds

search with 2 substitutions

Mapping Reads

lcacgtatg‘gagctaat‘cggtcc g‘taggacgt‘
cacgtatg|gagct Ttk % % % % % * |k k k k *k *k k >k
********gagct atcggtcctg********
l********‘********‘ngtcc gltaggacgt‘
lcacgtatg‘********‘cggtcc g‘********‘
l* * % % **lgagctaat‘****** *‘taggacgt‘
lcacgtatgl********‘****** *‘taggacgt‘
Seeds used by ELAND, SOAP and MAQ

Thierry Lecroq (LITIS EA 4108, Rouen, France) Index and NGS 62/71
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Mapping Reads

PerM (Periodic Seed Mapping)

I = | | = ¥ =% N
| 1 == 3= xx | == D

™ | Y™ | | T rx =
| ™™ Y™ xx | == | Ol

= | | e | W
I | = | | O

(35).(3.6).(5.6)
(04),(0.6),(4,6)
(0.1),(0.5),(1,5)
(12),(16).(26)
(0,2),(0,3),(2,3)
(1,3),(1,4),(3.4)
(2,4),(2,5),(4,5)
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PerM (Periodic Seed Mapping)

(3.5).(3.6).(5.6)
(0,4),(0,6),(4,6)
(0,1),(05),(1,5)
(1,2),(1,6),(2,6)
(0,2),(0,3),(2,3)
(1,3),(1,4),(3.4)
(2,4),(2,5).(4.5)

e = - I B = SR =

2
f
f
f
f

e | =™ || o O
T | | ™ ar vy | W
| | = v ax | x> D
| Y™ 3™ xx | x=x | Ol
e e e = I = = | )}

[Chen et al’'09]
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@ Perspectives




Oltis

Perspectives

@ develop methods for all materials and all type of experiments
@ representation of consensus and variations (SNPs, CNVs, ...)
@ parallelize the algorithms

@ anticipate on the next technologies (longer reads)
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