Algorithms for analysis of
deep sequencing data

Main Source:
4761 Computational Genomics

Itsik Pe'er, Dept of CS, Columbia Univ,
Spring 2010
Also:

M. Brudno: Introduction to High
Throughput Sequencing
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Outline

» Intro to deep sequencing technology
- The numbers
- Technology
* Mapping
- basic techniques
- MAQ algorithm
- Bowtie algorithm
+ Assembly
- de Bruijn graph algorithms
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Adapted from M Brudno; Adapted from E Green, NIH; Adapted from Messing & Llaca, PNAS (1998)

History of DNA Sequencing

1870 Miescher: Discovers DNA

Avery: Proposes DNA as ‘Genetic Material’

Efficiency 1940 , ,
(bp/person/year) Watson & Crick: Double Helix Structure of DNA
1 1953 Holley: Sequences Yeast tRNAAl
15 1965 -
Wu: Sequences A Cohesive End DNA
150
1970
Sanger: Dideoxy Chain Termination
1,500 Gilbert: Chemical Degradation
1977 _ _
15,000 Messing: M13 Cloning
25,000 HER _ _
Hood et al.: Partial Automation
50,000 1986

* Cycle Sequencing
200,000 1990 « Improved Sequencing Enzymes
* Improved Fluorescent Detection Schemes

50,000,000 2002

* Next Generation Sequencing
eImproved enzymes and chemistry

2009 . :
100,000,000,000 *New image processing



Adapted from Lior Pachter - The personal methylome, Dec 2010

The era of personal genomics (2010 - ?)

» 2003: Human genome project completed — cost $3 billion

» 2003: J. Craig Venter foundation announced a prize of $500,000 to be awarded to a
group that could sequence a human genome for $1000.

» 2005-2006: NIH announces awards of grants totaling ~$32M for the development of
sequencing technologies. X Prize foundation creates the Archon X Prize for
Genomics: $10M to a registered group that can build a device and use it to

sequence 100 human genomes within 10 days or less with an accuracy of no more
than one errar in eve ) OO0 hase pallenced 1or no mare than $10 000 ne

genome. | September 21, 2090

Numerous |jjymina Offers $10K Human Genome for Research; Sees 'All-In' $1,000

challenges Genome in Three to Five Years

Biosciencg _ o _ _ o
Under its Individual Genome Sequencing service, which is targeted at consumers and

doctors, the company has sequenced the genomes of 24 individuals to date, among
e Sep.-Oct.| them eightwith clinical conditions.

personal genomics company 23andme offers genotyping for $100.
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Comparison of lllumina, Complete Genomics for Human
WGS Shows No Single Platform Tells it All

December 20, 2011

aA Type size: & =
By Julia Karow
£ SHARE

According to Reid, sequencing the same genome on two platforms as a method to
validate variants is "a reasonable strategy” but "may not be the best choice if resources
are limited and doing so would reduce study sample size."

Taken together, the similarities between the two platforms are "quite strong,” and the
results "very similar," said Stanford's Clark. He added that lllumina's and Complete's

human whole-genome sequencing services are W A=l = Q0= Rl e el (=1
=lofo e M o R oM a1 =10 (100 50 "'IT you had to pick one, you are better off with

whichever gives you the best deal and the best turnaround time," he said.

Lam et al, Nature Biotechnology AOP 18 Dec 2011-



How do we read DNA?
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How do we read DNA?

* We replicate it
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How do we read DNA?

* We replicate it
* We shred it
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Reading short DNA
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Use replication machinery with colored bases

» Take pictures of massively parallel reaction
% coo 2@wmillion reads of 30 per day & $1000

11


http://www.tau.ac.il/�

Reading short DNA
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Use replication machinery with colored bases

+ Take pictures of massively parallel reaction
S coo 20@-million reads of 100 per day & $1000
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I Example

The genome Is:
I TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA

The reads are:

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA




I Example

TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA
NERERERER
GGTCGGTGAG
The reads are:
GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA

I The genome Is:




Example

The genome Is:

TTATGGTCGGTGAGT

The reads are:

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA

TGAGT

TGACTGGTGTTGTCTAA

TGAC



Example

The genome Is:

TTATGGTCGGTGAGTGTGACT

The reads are:

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA

(}(}FW mvn

FW(;(;FW v m

TCTAA



Example

The genome Is:

TTATGGTCGGTGAGTGT

The reads are:

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA

GACT

TGACT

(;(;F"\ N

GGTGTTGTCTAA



Example

The genome is:

TTATGGT

AATGGT

CGGT

CGGT

GAGTGTGACTGGTGTTGTCTAA

The reads are:

GGTCGGET
TGAGTG]
TGGTGTT

TGACTGGTTT
AATGGTCGGT
GAGTGTGACT

(GAG
(GAC
(GTC

AAAAAAAAAA



I Example
The genome Is:
I TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA
GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT

GAGTGTGACT



Genomics at Tau

NGS algorithmics
1. Mapping and the MAQ
algorithm

% CG © Ron Shamir
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Short read Mapping Problem

» Align reads to genome

- Input:
Many reads: I-long strings S,,...,S,,
Approximate reference genome: string R
- Output:
X;,-.,Xmalong R where reads match, resp.

» Complications:
- Errors, Differences, Repetitive regions

0 21
O CG © Ron Shamir
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Solutions

* Naive :
- For each S,
- For each position p=I,...,|R|
- Try matching S;to the substring R[p-
1+1,...,p]
+ Complexity:

O(Im|R|) exact or inexact matching

‘,;%7 CG © Ron Shamir
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Solutions (2)

» Less Naive:
- For each S,
- Match S;to R using KMP

+ Complexity:
O(m(l+|R[))= O(ml+m|R|) exact matching

\\ CG © Ron Shamir
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Solutions (3)

» Suffix tree approach:
- Build suffix tree for R
- For each S,

- Find matches of S; to R by tree traversal from

the root
* Time Complexity: O(Im+

+ Space Complexity: O(|R
the text

R|) exact matching
log|R|) vs |R|log|Z| for

* Can store Human Genome text in 750M bytes
(6G bits) but, need ~64G bytes for the tree

- large constants, hard to implement

‘;%7 CG © Ron Shamir
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Solutions (4)

* Preprocessing:
- Create hash-table H
- For each position p=I,...,|R]
- Hash (key=R[p-1+1,...,p], value=p) in H

* For each S;report H(S;)

+ Complexity:
O(Im+|R]I)

* Problems:
W 0. Qnly exact matching, memory O(|R]1)

25
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Improvements

. Pack strings into bit vectors
- Need only 21 bits for each read
- Hash set to fit iIn memory

. Partition the genome to |R|/|Mem| chunks

TCAGTGTGAC

11100010111011100001



Mapping Issues

Goal: Mapping, Alignment, and Calling

* Problems:
- Millions of reads to analyze
- Repetitive regions: non-unique mapping
- Mutations/errors: imperfect match, incorrect
mapping, diploid samples
- Solutions (to be expanded later) -
- Hash while allowing mismatches
- Map as best as you can + report probability of error

y - Combine data from multiple reads for calling ’
% CG © Ron Shamir
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Parameters

* Assume:
- 107 reads of length 50-100 per run
- Possibly paired-ends
- Genome of length 3*10°
- 26b memory

L\ CG © Ron Shamir
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Outline of approach

1. Hash the reads, then scan the
reference

2. Find the reference match with the
lowest mismatch

3. Assign each alignment the probability
It 1S not true

4. Use mapped reads to call nucleotide
with variant scores

p 29
‘,‘%7 CG © Ron Shamir
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Read alignment

1. Indexing: Hash the first n bits
iteratively into 2 masked tables. -

. Check reference against hash

2
3. If hit: 4
— score It (#mismatches)

— keep the best

6 templates find 100% of 2mm and )

57/% 3mm.
20 templates find 100% of 3mm

and 64% 4mm.

Gapped Seeds - Similar ideas improve accuracy of homology
searches like BLAST



MAC} algorithm

Mapping and Assembly with Quality

1. Index the first 28 bases of each read with
templates 1,2; generate H1, H2

2. Scan the reference: for each position and each
orientation, hash with template 1,2; if hit -
extend and score the complete read; keep per
read 2 best scored hits and no. of 0/1/2
mismatch hits only

3. Repeat with templates 3,4, then 5,6

~Complexity: Time: 1. O(ml) 2. O(|R|1)
Space: 1. O(ml) 2. O(ml+|R|) fotal, but
only O(ml) in cache

0 31
% CG © Ron Shamir
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WYY AN

Mapping qualities (A%

Q, = -10 log; Pr(read is wrongly mappéd)
"Phred-scaled quality”

e.g. st:SO if 1in 1000 prob of incorrect mapping of the
rea

Assume sequencing errors are independent along read
p(z|x,u): Pr. read z coming from position u in reference x

If Z mapped to u has 2 mismatches with Phred base
qualities 10, 20 then p(z|x,u)=10-(20+10/10 =0 001

% CG © Ron Shamir
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Mapping qualities (2)

X = reference seq; z= read seq;
u = mapped position; Assume uniform prior p(u/x)

p, (U X,2)=

P(Z

p(z|x,u)p(u) _ pz|xu)pu) _
(X, 2) Z'i';”l 0 (z | X, V) p(V)

X,U)

= Z|R|—I+1
v=1

p(z|x,u) =

0(zZ | X,V)

product of mismatch error probabilities

> estimated from best hit, 2" best, all other hits

% CG © Ron Shar\%

Q. (ulx 2)=-10log, (- p,(U|x2) =
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Paired-end reads

+ Index "mate” reads si, s2
simultaneously

- Hash reference

* For mates that hit uniquely &
consistently (right orientation

dis’rance): Qp = Qsl + QsZ
* For mates that hit in multiple

P|0C652 (Qsl ' Qsz)

» For mapped s1, but no hit to s2,

find gapped alignment (Smith-

Waterman) to detect short

‘f% cd pebedgmi

SP2
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Summary

» Indexing speeds up alignment in DB-search;
mapping

- Storage and cache considerations are
paramount!

Bibliography:
Li, Ruan and Durbin

Mapping short DNA sequencing
reads and calling variants using
mapping quality scores, Genome
Research, 2008

?.‘?? CG © Ron Shamir
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More on the NGS technology

36 36


http://www.tau.ac.il/�

Illumina NGS technique

Figure 2: Prepare Genamic DR A Samiple Figure & Attach DA fo Surface

i
Dhia
bl
l'lll Aclopters
7 ﬁ i
éf# - i IE
Fardomly f=grment geromic D and ligete acdsphers to both ends of the Eird sihgle-st=anded fagments randomly 1o heirside safacs of the fow
fagmnents. | cheErrels.

Technology Spotlight: Illumina® Sequencing 2010

N GORe sphip://www.illumina.com/support/literature.ilmn
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Figure 4: Bridge Amplification

Figure &: Fragments Become Doukle Stranded

Aok uniEbsed nucleoides. s eroyrne o inifiate solid-phese bridge
arnplification.

% CG © Ron Shamir

The arywne hcorporates. adectices D bukd double-stancded bridges on
e =did-phase subshate,

38
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——  Figure 6: Denature the Doukle-Standed Molecules —

Detehaation lemwes. Sngle-shanced templetes snchoed 1o the adbsh=ate.

% €6 © Ron Shamir

~—— Figure ¥: Camplete Amplification

Seyerd millon danse custers of double-shanded DA = gererated in

each charrel of the flowve ol

39
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Figure 8: Determine First Base Figure 9: Image First Base

i,
||Illfgq L:l I|

| §
Lz=ar
Tha lirst sequencing cwde begire by acding four labeed reversble After lz=er enritation, the ernithed lborescses fiom esch duster = capheed
tamnietors, prners, =00 DA polwnearsss, i hie lrst base s identified.
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Figure 10; Determine Second Base Figure 11: Image s5econd Chemistry Cysie

The st cvdle iepeak. e incoporation of our [=2eled reversible Afer laser ecitaiion, heimage B caphured == befoee, and the idenfity of
temirators, pamers, = DA polwnersss e semond baee = eoomded.

41 a
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— Figure 12: Sequencing Cwer bMultiple Chemistry Cycles —

G
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Thez ==quetcing cycles. @ repested 1o detarmine the sequence of bases in
a tagmnent, ohe base st 3 tme.
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—— Figure13: Align Data

..mnﬂn‘rn:mccruncq}.mm

| CACICOGIGG

. CTCALTCCRGIGE
— TOCCACTICA I

ATGIGCCACCICACIT
GIGCCBCCICACICONG
i CIECIGIGG

The data are sigred =d compared 1o 3 reerance, sndd sequencing
ciffererices. sra icentilied.
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From Debbie Nickerson, Department of Genome Sciences, University of Washington, http://tinyurl.com/6zbzh4

Base calling from raw data

TA AT ...

ﬁf____

I_G)'n.. -.20-'.. ‘ .: §Q--i,'gq ':

'@:. -p. . -p‘ -G:
\Eﬁh“—————__

TTTTTTTGT ...

The identity of each base of a cluster is read off
from sequential images

Introduction to high throughput sequencing




&

Bentley et al. Accurate whole human genome sequencing using reversible

terminator chemistry, Nature 2008
G © Ron Shamir
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! !
ETH From N. Beerwinkel ETH, Computational Analysis of NGS Data (2010) PAS

N\ \/
Eidgendssische Technische Hochschule Ziirich N N
Swiss Federal Institute of Technology Zurich \/

Department of Biosystems

Technologies

= 454/Roche Genome Sequencer (GS)
Since 2004

FLX Titanium platform: 1 million reads, over 400 bp long

= Solexa/lllumina Genome Analyzer (GA)
Since 2006

GAllIx platform: 200 million reads, 75-100 bp long

= Applied Biosystems (ABI) Sequencing by Oligo
Ligation and Detection (SOLID)
Since 2007
400 million reads, 50bp long

- yield per run: 0.4 to 20 Gpb (Y2 6 human genomes)!



From M. Brudno. Adapted from Richard Wilson, School of Medicine, Washington University, "Sequencing the Cancer Genome" http://tinyurl.com/5f3alk

NGS Technologies (2010)

Human Genome 6GB == 6000 MB
Req’d Coverage 6 12 30

3730 454 lllumina
bp/read 600 400 2X75
reads/run 96 500,000 100,000.000
bp/run 57,600 0.5GB 15 GB
# runs req’d 625,000 144 12
runs/day 2 1 0.1
Machine 312,500 144 120
days/human genome | (856 years)
Cost/run S48 S6,800 S9,300
Total cost $15,000,000 $979,200 $111,600

CG © Ron Shamir 46



Adapted from Lior Pachter - The personal methylome, Dec 2010

Sequence census methods

« High throughput DNA sequencers are also
broadly utilized as bean counters for “sequence census”
methods.

 The vast majority of sequencing experiments are used for
*-se( protocols:

Desired reduce to Solve inverse
—> : Sequence |
measurement sequencing problem

Creativity Biology Computer Mathematics/Statistics
Science
(Computational) Analyze

Biology

» Assays include: ChIP-Seq, RNA-Seq, methyl-Seq, GRO-Seq, Clip-Seq,
BS-Seq, FRT-Seq, TraDI-Seq, Hi-C, ...

47



New *-seq technologies

each comes equipped with its own inverse problem

« Variant detection: Seq, Exome-Seq, BIC-Seq

* Protein DNA binding: ChIP-Seq

» Transcriptome: RNA-Seq, FRT-Seq

» Ribosomal profiling: GRO-Seq, Ribosomal profiling

» Replication timing: Repli-Seq

 DNase | hypersensitivity sites: DNase-Seq

* Transposon mapping: TraDIS

e Chromatin conformation: Hi-C, ChlA-Pet

« Methylation: methyl-Seq, BS-Seq, RRBS, MeDIP-Seq, MBD-Seq
* Protein RNA binding: Rip-Seq, Clip-Seq

 RNA secondary structure: PARS, Frag-Seq, Shape-Seq

 Metagenomics: Metagenome sequencing, metatranscriptome sequencing

48



NGS algorithmics
2. Efficient indexing of
sequences

Bowtie and the Burrows-Wheeler
Transform

%A? CG © Ron Shamir
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NGS Parameters

* Assume:
- 107 reads of length 50-100 per run
- Possibly paired-ends
- Genome of length 3*10°
- 26b memory

A~ CG © Ron Shamir
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I Mapping Reads

The genome Is:
I TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA

The reads are:

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA




Indexing Reads

m |-long reads

. |GGTCGGTGAG
TGAGTGTGAC
. TGGTGTTGTC
. TGACTGGTTT
. IAATGGTCGGT

. GAGTGTGACT
. IAAAAAAAAAA

O Ol WO+

G-long genome

AAAAA

AATGG
GAGTG
GGTCG
GGTTT
GTGAC
GTGAG
TCGGT
TGACT
TGAGT
TGGTG
TTGTC

Memory [bits]:
m x 2|

+

m x (21/2 +logm)

TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA



I G-long genome
TTATGGTCGGTGAGTGTGACTGGTGTTGTCTAA

Indexing the Genome

ACTGG 19 GIGAC 16  TGGIC 4
m I-long reads AGTGT 13 GIGAG 10 TGTTG 24
ATGGT 3 GIGIG 14  TGTGA 15
i CGGTG 8 GIGIT 23  TTAIG 1
L GGTOGTGAG CTGGT 20  GTTGT 25 TIGIC 26
2 [IGAGIGTGAC GACTG 18  TATGG 2
5. |[TGGTGTTGTC GAGTG 12 TCGGT 7 et
4. TGACTGGTTT GGILG 5 ICIAA 29 57k 212 +l0gG)
. GGTGA 9 TGACT 17
0. ARTGGTCGGT GGTGT 22  TGAGT 11
6. |GAGTGTGACT GTCGG 6 TGGTG 21
7 IAAAAAAAAAA GICTA 28  TGICT 27



I Efficient Indexing:
Burrows-Wheeler Transform

the next text that 1_1ndex.



I Burrows-Wheeler Transform:
Cyclic shifts

the_next_text_that_1_1index.
he_next_text_that_1_index.t
e_next_text_that_1_index.th
_next_text_that_1_index.the
next_text_that_1_index.the_
ext_text_that _1_index.the_n
xt_text_that_1_index.the_ne
t text_that_1_1ndex.the_nex
_text_that_1_1ndex.the_next
text_that_1_1ndex.the_next_



I Burrows-Wheeler Transform:

Cyclic shifts

the_next_text_that_1_index.
he_next_text_that_1_index.t
e_next_text_that_i_index.th
_next_text_that_1_index. the
next_text_that_1_index.the_
ext_text_that_1_index.the_n
xt_text_that_1_index.the_ne
t _text_that_1_index.the_nex
_text_that_1_index.the_next

text_that_1_1ndex.the_next_

ext_that_1_index.the_next_t
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t_that_1_1index.the_next_tex
_that_1_1index.the_next_text
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I Burrows-Wheeler Transform:

Cyclic shifts sorted

.the_next_text_that_1_inde
_1_1ndex.the_next_text_tha
_index.the_next_text_that_|
_next_text_that_1_index.th
_text_that_1_index.the_nex
_that_1_i1ndex.the_next_tex
at_1_1ndex.the_next_text_t
dex.the_next_text_that_1_1
e_next_text_that_i1_index.t
ex.the_next_text_that_1_1n
ext_text_that_1_index.the_
ext_that_1_index.the_next_
hat_1_index.the_next_text_|
he_next_text_that_1_index.

X
t
1
e
t
t
h
n
h
d
n
t
t
t

1_1ndex.the_next_text_that
index.the next _text that 1

ndex.the_next_text that 1|

next_text_that_1_index. the
t_1_1index.the_next_text_th
t_text_that_1_index.the_ne¢
t _that_1_1index.the_next_te¢

text_that_1_1ndex.the_next_

that_1_1ndex.the_next_ text

the_next_text_that 1_i1ndex.

X.the_next text_that_1_1ind
xt_text _that _1_1ndex.the_n
xt_that_1_index.the_next_t




I Inverting BWT

I . How many “e” do we have?

. Can you recover the 15t column?




I Inverting BWT

. How many “xt” do we have?

. Can you recover the first

two columns?

. Which of the »’s Is followed

by a “t"?

. Which of the “xt”"-s

follows an “e”?

. Which “ext” Is In “text”?

o e B e B e = = ¢ B > B> ¢ I PO <V I I (R R I

I I X X ] =] | cactapPB A B 5ot @ =t X

® D D -




Key lemmas

* In the i-th row of M, L(i) precedes F(i)
in the original text: T=_...L(i))F(i)....

» The i-th occurrence of char X inL
corresponds to the same text

character as the i-th occurrence of X
in F
“last-first (LF) mapping"

‘,.%7 66 © Ron Shamir
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Inverting BWT

DOLHKL O T © O

acg

€ 08 .8 . 0 O

DO DD0O0H C O O O
(1) A

€V 0 0O OO

DO DO o o T O

AT F

O oo OO0

caacg acaacg

aacg

61

DOH U T O 0

V0 0 © oo

DOHDOHL O O O O
A

SO CCOOD

DoOoOH T o O O

.\

S 0o O OO
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Searching: find all occurrences of ext

.the_next_text_that_1_inde
_1_1ndex.the_next_text_tha
_index.the_next_text_that_|
_next_text_that_1_index.th

1_1ndex.the_next_text_that
index.the next _text that 1

ndex.the_next_text that 1 |

next text that 1 1ndex.the

1

_text_that 1 _i1ndex.the_nex
_that_1_i1ndex.the next_tex
at_1_1ndex.the next text_t

X
t
1
e
E t| 1_1index.the_next_text_tha
h
dex.the_next_text_that_1_1n
h
d
n
t
t
t

t| text_that_1_index.the_nex
t| that_1_1ndex.the_next_tex
text_that_1_index.the_next_
that_1_index.the_next_text_
the_next_text_that_i_index.
x.the_next_text_that_1_inde
xt_[text_that_i_index.the_ne
xt_that_1_index.the_next_tle

e_next_text_that_1_index.t
ex.the_next_text_that_1_1n
ext |[text_that_1_index.the_
ext |[that_1_index.the_next_
hat_1_index.the_next_text_|
he_next_text_that_1_index.

Out of all x-s in the last col, those in the interval of t are 2" and
3rd > should appear 2" and 39 in the interval of x (if at all)



Searching the Index

aac aac aa
(a) Sacaacg (c)

aacgSac

A

0o oOo0oLe oD e

acaacgs
acaacg$—~acgSaca-+-gcS$aaac

caacgS$Sa —

cgSacaa

gS$Sacaac >

Qo0 e
0O DD LYOWO
o000 L LW
OO0
OO0 L0l

» Search last nucleotide and expand
backwards

* Maintain interval of possible matches

% CG © Ron Shamir
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Exact or
Inexact
Match
JUsing
BWT

&8, BB

177,177

1.30

266, 266

104, 124

396, 396

184, 184

104, 184

278, 290

184, 278

278, 401




Matching Using BWT: Details

e To compute intervals fast:
- Slice blocks of logG rows
- Maintain #a’s,c’s,g’s,t’'s up to
each block

e Position # Position
after BWT  along seqguence

%A,? CG © Ron Shamir

278, 290

278, 278
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Suffix Array Representation

lthe_next_text_that_i_index.
Z2he_next_text_that_i_index.t
3e_next_text_that_i_index.th
4 next_text_that_i_index.the
onext_text_that_i_index.the_
Oext_text_that_i_index.the_n
xt_text_that_i_index.the_ne
Bt_text_that_i_index.the_nex
9 text_that_i_index.the_next
10text_that_i_index.the_next_
1lext_that_i_index.the_next_t
12xt_that_i_index.the_next_te
13t_that_i_index.the_next_tex
14that_i_index.the_next_text_

15that_i_index.the_next_text_
16hat_i_index.the_next_text_t
17at_i_index.the_next_text_th
18t_i_index.the_next_text_tha
19_i_index.the_next_text_that
20i_index.the_next_text_that_
21 _index.the_next_text_that_i
22index.the_next_text_that_i_
23ndex.the_next_text_that_i_i
24dex .the_next_text_that_i_in
20ex.the_next_text_that_i_ind
20x.the_next_text_that_i_inde
27 .the_next_text_that_i_index



Suffix Array:
Sorted Running Index

27 .the_next_text_that_i_indg
19 i index.the_next_text_th:

21 index.the next_text_that |

4 next_text_that_i_index.tl
O text that_i_index.the nes
14 that_i_index.the_next_tes

17at_i_index.the_next_text_{

24dex .the_next_text_that_i_1

3e_next_text_that_i_index.{

25ex.the_next_text_that i_ir

Oext _text_that_i_index.thel

l1lext that i index.the next|

16hat_i_index.the_next_text|

PX
1t
1
e
q
q
h
n
h
1d

2he_next_text_that_i_index

I
't
t
t

201 _index.the_next_text_thatl
22index.the_next_text_that_ il

23ndex.the_next_text_that_i_|
Onext_text_that_i_index.the
18t_i_index.the_next_text_th
8t_text_that_i_index.the_ne
13t_that_i_index.the_next_te

10text_that i index.the next/.
15that_i_index.the next_textl.
lthe_next_text_that_i_index.

26x.the_next_text_that_i_ind
7xt_text_that_i_index.the_n
12xt_that_i_index.the next_t

€




Another view point on finding
the position

? .the_next_text_that_i_index 20i_index.the_next_text_thatl
? _i_index.the_next_text_thalft ? index.the_next_text_that_il
? _index.the_next_text_that_li ? ndex.the_next_text_that_i_li
? _next_text_that_1_index.the ? next_text_that_i_index.thel

O text_that i_index.the_nexit ? t_i_index.the_next_text_tha
? _that_i_index.the Text—texdi 8t_text_that_i_index.the_nex
? at_i_index.the_next_text_t 7 T Thert——index. the_next_te

? dex.the next_text_ that i_i 7?4text_that i_index.the nexte

h
n
? e_next_text_that_i_index. tlh 7 that_i_index.the_next_textl
20ex.the_next_text_that_i_ind ? the_next_text_that_1_index|
iﬁ(ext_ﬁext_that_i_index.the_n 20x.the_next_text_that_i_inde
ext_that_i_index.the_next_{t ? xt_text_that_i_index.the_ne
t >
t

? hat_i_index.the next_text | ? xt_that_1_index.the_next_t¢
? he_next_text_that_1_index.

W =11



Sources

Langmead, Trapnell, Pop and
Sazlberg., Ultrafast and memory-
efficient alignment of short DNA
sequences to the human genome,
Genome Biology ‘09

Ferragina & Manzini,
Opportunistic data structures
with applications, FOCS '00

Li & Durbin, Fast and accurate
short read alignment with
Burrows-Wheeler transform,
Bioinformatics, '09

Li et al., SOAP2: an improved
ultrafast tool for short read
alignment, Bioinformatics, '09

\r‘?‘ﬂ CG © Ron Shamir

Over 200 Scientists
named Steve agree
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Burrows-Wheeler

Transform
the not-so-gory details

Sources

Ferragina and Manzini, Opportunistic data
structures with applications, FOCS 00

Langmead et al. Ultrafast and memory-efficient
alignment of short DNA sequences to the human
genome, Genome Biology 09

% Z6 © Ron Shamir
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Suffix Arrays

»+ T[1..u] text

+ Suffix array A of T: lexicographically
ordered suffixes of T represented by
pointers to their starting points

1 acabc
+ T=acabc > A=[3,1,4,2,5] 2 cabe
* Requires 4u bytes in practice 3 abc
+ Can one compress suffix arrays? ;’ EC

2%7 Z& © Ron Shamir
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Burrows-Wheeler Transform

Forward BWT: T>L
a. T > T# (# unique smallest char)

b. Form conceptual matrix M: all cyclic
shifts of T#, sorted lexicographically

c. Transformed text L: the last column
of T.L=BWT(T)

Notation: F : first column in M
Close connection to suffix arrays!

‘,;%7 CG © Ron Shamir
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Key lemmas

* In the i-th row of M, L(i) precedes F(i)
in the original text: T=_..L(i)F(i)....

» The i-th occurrence of char X inL
corresponds to the same text

character as the i-th occurrence of X
in F
“last-first (LF) mapping”

‘,.%7 ZB © Ron Shamir
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LF mapping
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Backward BWT (1)

goal: L > T

> - alphabet, lex ordered. # - unique end char.

Compute the array C[1,..|2|]:
C(c) is the total no. of chars {#,1,..c-1}in T

Occ(c,r) = no. of occurrences of ¢ in BWT up
to but not including the element at index r

Alg Stepleft(r):
1. Return C[BWT[r]]+1+Occ[BWT[r],r]

0 76
O CG © Ron Shamir
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c 0 6 U P

Backward BWT (2)

goal: L > T

r<l, TE"T

. While BWT[r}=$ do
T< prepend BWT[r] tor
r&<stepleft[r]

Return T

‘,;?g CG © Ron Shamir
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Alg Exactmatch ( P[1,p])

goal: Find the interval [sp,ep] of matrix rows
that begin with the query P[1,p]

1. C&Plpl sp<Clcl+l; ep<Clc+1]+1;
1< p-1
. While sp<ep and i>1 do
c < P[i]
sp € C[c]+ Occ(c,sp) +1
ep € C[c]+ Occ(c,ep) + 1
i < i-1
/. Return sp, ep
W 6 6 ron shani

S
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Computing Occ(c,r)

1. Precompute Occ(c,r) naively for each c,r

Time O(|Z|u), but space O(|Z|ulogu), for text
of length u

2. Precompute Occ(c,r) only for r=j*p

When Occ(c,r) is needed - if r not
available go back to the previous multiple

of p and add
Time O(|Z|u) to preprocess, O(p) to compute
Space O((|Z|ulogu)/p)

79
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Computing the Text location of

an exact match

* Problem: Exactmatch P gives row(s) in
M that begin with the query - need to
find their offset - location in the text

- Solution:

- mark some rows with pre-calculated
of fsets.

- In search, if row is not marked, do
Stepleft k times until finding a marked
row with offset o; report o+k

- Time/space tradeoff

p 80
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Burrows & Wheeler

David Wheeler (1927-2004)

- Educated in Math, Cambridge

- First PhD in the world in CS (51)

- Invented the subroutine

- Cambridge prof. active in cryptography

Michael Burrows (~1963-)

- PhD Cambridge

- Worked in DEC, Microsoft, now Google

- Co-developed the AltaVista search engine

Burrows M, Wheeler D (1994), A block
sorting lossless data compression

algorithm, Technical Report 124, Digital
Equipment Corporation

81
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NGS algorithmics
3. Sequence assembly
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I What if we have no reference?

I GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT

AATGGTCGGT
GAGTGTGACT



Sequence Assembly

. Input:
GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC
TGACTGGTTT
AATGGTCGGT
GAGTGTGACT
AAAAAAAAAA
. Output:

ATATGGTCGGTGAGTGTGACTGGTGTTGTCTAA




Idea: de Bruin Graph

\}% cc o dNQELS: K-tuples
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Idea: de Bruin Graph
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quence < Path in Graph

e
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I Assembly Using de-Bruijn Graphs

GGTCGGTGAG
TGAGTGTGAC
TGGTGTTGTC

I Input:

1. Turn reads to paths
GGTC—GTCG—-TCGG—>CGET>GGETG—GTGA—>TGAG

TGAG—GAGTAGTG—GTGT>TGTG—GTGA—-TGAC

TGGT->GETGGTETTCT T GTTG-TTGT>TGTC



I Assembly Using de-Bruijn Graphs

GGTCHGETCG-TCGE—CGETGETG—ETGA>TGAG
I TGAG—GAGTAGTG—GTGT>TGTG—GTGA—-TGAC

1. Turn reads to paths
2. Merge paths

GGTCHGTCG—-TCGG—CEET>GETG—GETGA>TGAG

GAGTAGTGETGT>TGTG—GTGA—>TGAC



I Assembly Using de-Bruijn Graphs

I GGTCHGETCG-TCGE—CGETGETG—ETGA>TGAG

006 OO GO GTCATUAG

GAGTAGTGGTGT > TGTG—GTGA—>TGAC

1. Turn reads to paths

2. Merge paths

3. Resolve error “bubbles”
4. Resolve cycles (repeats)



Bibliography:
+ Zerbino & Birney, Velvet:
Algorithms for De Novo Short

Read Assembly Using De Bruijn
Graphs, Genome Research 2008
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