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Sequencing the Human Genome

2007: 454

1M$, 3 months

2008: ABI SOLiID
60K$, 2 weeks
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¢ 2001 Celera
100M$, 3 years

T 2009: Illumina,
Helicos
2+ 40-50K$

1009, <24 hrs?
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PCR (R&853EXIXLL)

 Polymerase Chain Reaction
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514 (Primer) iR KIXFL

Annealing Reaction
Template

5' ATTAGACGTCCGTGCAATGC 3

3' | ACGTTACG |

Primer




Elongation Reaction

Region to be Priming Site
Sequenced and Fixed End

5' ATTAGACGTCCGTGCAATGC 3

<4— 3'|ACGTTACG 5

Annealed Primer




5' ATTAGACGTCCGTGCAATGC 3'
NENNRER

<43 TAATCTGCAGGCACGTTACG 5’

Extended nucleotides



5 ATTAGACGTCCGTGCAATGC 3'
TERRREN

3' (ACGTTACG |5

A Reaction

3 ddAGGC | ACGTTACG | &

3 ddATCTGCAGGC] | 5
3 ddAATCTGCAGGC| | 5
C Reaction
3 ddC[ACGTTACG | 5
3' ddCAGGC| | 5
3 ddCTGCAGGL) | 5
G Reaction
3'ddGC | ACGTTACG | 5
3 ddGGo| | 5
3' ddGCAGGC| | 5
T Reaction

3' ddTGCAGGC | ACGTTACG | &

3' ddTCTGCAGGC| | 5
3 ddTAATCTGCAGGC] | 5




G Reaction

CG
CGE
CGGACE

COGRAOETCTAA T
COGACGTCTR
COGACGTCT
COEACGTCT

COGACGT
CEEACTE

oacn

Ci

B8 IR JF5 S

123456789012

3' CGTAAGCTGCCTGCAGATTA 5’

5 GCATTCGA 3

A Reaction T Reaction C Reaction
CcGGA CGGACGT C
CGGACGTCTA CGGACGTCT CGGAC
CGGACGTCTAL CGGACGTCTAAT CGGACGTC
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Denaturing PAGE Gel
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Sangers

o 3£1980%F HJNobel?Z (Frederick Sanger)
HAh 7% P2 (Maxam-GilbertiZ:)
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FH— . JoNE RIS

(A)

ddA@ ddC@ aNTPs - each witha
ddT . 4dG O different fluorescent label

Sequencing reactions,
fractionation of products

ddT . Imaging system

ddc@  Detector

y —ddcQ

Fluorescent bands
move past the detector
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(B)

CACCGCATCGAAATTAACTTCCAAAGTTAAGCTTGG
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3¢ F % (Shotgun)

and fragment into small pieces

lPun'fy DMNA of interest

S = \= 7N\

e
Subclone, :
SEQuUence
random
clones s i .
e .
-

s :
- T e

Use computer to order the sequences,
based on overlaps.
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Sequencmg by Hybridization

e Hybridize target to array containing a spot for each possible k-
tuple (k-mer)
 The spectrum of a sequence

— multi-set of all its k-long substrings (k-tuples)

e Goal

— reconstruct the sequence from its spectrum

e Pevzner (1989): reconstruction is polynomial



3

SBH Array

* DNA array (DNA chip) with 4% probes
— Target DNA: AAATGCG

/ AALS | AACY| AAGe | AATO| ACAS| ACCe| ACGa| ACTe ‘J\

ATT# ATGo [ ATCs ATAe | AGGe| AGTe| AGCe| AGAe |
el el she e T el elar el e e B e (e
CTCe | CTGe| CTae| CTT¢| CGAe| CGCe| CGGe| COTe|Y
GOAe | GGCe| GGTe| GGGe| GAde| GAT+« | GACe| GAGe Y
GTT#| GTG+<| GTC+| GTA¢| GCGe| GCTe| GCCe| GCAs|"

TTAS TTCo | TTG«| TTTe | Tahe TACa | TAG# TAT« |¥
TGT«# | TGGe PTHEES| TGA«| TCCe TCAa | TCGe| TCOTe |
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Experiment Errors

e Hybridization experiments are error prone

e False negative error

— k-tuple appears in target DNA but does not appear in its measured
spectrum

— Repetition of k-tuple
e False positive error

— k-tuple does not appear in target DNA but does appear in its
measured spectrum



Target DNA ... TTTTACGC

Spectrum TTT

ldeal case

Errors: Positive (misread) /

TAC
ACG
CGC
TGA

With errors




Pon

By the hybridization of F=TTTTACGC with C(3)

Positive errors
Negative errors g “'/

Spectrum of F: TAC @

Target DNA F: *



SBH Reconstruction

In the case of error-free SBH experiments

— A desired solution of SBH is just a feasible solution including all k-tuple
in the specturm

For the general case

— There is no additional information except spectrum and the length of
target DNA

— A feasible solution composed of a maximum cardinality subset of the
spectrum shall be a reasonable desired solution
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Uniqueness of Reconstruction

e Different sequences can have the same spectrum:

— ACT, CTA, TAC
* ACTAC
* TACTA

e Non-uniqueness Probability

0.7
0.6
0.5 1
04 1
03 ¢
0.2 ¢

01 i /
D 1 I I

0 50 100 150 200 250 300 350 400

P(N,8)




Complexity

e |deal case (without repetitions and errors)

— Equivalent to finding an Eulerian path in a corresponding graph
(Pevzner, 1989)

— Alinear time algorithm (Fleischner, 1990)

 General case is NP-hard problem
— Exact
— Heuristics



Hamiltonian Path

e {ATG, TGG, TGC, GTG, GGC, GCA, GCG, CGT}

ATG " TGG " GGC 1 GCA

M

Il
Il

CGT GTG

TGC — GCG
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de Brujin Graph

e {ATG, TGG, TGC, GTG, GGC, GCA, GCG, CGT}

AT —EE— TG ——1GG
GTG TGC GGC
GTH CGT CG - GCG GC GCA 1 CA
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Algorithms

 Genetic Algorithm

— Gonzalez-Gurrola, LC, Brizuela, CA, Gutierrez, E. A genetic algorithm
for the shortest common superstring problem. LECT NOTES ARTIF INT
3315: 851-860 2004

e Tabu Search

— Blazewicz, J, Formanowicz, P, Kasprzak, M, et al. Tabu search algorithm
for DNA sequencing by hybridization with isothermic libraries.
COMPUT BIOL CHEM 28 (1): 11-19 FEB 2004

e Probabilistic Method

— Endo, Takaho A. Probabilistic nucleotide assembling method for
sequencing by hybridization. Bioinformatics 20 (14): 2181-8 Sep 2004



Motivations

e Give some criteria which can determine the most possible k-
tuples at both ends and in the middle of all possible
reconstructions of the target DNA

— These criterions greatly reduce ambiguities in the reconstruction of
DNA

 Transform the negative errors into the positive errors
— These means enables us to handle both types of errors easily

e Separate the repetitions from both type of errors

Bioinformatics, 2003
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Lower Bound

e Estimate the number of k-tuples that does not occur in a
solution

— Adjacency matrix (connection matrix)

— Give a lower bound of k-tuples that does not occur in all solutions
from k-tuple i toj

— —(n—k—1)=(n—k—1
151, ]

Bioinformatics, 2003



_— . ZHANGroup
Extensions of SBH

e Positional SBH

— Broude, N., Sano, T., Smith, C., and Cantor, C. 1994. Enhanced DNA
sequencing by hybridization. Proc. Natl. Acad. Sci. USA 91, 3072-3076.

e SBH in rounds

— Margaritis, D., and Skiena, S.S. 1995. Reconstructing strings from
substrings in rounds. 36th Annual Symposium on Foundations of
Computer Science (FOCS’95), 613—620.

e Gapped SBH

— Preparata, F., Frieze, A., and Upfal, E. 1999. Optimal reconstruction of
a sequence from its probes. J. Comp. Biol. 6, 361-368.
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a
DNA library preparation

4.5 hours

Ligation B -Genome fragmented
A by nebulization
Selection No cloning; no colony
(isolate AB : picking
fragments -sstDNA library created
only) with adaptors
A B

-A/B fragments selected
A B using avidin-biotin
purification




b
Emulsion PCR

—_————

8 hours

Sl

Anneal sstDNA to an excess of  Emulsify beads and PCR Clonal amplification occurs ~ Break microreactors and
DNA capture beads reagents in water-in-oil inside microreactors enrich for DNA-positive
microreactors beads

sStDNA library m—— B cad-amplified sstDNA library



C
Sequencing

‘Well diameter: average of 44 um
400,000 reads obtained in parallel

-A single cloned amplified sstDNA
bead is deposited per well

Amplified sstDNA library beads

Quiality filtered bases



>. +" Nucleotides
™ [ ]

lllumina Solexa
y P

; DNA fragment
f 4
\ Ly

\d
Dense lawn
%:...“ —_— /' of primers

.....:..:::....' III| T /

8L Soesecte \ Adapter /

sase 38 e "
oses ii0 '“Q.....I.“'“::.u..:.“.
Adapters

Prepare genomic DNA sample

5 Attach DNA to surface
Randomly fragment genomic DNA Bind single-stranded fragments
and ligate adapters to both ends of randomly to the inside surface
the fragments. of the flow cell channels

Bridge amplification
Add unlabeled nucleotides
and enzyme to initiate solid-

Denature the double
phase bridge amplification

stranded molecules
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First chemistry cycle:
determine first base

To initiate the first
sequencing cycle, add

all four labeled reversible
terminators, primers, and
DNA polymerase enzyme
to the flow cell.

$
1
4
C'

z $
-

Image of first chemistry cycle

After laser excitation, capture the image
of emitted fluorescence from each
cluster on the flow cell. Record the
identity of the first base for each cluster.

e

/y G

Laser

o G
>
G

® 0

A
® G

™
" A
® o

G > >
© W ® o ® &

Before initiating the
next chemistry cycle
The blocked 3' terminus
and the fluorophore
from each incorporated
base are removed.

—> GCTGA...

Sequence read over multiple chemistry cycles

Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.



SOLID

a
SOLiD™ substrate Di base probes
L Template
3 TTnnnzzz5' | 2nd base
X (ACGT )

3'1Cn nin zzz5'
o %

/] [ TL \\ _____ \ 3' TCnninZZZS'* )
() () ) Y,

3'TAnnnzzz5'

- O N =
os5eq 15|

Glass slide Cleavage site



SOLID

5. Repeat steps 1-4 to extend sequence

1. Prime and ligate

Primer round 1

Universaéll seq primer (n)

Tpm
yeasl P1 adapter TA  Template sequence

2.lmage
Excite Fluorescence

S\,

L,

3. Cap unextended strands

~ Phosphatase

PO

*I'I'I'Ill'l / 4
f 3‘
4, Cleave off fluor

Cleavage agent *

Nt
i - A—

3

Ligation cycle 1

j A TWMRT TRNRC THNRCT TURRC ANEEC C
TA : T G ,
3
6. Primer reset

"'""’“"“"""'"‘)("T"""“""""

seq primer (n-1)
3 TrETETTEETTTIINEY - . 2. Primer reset

Primer round 2

3 4 5 6 7 e (ncycles)

."' 1. Melt off extended
© sequence

[UNANANAANANAARAANARARMARARNA, 3!

7. Repeat steps 1-5 with new primer

1 base shift

Universal seq primer (n-1) AA CA CG TC AA TA CC

TR,
T GT GC AG TT AT GG



Primer round

Universal seq primer (n)

9110

21

22

23

24

25

1
3' TITTTTTTT Y
2 Unive3rlsal seq primer (n-1)
T
3 Unlve;sal seq primer (n-2) Bridge probe
T
4 Universal seq primer (n-3) Bridge probe

3' TETTTITTTITITIY

5 Universal seq primer (n-4)
3' TITITTITITITITIY

® |ndicates positions of interrogation

Ligationcyclelll 12 3 45 6 @




SOLID

b Data collection and image analysis

Collect
colorimage

Identify Identify
bead color beads

A

. g

H[

.y
ae”

B
[:-;.-

o8

Collect Identify

colorimage

beads

Identify
bead color

Color space for
this sequence

Possible dinucleotides encoded by each color

1st base

2nd base

[

\

A C G T

Template sequence

—= o N >

[ —

[

CA CC TC
GT GG AG
G TT (71

AT AC AA GA
CG

GC
TA

Primer round 1,
i ligation cycle 1

Primer round 2,
i ligation cycle 1

Primer round 3,
i ligation cycle 1

Primer round 4,
i ligation cycle 1



SOLID

Double interrogation
With 2 base encoding each
base is defined twice
A T G G A

Decoding

. .. . Color space sequence
TA AC AA

GC CA CC TC
CG GT (GG

AG
Basezero— AT TG ) TT CT

AT TG GG GA Decodedsequence

Y Yy

G G A Basespacesequence

Possible dinucleotides




Single Molecule Sequencing: HeliScope

e Direct sequencing of DNA molecules: no
amplification stage

 DNA fragments are attached to array

e Potential benefits: higher throughput, less errors
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Technology Summary
Read Sequencing | Throughput | Cost
length Technology | (per run) (1Mbp)*
Sanger | —~800bp Sanger 400kbp 500%
454 ~400bp Polony 500Mbp 60%$
Solexa 75bp Polony 20Gbp 2%
SOLID 75bp Polony 60Gbp 2%
Helicos | 30-35bp Single 25Gbp 1%
molecule

*Source: Shendure & Ji, Nat Biotech, 2008

46




Applications

e Sanger:
— Small projects (less than 1Mbp)

o 454:
— De-novo sequencing, metagenomics

o Solexa, SOLID, Heliscope:
— Gene expression, protein-DNA interactions
— Resequencing

47
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Terminologies

Read: a sequence fragment that comes out of sequencer

Mate pair: a pair of reads from two ends of the same insert
fragment

Contig: a contiguous sequence formed by several overlapping
reads with no gaps.

Supercontig (scaffold): an ordered and oriented set of contigs,
usually by mate pairs.

Consensus sequence: sequence derived from the multiple
alignment of reads in a contig
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Analysis tasks

e Base calling / polymorphism detection
* Mapping to a reference genome
 De novo or assisted genome assembly



Mapping (Alignment)

e Genome re-sequencing
* (Gene expression estimation
e String clustering for assembly or metagenomics

Compare query frequencies of}

different samples —
= =
¥ —
e e *—
/ \ﬁ
%*ZA’ ~

) - C G
Strings _~—~ - - S—
C G
Reference Textt AT ATT GCTGAGCT G GCATT....... ACGT
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New Algorithm Is need!

e BLAST is too slow because reads are
(D Short
(2) Substituion only
(3) Same Length
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Requirement

e Speed
e Sensitivity
* Memory usage

Search through the genome once for every query 3§

Build index in advance to accelerate the mapping O
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Mapping with Errors

GCTGA GCT A
AT TGCT G

Reference -A TGCTG AGCT CATT

[How to build a index for string queries with errors J
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Suffix tree >45x

Burrow-Wheeler Transform

$

AS

ANAS
ANANA$
BANANAS
NAS
NANAS$

Suffix array
(2 5 bytes per base)

-_

Exact String Matching

o Suffix Tree O(n) Time/Space but large memory
e Suffix Array Save space, binary search

ANANAS$B

ANASBAN !

A$SBANAN"
BANANAS$
NANA$BA/
NA$SBANA
$BANANA

BWT index
(~1.65x bytes per base)

ZRANGrowp ¢

______________
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Suffix Tree

0123456 B
S = BANANA $ P=ANA

ANAS$ ANANAS



Burrows-Wheeler Transform

aac aac aac
(a) $acaacg € s g S g __$ g
aacg$ac a c a c T aac c
acaacg?$ a $+ac $ > a $
acaacg$—acg$aca—+>gc$aaac a a ac a a a
caacg$a > a_.'c a c a
cg$acaa c a c a c a
g$acaac _"g c g c g c
b
() g cg acg aacg caacg acaacg
$ g $ g $ g $ g $ g $ g
a c a c a c a c agecgsnac a c
a $ a $ a $ a $ a $ a $
a a a a a a aeoS=+a a a a a
c a c a c a c\a c a creacog¥a
c a c a cvia c a c a c a
g c Lacamc g c g c g c g ¢
Figure |

Burrows-Wheeler transform. (a) The Burrows-Wheeler matrix and transformation for 'acaacg'. (b) Steps taken by EXACTMATCH to identify the range
of rows, and thus the set of reference suffixes, prefixed by 'aac’. (¢) UNPERMUTE repeatedly applies the last first (LF) mapping to recover the original text
(in red on the top line) from the Burrows-Wheeler transform (in black in the rightmost column).



W o ZRANGroup 8

Advantages of BWT

e Easier to be compressed
e Easily to be reversed back
e Exact matching query (FM-index)



Exact

Inexact

75,75

160, 160

261, 262

266, 266

88, 88

177,177

266, 266

396, 396

60, 60

145, 145

203, 203

390, 390

51, 51

140, 140

184, 184

278, 278

102, 103

349, 349

270, 273

396, 396

396, 399

L 278, 290

1,30

/—— 1,104

104, 124

184, 184

k’ 278, 290

1,30

’/f—— 1,104

A 104,124

184, 184

278, 290

1,30

104, 124

184, 184

278, 290

80, 88

167, 174

240, 266

390, 396

104, 184

184, 278

278, 401

104, 184

184, 278

278, 401

1, 104

104, 184

184, 278

278, 401

1,104

104, 184

184, 278

278, 401




Seed-based Methods

e Build index by hashing sub-sequences

 Find alignments only if there is a 12-13 bp exactly
matched substring or subsequences.

Query String ~——s

Reference _ s — — — — — e



Inexact Matching Seeds

Conventional Read Mapping Seeds
32bp Read:

ACGTACGTCCCCTTT#ACGTACGTAAAAGGGO

Lookup Table 1 (3 cases):
ACGTACGﬂCCCCTTTTk***************

********CCCCTTTTACGTACG]********

****************FCGTACG1AAAAGGGq

Lookup Table 2 (2 cases):
ACGTACGT % % * x %« * 4ACGTACGTx * * % % % % %
*kkx%kx %% HCCCCTTTTh ** * %+ +* HAAAAGGGG

Lookup Table 3 (1 case):
ACGTACGTh **x*****x**x %% *** HAAADGCGCGG

Fig. 1. Conventional seeds used by ELAND, SOAP and MAQ divide a 32 bp
read into four substrings. For any alignment within two mismatches, at least
one of six pairs of substrings will match exactly. This method requires three
hash tables and six lookups for each read and direction (forward or reverse
complement).
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i

Single Periodic Spaced Seeds

Single Periodic Spaced Seed
32bp Read:

ACGTACGTCCCCTTTTACGTACGTAAAAGGGG
Lookup the Single Table (7 cases):

ACG*A**TTCC*¥CHx HTTA*G**CGQT* *AfF*r** %%

KOGT*C**{CCCH*T**TAC*T* *CGTA*AF** %%

* {GTA*G* * CCCHT* HACGH A% HTAA* A f % % %

* % A TACH*T* *X|CCT*T* CGT*C* A ADA* Gk * *

* % x A ACGHC* *PTT*T* HGTA*G* AAA* Gl *

%% %k CGT* C* *[TT*A* {TAC*T* HAAG*G

*hkkkk NCTCHCh*[TT*C*HACC*A*HACC*G

Fig. 2. The single periodic spaced seed full sensitive to two mismatches
over a 32bp read. For any alignment within two mismatches, at least one

out of the seven subsequences will match exactly. This seed is composed of
repeating the pattern (111%1%%),



NGS Alignment

Table I: Popular short-read alignment software

Program Algorithm SOLiD Long® Gapped PE® Q°
Bfast hashing ref. Yes No Yes Yes No
Bowtie FM-index Yes No No Yes Yes
BWA FM-index Yes* Yes®  Yes Yes No
MAQ hashing reads Yes No Yes Yes Yes
Mosaik hashing ref. Yes Yes Yes Yes No
Novoalign® hashing ref. No No Yes Yes Yes

"Work well for Sanger and 454 reads, allowing gaps and clipping.
®Paired end mapping. “Make use of base quality in alignment. ‘BWA
trims the primer base and the first color for a color read. “Long-read
alignment implemented in the BWA-SW module. 'MAQ only does
gapped alignment for lllumina paired-end reads. 2Free executable for

non-profit projects only.
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Limitations

e The sample may contain sequence that is absent or divergent
from the reference

 Reference sequences, particularly of higher eukaryotes, are
incomplete, notably in telomeric and pericentromeric regions

 Samples under study may either have no available reference

sequence or it may not be possible to define a single suitable
reference
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De novo Assembly

e Sequence assembly problem
— Find the shortest common sequence of a set of reads

— Given strings {s;, S,, ...} find the shortest string T such that
every s, is a substring of T

— This is NP-hard
— Need approximation algorithm



Greedy Algorithm

e Approximation algorithm for this is efficient, the
greedy algorithm

1.

2.
3.
4

calculate pairwise alignments of all fragments
choose two fragments with the largest overlap
merge chosen fragments

repeat step 2. and 3. until only one fragment is left
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Greedy Algorithm

e Comments:

— Greedy algorithm was the first successful assembly
algorithm implemented

— Used for organisms such as bacteria, single-celled
eukaryotes

— |t has some efficiency limitations
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Overlap-layout-consensus

e Algorithm based on graph theory
A graph is constructed

— nodes are reads
— edges represent overlapping reads

 Assemblers based on this approach

— Arachne, Celera, Newbler, etc



e Sort all k-mers in reads (k~24)

e Find pairs of reads sharing a k-mer

e Extend to full alignment, throw away if not > 95% similar

TACATAGATTACACAGATTACT GA

—e—— e ——
Lt e e

TAGTTAGATTACACAGATTACTAGA



Step 2. Construct overlap graph

A graphis constructed:
— Nodes are reads
— Edges represent overlapping reads

Overlap graph

ATTCACGTAG
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Step 3: Find Contigs

e Terminology in graph theory:

— Simple path: a path in the graph contains each node at
most once.

— Longest simple path: a simple path that cannot be
extended.

— Hamiltonian path: a path in the graph contains each node
exactly once.



Step 4: Multiple alignment and consensus

Recall: Now we got several contigs (i.e. several longest simple
paths)

Find the multiple alignments of these contigs, and get one
consensus sequence as our final contig.



de Brujin Graph

* Breaks reads into overlapping k-mers

e Source — k-1 prefix and destination is the k-1 suffix
corresponding to an n-mer

e Basic problem is to find a path that uses all the edges
e Eularian path — a path that visits all edges of a graph
e Eularian path is more efficient



Challenge of de novo assembly for NGS

e Large amount of reads
e Short reads

* Repeats
e Sequencing errors

e Computing power
* Memory usage



Velvet
Edena
SSAKE
SHARCGS
SHRAP
ALLPATHS
EULER-SR

e

NGS Assembler

ZRANGrowp ¢



Workflow

W\
NN Genomic DNA

NN

Fragment and paired-end sequencing
of libraries with variant insert sizes.

A | A 1
= 150~500 bp 2~10 Kb
G ——— Represent read sequence
B Byt gy o ol overlap using de Bruijn

4= fuum == = graph



Workflow

Remove erroneous connections on the
graph

T (ii) Remove low- (iii) Resolve
(1) Clip tips coverage links tiny repeats

el i ez

D e5 Break at repeat boundaries
5 and output contigs
e

(iv) Merge bubbles

ed



rosp' ¢

Workflow

‘ Scaffold construction
E el ez? el ed
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Measures of Assembly

N50
Largest contig formed

% bases in contigs >= 1KB
Total bases in contigs
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Other Problems of NGS

e Base Calling & Quality Control
 Polymorphism detection
* Transcript assembly
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