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@ finding the sequence

@ or finding some parts of the sequence

DNA Sequencing

sequence 1s the genome
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@ Human Genome
consists of 23
chromosomes

@ Each chromosome
contains a DNA
sequence

@ The total length is
G = 3.2 x 10°
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Fred Sanger
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@ Won the Nobel Prize for Chemistry twice
Sequencing Insulin

DNA Sequencing

1918-2013



Phi1 X 174 Bactriophage
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First Genome to be Sequenced

Genome Size: 5386 bp
Fred Sanger (1977




GAGTTTTATCGCTTCCATGACGCAGAAGTTAACACTTTCGGATATTTCTGATGAGTCGAAAAATTATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGA
AGTGGACTGCTGGCGGAAAATGAGAAAAT TCGACCTATCCTTGCGCAGCTCGAGAAGCTCTTACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGC

GTTGGATGAGGAGAAGTGG ATCETTORCAGTTCET G TGG GATATGAGTCACAPTTTGTTCATRGTAGAGATTCTCTTGTTGACATTTTAAAAGAG
CGTGGATTACTATCTGAGT TCAARGACTAATNGG TC G TTTGGCCTCTATTAAGCT
CATTCAGGCTTCTGCCGTLT R GGKI' T RACC JTGATETCATTTRCTG TG CRUGCTCGTCGCTGCGTTGAGG

CTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCGTCRTTGCTTATTA CATCCCGTCAACATTCAAACGG
CCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAAACATTATTAATGGCGTCGAGCGTCCGGTTAAAGCCGCTGAATTGTTCGCGTTTACCTTGCGTGTACGCGCAGGA
AACACTGACGTTCTTACTGACGCAGAAGAAAACGTGCGTCAAAAATTACGTGCGGAAGGAGTGATGTAATGTCTAAAGGTAAAAAACGTTCTGGCGCTCGCCCTGGTCGTC
CGCAGCCGTTGCGAGGTACTAAAGGTAN CTCCTETTTCC T AT GCTAGGTCC TCARCRAT T T TAAT TCCRACGCETECTTCLCCCCCTTAC T TGAGGATAAAT TA
TGTCTAATATTCAAACTGGCGCCGAGCGTATGCCGCATGACCTTTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTCGT( ,

CTGGCGACTCCTTCGAGATGGACGCCGTTGGCGCTCTCCGTCTTTCTCCATTGCGTCGTGGCCTTGCTATTGACTCTACTY

GTCAC A od GAACAG, GATTAAGTTCATGAAGGAIGGTGEFEIAATGCCACTCCTCTCCLOGACTGTTAACACTACTGA
con g desillenometodye Sequeneed e
ATGAGC ATGAT C G C gggggggiv TGCTCCGOCTTCCTCCTG _
CTACC T GACATTATGGGTC GAAGCTG TGC TTGCATACTGACCAAGAACGTGATTACTTCATGCAC :
GGT rn£§;g§§£gg{g@g§iA rfU%;%%gié?? TAATCTCTGGGCATCTGGCTATGATGTTGAT( Cav
TCTGG GTTC A TG CGC C TTCCTGAGCATGGCACTATGTTTACTCTTIGCG AT
GAGAT T TTAAGG GGTGCTTT ATATTGCTGGCGACCCTGTTTTGTATGGCAACTTGCOG BE=EE

CGTTC Gﬁ A% i(A;E ?(%’%AGTGGTATCGTTATGCGCCTTCGTATGTTTCTCCTGC
CAGGAA! GCCTTICTG GA GC CGCGTACTTA GCCACCATGATTATGACCAGTGTTTCCAGTCCGTTCA
AATGTGACCGTTTATCGCAATCTGCCGACCACTCGCGATTCAATCATGACTTCGTGATAAAAGATTGAGTGTGAGGTTATAA
CGCTGAGGGGTTGACCAAGCGAAGCGCGGTAGGTTITICTIGCTTITAGGAGTTTAATCATGTTTICAGACTTITTIATTICTCGCCA
TCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGTTTTACAGACACCTAAAGCTACATCGTCAACGTTATATTTTITGATAGT
CTTCATTGCATTCAGATGGATACATCTGTCAACGCCGCTAATCAGGTIGTTITICTGTTGGTGCTGATATTGOCTTTITGATGCCG 217,
TTTGAGTCTTCTTCGGTTCCGACTACCCTCCCGACTGCCTATGATGTTTATCCTTTIGAATGGTCGCCATGATGGETGEGETTA a % a a
GTCCTTCCCCGTACGCCGGGCAATAACGTTTATIGTTGGTTITICATGGTTITIGGTCTAACTTTACCGCTACTAAATGCCGOCGGATTIGGTTTICGCTGAATCAGGTTATTAAAGAG
ATTATTTGTCTCCAGCCACTTAAGTGAGGTGATTTATGTTTGGTGCTATTGCTGGCGGTATTGOCTTICTGCTICTTIGOTGEGETGEGOCGCCATGTCTAAATTIGETTIGCGAGGOCGGTC
AAAAAGCCGCCTCCGGTGGCATTCAAGGTGATGTGCTTIGCTACCGATAACAATACTGTAGGCATGGGTGATGGTATTAAATCTGCCATTCAAGGCTCTAATGTTCCTAACCCOG
TGATGAGGCCGCCCCTAGTTTIGTTTICTGGTGCTATGGCTAAAGCTGGTAAAGGACTTCTTGAAGGTACGETTIGCAGGCTGG CACTTICTGCOGTTITICTGATAAGTTIGCT TG
ATTTGGTTGGACTTGGTGGCAAGTCTGCCGCTGATAAAGGAAAGGATACT CGTGATTATCTTGCTGCTGCATTTICCTGAGCTTAATGCTTGEGEGAGCGETGCTGGETGCTGAT
GCTTCCTCTGCTGGTATGGTTGACGCCGGATTTGAGAATCAAAAAGAGCTTACTAAAATGCAACTGGACAATCAGAAAGAGATTGCCGAGATGCAAAATGAGACTCAAAAAG
AGATTGCTGGCATTCAGTCGGCGACTTCACGCCAGAATACGAAAGACCAGGTATATGCACAAAATGAGATGCTTGCTTATCAACAGAAGGAGTCTACTGCTCGOUGTTGCGT
CTATTATGGAAAACACCAATCTTTCCAAGCAACAGCAGGTTTCCGAGATTATGCGCCAAATGCTTACTCAAGCTCAAACGGCTGGTCAGTATTTTACCAATGACCAAATCAA
AGAAATGACTCGCAAGGTTAGTGCTGAGGTTGACTTAGTTCATCAGCAAACGCAGAATCAGCGGTATGGCTICTTICT CATATTGGCGCTACTGCAAAGGATATTTICTAATGTCC
GTCACTGATGCTGCTTCTGGTGTGGTTGATATTTTTITCATGGTATTGATAAAGCTGTTGCCGATACTTGGAACAATTTCTGGAAAGACGGTAAAGCTGATGGTATTGGCCTCTA
ATTTGTCTAGGAAATAACCGTCAGGATTGACACCCTCCCAATTGTATGTTTITCATGCCTCCAAATCTITIGGAGGCTTTITTITATGGTTICGTICTTIATTACCCTTICTGAATGTCA
CGCTGATTATTTTGACTTTGAGCGTATCGAGGCTCTTAAACCTGCTATTGAGGCTTIGTGGCATTICTACTICTTICTCAATCCCCAATGCTTIGGCTTICCATAAGCAGATGGAT
AACCGCATCAAGCTCTTGGAAGAGATTCTGTCTTTITCGTATGCAGGGCGTTGAGTTCGATAATGGTGATATGTATGTTIGACGGCCATAAGGCTGOTTICTGACGTTCGTGAT
GAGTTTGTATCTGTTACTGAGAAGTTAATGGATGAATTGGCACAATGCTACAATGTGCTCCCCCAACTTGATATTAATAACACTATAGACCACCGCCCOGAAGGGGACGAAA
AATGGTTTTTAGAGAACGAGAAGACGGTTACGCAGTTTTGCCGCAAGCTGGCTGCTGAACGCCCTCTTAAGGATATTCGCGATGAGTATAATTACCCCAAAAAGAAAGGTA
TTAAGGATGAGTGTTCAAGATTGCTGGAGGCCTCCACTATGAAATCGOCGTAGAGGOCTTIGCTATTCAGCGTTITIGATGAATGCAATGOCGACAGGOCTCATGCTGATGGEGTTGGET
TTATCGTTTTTGACACTCTCACGTTGGCTGACGACCGATTAGAGGCGTTTITATGATAATCCCAATGCTTIGCGTGACTATTTITICGTGATATTIGGTCGTATGGETTICTTIGCTGC
CGAGGGTCGCAAGGCTAATGATTCACACGCCGACTGCTATCAGTATTITITIIGCTGTGCOCTGAGTATGGTACAGCTAATGGCCGTCTTICATTTICCATGCGGTGCACTTTIATGCG
GACACTTCCTACAGGTAGCGTTGACCCTAATTTIGGTCGTOGGGTACGCAATCGCCGCCAGTTAAATAGCTTIGCAAAATACGTGGCCTTATGGTTACAGTATGCCCATOCGC
AGTTCGCTACACGCAGGACGCTTTITTICACGTICTIGGTTGGTIGCTGGCOTGTTGATGCTAAAGGTGAGCCGCT TAAAGCTACCAGTTATATGGCTGTTIGGETTICTATGCTGG
CTAAATACGTTAACAAAAAGTCAGATATGGACCTTGCTGCTAAAGGTCTAGGAGCTAAAGAATGGAACAACTCACTAAAAACCAAGCTGTOCGCTACTTCCCAAGAAGCTGETT
CAGAATCAGAATGAGCCGCAACTTOCGGGATGAAAATGCTCACAATGACAAATCTGTCCACGGAGTGOCTTAATCCAACTTACCAAGCTGEGGETTACGACGCGACGCOGTTCAA

CCAGATATTGAAGCAGAACGCAAAAAGAGAGATGAGATTGAGGCTGGGAAAAGTTACTGTAGCCGACGTTTTGGCGGCGCAACCTGTGACGACAAATCTGCTCAAATTTAT
GCGCGCTTCGATAAAAATGATTGGCGTATCCAACCTGCA




[Lambda Phage
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D (405)

Q@ Genome Size: 48,502 bp

E (405)

Q@ Fred Sanger, et al (19382) (profease) DNA (1)
Q@ Method: Shotgun Sequencing LR (portal, 12)
head W(~6 B FIl(~6)
tail Vv £25 U(~6)
(32x6=192) B
< tfa(12)
stf(12)

M? L?
J (=3 H (~6)
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it complains, Lamenting its
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banishment from its home

Hearken to the reed-flute, how it complains, Lamenting its banishment from



Shotgun Sequencing

Reads

Hearken to the reed-flute, how it complains, Lamenting its banishment from its home
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Base pairs (oo S
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Guanine  Cytosine

Sugar phosphate
backbone

{A,C,G, T}

U.5. Mational Librarny of Medicine
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DNA Shotgun Sequencing
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ACCGTCCTTAAGG

U.5. Mational Librarny of Medicine ACCGTCGTTAAGG
Reads
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ACCGTCCTTAAGG

U.5. Mational Librarny of Medicine ACCGTCGTTAAGG
Reads

ACCGTCGTTAAGG




DNA Shotgun Sequencing

U.5. Mational Librarny of Medicine

Reads

GTTTCCTAAGTGG

ACTGCTTCGTCCTA

ACCGTCGTTAAGG

ACTGCTTCGTCCTA

CCTTAAGCGGTTC
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Starting Big Projects
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1989

@ Genome of s. cerevisiae

@ Size of Genome: 12 Mb

@ 16 Chromosomes €& ;

Q@ Finished 1996

J J



Starting Big Projects
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1989

@ Genome of s. cerevisiae

@ Size of Genome: 12 Mb
@ 16 Chromosomes [

Q@ Finished 1996

1990

@ L. Coli: 4.6 M St
@ M. Capricolum: 1 Mb
Q@ C. elegans: 100 Mb -
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1989 1990

@ Genome of s. cerevisiae @ Human Genome Project (HGP)
@ Size of Genome: 12 Mb @ Size of Genome: 3.2 Gb

@ 16 Chromosomes @ 23 Chromosomes

@ TFinished 1996 @ TFinished 2003

1990

Q@ E. Coli: 4.6 M S
@ M. Capricolum: 1 Mb
Q@ C. elegans: 100 Mb -




Strategy: Hierarchical SG
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1ca

lerarch

H

Strategy

chromosome 22

pl3

pll.2

qll.22 _
qll.23
ql2.1l

ql2.2

* Random Fragments

ql2.3

ql3.l

ql3.2

ql3.31

ql3.32
ql3.33

50-200 kbp



Strategy: Hierarchical SG

(a)
>
o
3
o
wn
Q O < o Fe] Fe) < o © © =
— — — — — — — — — — — 3
w W w w w N N N e jul w 1]
w w w N L w N o N N N

w N - w N N
N

* Random Fragments

e ——— L ]

50-200 kbp

Tiling path



Strategy: Hierarchical SG

(a)
>
o
3
o
wn
Q O < o Fe] Fe) < o © © =
— — — — — — — — — — — 3
w w w N L w N o N N N
w N - w N N
N
* Random Fragments
e ——— L ]

50-200 kbp

Tiling path




©©©©© OO

H Influenzae
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T'he first sequenced free-living organism
Genome Size: 1.8 Mb

Strategy: Whole Genome Shotgun Sequencing
T'he Institute for Genomic Research TIGR
Finished 1995

Done 1in 13 months
Cost: 50 cents per base




Whole Genome Shotgun Sequencing
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Whole Genome Shotgun Sequencing

ZZ 2WOosowoiyd

Number of Reads: N

CCGGTACGGATCGTA
Read Length: L




HGP FINISHED
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T'here 1s Never Enough Sequencing
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T'here 1s Never Enough Sequencing
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courtesy: Batzoglou



Cost of one human genome

Sequencing Growth
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$100,000,000 ;

2004:
2008:
2010:

2013:
(today)
?7?7?:

$30,000,000 $10,000,000
$100,000
$1 0,000 $1,000,000
$4,000

$100,000

$300

Moore's Law

courtesy: Batzoglou



Next Generation Sequencing
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Q@ Very High Throughput
@ Higher error rate

@ Shorter Length

Q@ Very Cheap



Computational Challenges
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courtesy: Batzoglou
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@ How to assemble the reads?

courtesy: Batzoglou
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@ How to assemble the reads?
@ For given genome size G, what are the
requirements

courtesy: Batzoglou
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@ How to assemble the reads?
@ For given genome size G, what are the
requirements

@ Number of Reads: N

courtesy: Batzoglou



Computational Challenges

M B B b B B R L R B e b b B B B R L B B b B B Bl B L B B B b B B L R R B B b B b L R R b B b b B b B R B b b B Bl B L R R B B b

@ How to assemble the reads?
@ For given genome size G, what are the
requirements

@ Number of Reads: N
@ Length of Reads: L.

courtesy: Batzoglou



Computational Challenges
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@ How to assemble the reads?
@ For given genome size G, what are the
requirements

@ Number of Reads: N
@ Length of Reads: L.

Possible or not

courtesy: Batzoglou



Coverage Condition
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Coverage Condition
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N is the minimum number of reads
CO .
' required to cover the sequence




Coverage Condition

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

N is the minimum number of reads
> .
- required to cover the sequence

NCOV

I' N

1mpossible




Repeat Gondition
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courtesy: Tse



Repeat Gondition
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¢ L-spectrum is given



Repeat Gondition
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¢ L-spectrum is given

ATAGCCTAGCGAT



Repeat Condition

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

¢ L-spectrum is given

ATAGCCTAGCGAT
ATAGC

TAGCC
AGCCT

GCCTA
CCTAG
CTAGC

TAGCG

AGCGA
GCGAT



Repeat Gondition

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

de Bruijn Graph

¢ Add a node for each (L-1)- mer in a read
¢ Add edges for adjacent (L-1)-mers



Repeat Condition
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de Bruun Graph

¢ Add a node for each (L-1)- mer in a read
¢ Add edges for adjacent (L-1)-mers



Repeat Condition

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

de Bruun Graph

¢ Add a node for each (L-1)- mer in a read
¢ Add edges for adjacent (L-1)-mers

@ - -
@ @ Find an Eulerian Path



Repeat Condition

99999999999999999999999999999999999999999999999999999999999999999999999999

de Bruun Graph

¢ Add a node for each (L-1)- mer in a read
¢ Add edges for adjacent (L-1)-mers

= - -
@ @ Find an Eulerian Path

@ ATAGCCCTAGCGAT



Repeat Gondition




Repeat Gondition




Repeat Gondition

Triple repeat

A A A




Repeat Gondition

Trlple repeat
A
-0

is the minimum read length where there

Lerit > exists a unique solution for the problem




Repeat Condition
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1impossible

Lcrit L



Putting together

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Normalized number of reads

A

N

NCOV

>

L

Normalized Read Length



Putting together
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Normalized number of reads

A

N

NCOV

covered

not covered

>

L

Normalized Read Length
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interleaved repeats

covered

E crit L
Normalized Read Length
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Algorithm
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ll. Repeat | until only one contig remains.
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COVv

|s feasible

Motahari, Bresler, Tse (2012)
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