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The death of microarrays?

High-throughput gene sequencing seems to be stealing a march on microarrays. Heidi Ledford
looks at a genome technology facing intense competition.

Heidi Ledford

Faster, cheaper DNA sequencing technology is revolutionizing the
burgeoning field of personal genomics. But it is having another, more
subtle effect. M Send to a Friend ‘
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SECOND-GENERATION
SEQUENCING

e “Ultra high throughput” DNA sequencing

e 3 gigabases / week vs.

e 3 gigabases / 13 years (more or less)
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1000 GENOMES PROJECT

1000 Genomes

A Deep Catalog of Hu Genetic Variation

Home About Partners Data Contact Wiki

v

1000 GENOMES PROJECT DATA RELEASE

SNP data downloads and genome browser representing four high coverage
individuals

The first set of SNP calls representing the preliminary analysis of four genome sequences are now
available to download through the EBI FTP site and the NCBI FTP site. The README file dealing with
the FTP structure will help you find the data you are looking for.

The data can also be viewed directly through the 1000 Genomes browser at
http://browser.1000genomes.org. Launch the browser and view a sample region here.

More information about the data release can be found in the data section of this web site.
Download the 1000 Genomes Browser Quick Start Guide

Quick start (pdf)
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HUMAN EPIGENOME
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Methylation
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PLATFORMS

illumina’

Applied
Biggystems

5EQUEN:‘£§

e Millions of short DNA fragments (~36-70
bp) sequenced in parallel
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A SET OF SHORT READS

GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
GCGTTTATGGTACGCTGGACTTTGTAGGATACCCT
GAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGG
GCGTTGAGGCTTGCGTTTATGGTACGCTGGATTTT
CGTTTATGGTACGCTGGACTTTGTAGGATACCCTC
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
GTTTATGGTACGCTGGACTTTGTAGGATACCCTCG
TCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTA
TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC
TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC

771N
a
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ILLUMINA/SOLEXA

e Eight lanes
¢ 100 tiles/lane

* ~200K fragments per tile
e ~160M short reads (~50-70 bp) per run
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MATCHING

GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
GCGTTTATGGTACGCTGGACTTTGTAGGATACCCT
GAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGG
GCGTTGAGGCTTGCGTTTATGGTACGCTGGATTTT
CGTTTATGGTACGCTGGACTTTGTAGGATACCCTC
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
GTTTATGGTACGCTGGACTTTGTAGGATACCCTCG
TCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTA
TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC
TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC

CTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGGATACCCTCGCTTTC
JOHNS HOPKINS
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USE BLAST?

e Matching 10,000,000 32 bp reads:

BLAST takes more than 6 months
BLAT takes 2 months

MAQ takes 1 day and half

Bowtie takes 17 minutes

JOHNS HOPKINS
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MATCHING

GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC

- JOHNS HOPKINS
Bowtie ' @
An ultrafast memory-efficient short read aligner \C’XBX'NB\ BLOOMBE RG

SCHOOL « PUBLIC HEALTH

Bowtie is an ultrafast, memory-efficient short read aligner. It aligns short DNA sequences (reads) to the human genome at a rate of over 25
million 35-bp reads per hour. Bowtie indexes the genome with a Burrows-Wheeler index to keep its memory footprint small: typically about 2.2 -
GB for the human genome (2.9 GB for paired-end). 0S| certified

TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC

TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGGATACCCTCGCTTTC

‘) JOHNS HOPKINS
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Workflow examples
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BEBB>A706; CBBBBBARSBAAVVEVIVAVAREVAMANYY
@HWI-EAS1d5:5:1:1:159540/1
TOAGGAAGCACGRAGAGETCGTGCAGCAGGAMANIGIANGN

EABI= LT

GWE-EASIAsc51: 1 140n0/1
CTGGACTGCATCCTACCACCAACTCGTCCAANNKNCHMANCHNNNN

GTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTA]

Variant detection

GTCGCAGTANCTGTCT

[LLLLLLLT THLLLL
GTCGCAGTATCTGTCT

GGATCTGCGATATACC
[ELLEE TETLLLTL
GGATCT-CGATATACC
AATCTGATCTTATTTT

UARRRRRRRRRNNY
AATCTGATCTTATTTT

ATATATATATATATAT
[LLLLEETLTTLLTL]
ATATATATATATATAT

“Pileup” or “Coverage plot”

“Depth of coverage” =

A&I‘ega te

T
TA]

TA

TA]

NAT

CCCTA]
ACACCCTAT
ACACCCTAT
ACACCCTA]
GA-CACCCTA]
CCGGA-CACCCTAT
CCGGA-CACCCTAT
GCCGGA-CACCCTA]

Reference

CGCAGTATCTGTC
CGCAGTATCTG
CGCAGTATCTT
CGCAGTATCTG
CGCAGTATNTG
CGCAGTAT

CGCA

CGCA

CGCA

CGC

Call: HET A, G
p-value: 0.0023

“Coverage”

CGCAGTATCTGTCTTTGATTCCTGCCTCATCC




RNA-seq differential expression

GTCGCAGTATCTGTCT
GTCGCAGTATCTGTCT
GTCGCAGTANCTGTCT
LI T GTCGCAGTATCTGTCT
GTCGCAGTATCTGTCT GTCGCAGTATCTGTCT
GTCGCAGTATCTGTCT
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GGATCT-CGATATACC A&gr TATATCGCAGTATCTG
() TATATCGCAGTATCTG
AATCTGATCTTATTTT
L] Sate TATATCGCAGTATCTG Gene 1
AATCTGATCTTATTTT CCCTATATCGCAGTAT N .
AGCACCCTATGTCGCA differentially
ATATATATATATATAT AGCACCCTATATCGCA expressed?: YES
[EARRARNARRARNY AGCACCCTATGTCGCA
GAGCACCCTATGTCGC .
-value: 0.0012
CCGGAGCACCCTATAT P
CCGGAGCACCCTATAT
GCCGGAGCACCCTATG

Gene |
CATTTGGTATTTTCGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGC]@GAGCCGGAGCACCCTATGTCGCAGTATCTGTCTTQATTCCTGCCTCATCCTATTATTTATCGCAC CTl
TGTCGCAGTATCTGTC
AGCACCCTATGTCGCA
GTCGCAGTANCTGTCT GCCGGAGCACCCTATG
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Sesa: saassAIAMT: -Age

@HWI-EAS1AG
v::nnw::ucw\nncv(:n(w(cuuwwnwmnww

AR R

BB08>A700; CBBBBBAA-BA AT IRTAIATNINYAYY
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A <EABE= LV AREVIAVAREV AN
GWE-EASIAsc51: 1 140n0/1
CTGGACTGCATCCTACCACCAACTCGTCCAANNKNCHMANCHNNNN

ChIP-seq

GTCGCAGTANCTGTCT

[LLLLLLLT THLLLL
GTCGCAGTATCTGTCT

GGATCTGCGATATACC

[ELLEE TETLLLTL
GGATCT-CGATATACC

AATCTGATCTTATTTT

UARRRRRRRRRNNY
AATCTGATCTTATTTT

ATATATATATATATAT

[LLLLEETLTTLLTL]
ATATATATATATATAT

TCTCTCCCANNAGAGC
FELEETEEE FE

GATAGCATTGCGAGAC

TATGCACGCGATAGCA

2

~N

GTCGCAGTATCTGTCT
TGTCGCAGTATCTGTC
TATGTCGCAGTATCTG
TATATCGCAGTATCTG
TATATCGCAGTATCTG
TATATCGCAGTATCTG
CCCTATATCGCAGTAT
CCCTAJATCGCAGTAT
CCLTATATCGCASTAT
CLCTATATCGCAGHAT
LCCTATATCGCAGTAT
'CCCTATATCGCAGTA‘
! CCCTATATCGCAGTATy
AGEACCCTATGTCGCA '
A{CACCCTATATCGCA
HGCACCCTATGTCGCA
GAGCACCCTATGTCGC
CC6GAGCACCCTATAT
S€GGAGCACCCTATAT
PGCCGGAGCACCCTATG

ggv‘@bt

GTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGA

\GCCGGAGCACCCTATGTCGCAGTATCTGTCTT

N
GTCGCAGTATCTGTCT

Reference

Binding
occurs here
p-value:
0.0023

GATTCCTGCCTCAT(
GATTCCTGCCTCAT(
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SNPs

GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
GCGTTTATGGTACGCTGGACTTTGTAGGATACCCT
GAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGG
GCGTTGAGGCTTGCGTTTATGGTACGCTGGATTTT
CGTTTATGGTACGCTGGACTTTGTAGGATACCCTC
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
GTTTATGGTACGCTGGACTTTGTAGGATACCCTCG
TCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTA
TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC
TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC

CTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGGATACCCTCGCTTTC
JOHNS HOPKINS
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SEC-GEN SEQUENCING
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SEC-GEN SEQUENCING
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SEC-GEN SEQUENCING
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SEC-GEN SEQUENCING

O
A.l C.1 G.1 T.1
154.8 122.1 119.3 13001.9
1093.5 6186.6 -798.4 208.3
892.3 4028.2 -367.9 -463.9
59065 2607.9 -81.6 188.7

First Cycle
y ®
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SEC-GEN SEQUENCING

Second Cycle
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A.l C.1
154.8 122.1
1093.5 6186.6
892.3 4028.2
590.5 2607.9
-

[
G.1 T.1

119.3 13001.9

-798.4 208.3
-367.9 -463.9

-81.6 188.7
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A THOUGHT EXPERIMENT

L L WL
SYEL &

E 3 E E Color coded by call
S gy made: A, C, G, T

Four—channel fluorescence intensity, cycle 1 JOHNS HOPKINS
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FLUORESCENCE

INTENSITY

Four—channel fluorescence intensity, cycle 1

Corrada Bravo 10/30/09

Color coded by call
made: A, C, G, T
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_cycle:1 I_ _cycle : 15
T » D T
G
C
A &R
[ cycle : 35
T
G 73 ) G
C K % . c
A

Four—channel fluorescence intensity
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CHALLENGES

e Base-calling is the result of a complicated procedure
on noisy measurements

* Base-calls are not made with the same certainty
e Statistical: How to model this uncertainty?

e Computational: Can we manage this model at sec-
gen data scale?

n JOHNS HO[’[([NS
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INTENSITY MODEL

e log intensity read i, cycle j, channel ¢

Uije = Agje(ficjo + 2] a; + €55.) +

(1= Age)(pejp + a1 Bi + €.)

¢ indicators of nucleotide identity, read i, pos. j

1 if ¢ is the nucleotide in read 7 position j
Aijc -

0 otherwise

Corrada Bravo 10/30/09
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INTENSITY MODEL
(READ-CYCLE EFFECT)

cycle

JOHNS HOPKINS
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READ & CYCLE EFFECTS

0 10 20 30 0 10 20 30
[ I Y I T Y

h(intensity)

© . o0,
o
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T T T T 1 T T T T T 1T
0 10 20 30

LI L N N B |
0 10 20 30 0 10 20 30

cycle




INTENSITY MODEL

e log intensity read i, cycle j, channel ¢

Uije = Djje(fejo + QTL‘QJ + E%c) +

(1 — Agje)(pejp + LB +€.)

® read-specific linear models

Corrada Bravo 10/30/09
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INTENSITY MODEL
(READ-CYCLE EFFECT)

cycle

JOHNS HOPKINS
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h(max intensity)

INTENSITY MODEL
(BASE-CYCLE EFFECT)

cycle : 1 _ cycle: 5 cycle : 10
14 r ° Cor L
wm@@@ @m@;m@@-
o Ht@cacmmw:
cycle : 15 cycle : 20 cycle : 24
. o ° - RO -- b4
RO E N E RO
1 ¢ 7 9| o |0 ¢ g ::f
cycle : 28 cycle : 32 cycle : 35
144 © . -¢ o ,“2 °o ,? B
b OIS BORC N OISO
' .Q*umi@fu @ e oo
A C G A C G T A C G T “JOHNSHOIKINS
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INTENSITY MODEL

e log intensity read i, cycle j, channel ¢

Uije = Dije(fleja + 7] ai + €55,) +

(1= Agje) (pejs + 276 + €.)

® base-cycle effects

Corrada Bravo 10/30/09
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INTENSITY MODEL

e log intensity read i, cycle j, channel ¢

Uije = Aije(feja + IJTO% + €5.) +

(1= Agje)(pejs + 276 + ¢,)

® random noise

6%@ ~ N(07 O-gai) GB ~ N(Oa O-%z)

1jc

42 Corrada Bravo 10/30/09
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INTENSITY MODEL

e log intensity read i, cycle j, channel ¢

Uije = AijC(MCja + xfO‘Z + E%c) +
(1= Agje)(pejp + a1 Bi + €;.)

® estimate parameters with EM algorithm

e which also estimates
zije = BE{Ayje = uij} = P(Aije = 1|ugy)

“ JOHNS HOPKINS
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BASE IDENTITY
PROBABILITY PROFILES

& UM

0- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
13579111417 20 23 26 29 32 35

Position

“ JOHNS HOPKINS
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QUALITY METRICS

1. Entropy: Certainty according to
probability profiles in each read position

H;j = — E Zije 108 Zije

C

H; = — E Zije 108y Zije
cj

Corrada Bravo 10/30/09 AT
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QUALITY METRICS

| | |
>
3
[
(0]
Qa
T T T
0 500000
SNR cycle
| 15.2
> 15.1
g 15.0
8 14.9
T T T T 14.8
0 20 40 60 147
Entropy cycle JOHNS HOPKINS
@ BLOOMBERG
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SNPs

GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
GCGTTTATGGTACGCTGGACTTTGTAGGATACCCT
GAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGG
GCGTTGAGGCTTGCGTTTATGGTACGCTGGATTTT
CGTTTATGGTACGCTGGACTTTGTAGGATACCCTC
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
GTTTATGGTACGCTGGACTTTGTAGGATACCCTCG
TCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTA
TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC
TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC

CTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGGATACCCTCGCTTTC
JOHNS HOPKINS
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SNPs

TCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTA
TCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTTTG
GTACTCGTCGCTGCGTTGAGGCTTGCGTTTTTGGT
TGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTA
GCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTAC
CGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCT
GCGTTGAGGCTTGCGTTTATGGTACGCTGGATTTT
GTTGAGGCTTGCGTTTTTGGTACGCTGGACTTTGT
GTTGAGGCTTGCGTTTATGGTACGCTGGGCTTTTT
GAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGG
CTTGCGTTTATGGTACGCTGGACTTTGTAGGATAC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
TTGCGTTTATGGTACGCTGGACTTTGTAGGATACC
GCGTTTATGGTACGCTGGACTTTGTAGGATACCCT
CGTTTATGGTACGCTGGACTTTGTAGGATACCCTC
GTTTATGGTACGCTGGACTTTGTAGGATACCCTCG
TATGGTACGCTGGACTTTGTAGGATACCCTCGCTT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT
ATGGTACGCTGGACTTTGTAGGATACCCTCGCTTT

CTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTAGGATACCCTCGCTTTC
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Illumina/Solexa
Solid-phase amplification
One DNA molecule per cluster

Cluster llumina/Solexa — Reversible terminators
‘\ growth

Sample preparation

DNA (5 ng) - ‘l
Template '
dNTPs l Incorporate
and all four
polymerase [' nucleotides,

B each label
o\ 100-200 million molecular clusters witha

|
Y nllub

Bridge amplification
Source: Metzker ML. ies - the next Nat Rev Genet. 2010
Wash, four-
o colour imaging
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From reads to evidence

00

[ =SS
@HWI-EAS146:5:1:1: 96 #0/1
TCCGAGGCCAACCGAGGCTCCGCGGCGCTGNNNNNNNNNNCNNNNN
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From reads to evidence

i .1+ COMparative

BBBB)A
@HWI-EAS146:5:1:1:1595#0/1

TeasmccassrashcTesTackscasanmmmnan - Sequence-wise, individuals of a species are nearly identical
BIBEB<;

@NNIEASISS]IIQBO
(‘I’GGAU’GEAT(ETACtACEM(T(GTE(MHNNN(NNNNCHMINN

Well curated, annotated “reference” genomes exist

A=B7&7 :>B@: A>79:<; 1> 74 7BHHHHH R RTINS
@HWI-EAS146:5:1:1:1607#0/1
CTCCTCT(MGGTCC(CAGMG(ACAGC(MNNPIMANTNN(TNNMN
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ETCMAUE(TGAC(TTI‘GGTGATC(ACCCG(:TMGGC:r'r:mmu D. melanogaster, Science, 2000 H. sapiens, Nature, 2000 M. musculus, Nature, 2002

and Science, 2000
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@HWI-EAS146:5:1:1:1595#0/1 n ” . .
TeRGRAGC TecTachGe Idea: “Map” reads to their point
EBB@B(

of origin with respect to a
reference, then study differences

@t 1 #0/1
CTGGACTGCATCCTACCACCAACTCGTCCAANNNNCNNNNCNNNNN




From reads to evidence
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@HWI-EAS146:5:1:1:961#0/1
TCCGAGGCCAACCGAGGCTCCGCGGCGLT
+
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TCAGGAAGCAGGAAGAGCTGGTGCAGCAGGNNNNNNNNNNGNNNNN
+
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C(AG(C(CT(CC(CATCTCC(At(CTGTACCTNANC((CTGANNNN

BBA!MBB FAAABA77@5AAA : 2 2> hh it i ittt
@HWI-EAS146:5:1:2:1631#0/1
TGGGM(GCAGCCTA(A(TCTTCCCAGG((TCCTNC(TCCGTNMNN

SRR
@HWI-EAS146:5:1:2:1420#0/1
ETCAM(TE(TGAC(TTTGGTGATC(AE(CG(CTMGGCETTENMMN

BBBB BBBBBABAM’ ( —A8@>AM7AB7-A\\\%\S\\\\\\\S
@HWI-EAS146:5
ICCGAGGCCM(CGAGG(TCCGtGG(GCTGNNNHNMNNNNCNNNNN

BBBB A?
@HWI-EAS146:5:1:1:1595#0/1
Trlffllff TGGTGCAGC

@HWI-EAS
crecrere

2. de novo
Assume nothing! - let reads tell us everything

Reads with overlapping
sequence probably originate
from overlapping portions ... ..
of the subject genome ’

Encode overlap
relationships as a
graph

The full genome sequence
is a “tour” of the graph

Source: De Novo Assembly Using Illumina Reads. lllumina. 2010

http://www.illumina.com/Documents/products/technotes/technote_denovo_assembly.pdf




Mapping

Take a read:

CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC

And a reference sequence:

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAAGEGEAA AR
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATT, T
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATA,
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAHAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTA
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGT,
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGT!
AAGTAT, AAGT
CGTAAGTCAAACTCCTGCCTTTGGTGATCCACCCGCCTTGGCCTAC}TGCATAATGAAG
AAGCAC TGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT

How do we determine the read’s point of origin
with respect to the reference?

Answer: sequence similarity

Hypothesis 1:

Read

CTCAAAGACCTGACCTTTGGTGATCCACCC————- GCCTNGGCCTTC

[ILEEE e 1 Lt [I11 LT
CTCAAACTCCTGGATTTTG--GATCCACCCAGCTGGCCTTGGCCTAA

Reference

Hypothesis 2:

Read

CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC

EELERLLLLE LLLEEECEEEEEE e Lni |
CTCAAACTCCTG-CCTTTGGTGATCCACCCGCCTTGGCCTAC

Reference
Which hypothesis is better?

Say hypothesis 2 is correct. Why are there still
mismatches and gaps?




Mapping

Read
CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC

Reference

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT
ACCTAAGAACAGCTAAAAGAGCACACCCGTCTATGTAGCAAAATAGTGGGAAGATTTATA
GGTAGAGGCGACAAACCTACCGAGCCTGGTGATAGCTGGTTGTCCAAGATAGAATCTTAG

This is an alignment:

Read

CTCAAAGACCTGACCTTTGGTGATCCACCC————— GCCTNGGCCTTC

[LLEEE e 1 e [ LTI
CTCAAACTCCTGGATTTTG--GATCCACCCAGCTGGCCTTGGCCTAA

Reference

Software programs that compare reads to
references and find alignments are aligners.

Alignment is computationally difficult because
references (e.g. human) are very long (more
than 1M times longer than what’s shown to the
left) and sequencers produce data very rapidly,
e.g. up to 25 billion bases per day in 2010.

Sequencing throughput increases by ~5x per year,
whereas computers get faster at a rate closer to
~2X every 2 years.




Mapping

Take a read:
CTCAAACTCCTGACCTTTGGTGATCCA

And a reference sequence:

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1

GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT

Which hypothesis is better?

Hypothesis 1:

Read
CTCAAACTCCTGACCTTTGGTGATCCA

CECEREELEEE TP EErneernl
CTCAAACTCCTGCCCTTTGGTGATCCA

Reference
Hypothesis 2:
Read

CTCAAACTCCTGACCTTTGGTGATCCA

CELCERLELTEEEErnn el
CTCAAACTCCTGACCTTTCGTGATCCA

Reference

Is there any way to break the tie?




00

Mapping

@HWI-EAS146:5:1:1:961#0/1
TCCGAGGCCAACCGAGGCTCCGCGGCGCTGNNNNNNNNNNCNNNNN
+
BBBB>A
@mﬂ EA5146 5:1:1:159509/1
CAGGA/ GGTGCAGC

BQB@B
@HWI-EAS146:5:1: 1 1048#0/1
CYGGACTGCATCCTA(CA(CMCYCGTCCMHNNNCNNN‘N(NNNNN

A B7&7:>B@: A>79 <5 1> 74 7 RRHHH TR RS
@HWI-EAS146:5 1607#0/1
(TC (T(TCMEGTC (((AGMG(ACAG( CAANNNNANTNNCTNNNN

BBCC[CE(BB(BKE[ 7>+<>=BCBCBFHHHRRRRRRRRRRELNS
@HWI-EAS146:5:1:1:1719#8/1
CACGATCTGGGTTTATTGTAACCTCCGCCTCNNNNGNTNAAGNNNN
+
BCC?7+<B=7BB5=Al
@NHI ~EAS146:5: 1 2:947#0/1

ccc CATGTTCAGTTCGAGCGCNNANANC

BBBQ@’7A7>MB@>7B-7@ >B7B7BHHR RN
@HWI-EAS146:5:1:2:563#0/1
t(AGCC((T(Ct(CATCT(t(At(CTGTA((TMNC((CTGANNNN

BBA BAABB ; AAABA77@5AAA: 77 >%\~s\\,‘eﬂ\,“~s“~s\\,'s\\,“
@HWI-EAS146:5:1:2:1631#0,
TGGGMEGCAGC(TA(ACTCTTCt(AGGE(TC(TN(CTCEGTHNNN

BBB@E(BBBBBBBBB@BBBI\BAABBB7 9BBEBASE<B : ¥HH¥HEYY
@HWI-EAS146:5:1:2:1420#0/1
CYCMACTCCTGACCTTTGGYGAICCACC(GC(TNGG(CTTCNNNN

BBBB : (SAB@>AAA7AB?
@HWI-EAS146:5:1:1:961#0/1
T[CGAGG(CM(CGAGG(TC[GtGﬁtGCTGNNNNNNNNNN(NNNNN

BBBB A?
@NHI EASl46 5:1:1:1595#8/1
AGGA TGGTGCAGC

CCTCTCAAGGTCCCCAGAAGCACAGCC,

~ Recall that reads come with per-cycle quality values (in red)

In FASTQ format (left), qualities are encoded as ASCII
characters like B, = or %, but really they're integers [0, 40]

A quality value Q is a function of the probability P that the
sequencing machine called the wrong base:

Q = —10 - log;((P)

Q = 10: 1 in 10 chance that base was miscalled
Q = 20: 1in 100 chance
Q = 30: 1in 1000 chance

Higher is “better.”

Qs are estimated by the sequencer’s software and aren't
necessarily accurate




Mapping

Take a read:
CTCAAACTCCTGACCTTTGGTGATCCA

And a reference sequence:

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1

GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT

Which hypothesis is better?

Hypothesis 1:
Q=30
Read
CTCAAACTCCTGACCTTTGGTGATCCA

CECEEECLEEEE EEreerttetl
CTCAAACTCCTGCCCTTTGGTGATCCA

Reference

Hypothesis 2:
Read ‘Q =10

CTCAAACTCCTGACCTTTGGTGATCCA

CECERLELEEETeren theernl
CTCAAACTCCTGACCTTTCGTGATCCA

Reference




Mapping

Take a read:
CTCAAACTCCTGACCTTTGGTGATCCA

And a reference sequence:

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1

GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT

Which hypothesis is better?

Hypothesis 1:

Read
CTCAAACTCCTGACCTTTGGTGATCCA

CECEREELTEE TEEEEErneernl
CTCAAACTCCTG-CCTTTGGTGATCCA

Reference
Hypothesis 2:
Read

CTCAAACTCCTGACCTTTGGTGATCCA

CELCERLELTEEEErnn el
CTCAAACTCCTGACCTTTCGTGATCCA

Reference

Is there any way to break the tie?

Hint: In Illumina sequencing, sequencing errors
almost never manifest as gaps




Mapping

Aligners can employ penalties to account for the Read

relative probability of seeing different dissimilarities ﬂ?‘l“l“l‘ﬂ?ﬂ?“?ﬂ”?ﬂ?‘l‘ﬁf‘l‘
CTCAAACTCCTG-CCTTTGGTGATCCA

. . . Reference
Estimates vary, but small gaps (“indels") occur in

humans at 1 in ~10-100K positions. Penalty = 45
=10
Pengap = —101og;o(Pgap) Read ;Q
= —101og;4(0.00005) CTCAAACTCCTGACCTTTGGTGATCCA
~ CECEE LLELEEEELEr e it
A 45 CTCAA-CTCCTGACCTTTGGCGATCCA
Reference
SNPs occur in humans at 1 in ~1K positions, but Penalty = 55
depending on Q, sequencing error may be more likely Q=40
Read ¥
e = argmin(A0Logsa P A0toga(Poxe)) {0 1711
= arg min(Q, —101og;,(0.001)) CTCAAACTCCTGACCTTTGGTGCTCCA
= arg min(Q, 30) Reference
Penalty = 30

\begin{align*}

Pen _\textrm{gap}& \equiv -10 \log _{10} (P_\textrm{gap}) \\
&= -10 \log _{10} (0.00005) \\

&\approx 45

\end{align*}

\begin{align*}

Pen _\textrm{mm}& \equiv \arg\min(-10 \log _{10} (P_\textrm{miscall}), -10 \log _
{10} (P_\textrm{SNP})) \\

&= \arg\min(Q, -10 \log _{10} (0.001)) \\

&= \arg\min(Q, 30) \\

\end{align*}



