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Analysis of Human Genome Variation (HGV)
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Analysis of DNA Sequence Variation
* Introduction

* Next-generation sequencing
 Human genetics

* |dentification of genetic variation
* Experimental Design
* Analysis pipeline overview
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Next-Generation Sequencing

Definition
Non-Sanger-based high-throughput DNA
sequencing technologies.

Millions or billions of DNA strands can be
sequenced Iin parallel, yielding substantially
more throughput and minimising the need for
the fragment-cloning methods that are often
used in Sanger sequencing of genomes.
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More than 60 Years of Genome Research

Structure of
the DNA
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Evolution of Sequencing
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Sanger Sequencing

PCR in presence of fluorescent, chain-terminating nucleotides
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Fluorescent fragments detected by laser and represented on a chromatogram
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More than 60 Years of Genome Research

Structure of Reference
the DNA genome

Sanger
Sequencing

=87 UNIVERSITY OF

%" CAMBRIDGE



#@7 UNIVERSITY OF

% CAMBRIDGE

Evolution of Sequencing
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lllumina (Solexa)

lllumina Nextera library preparation, paired-end
sequencing and analysis

https.//youtu.be/womKfikWIxM
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https://youtu.be/womKfikWlxM

Sanger vs. Next-Generation Sequencing
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a DNA fragmentation

b DNA fragmentation

In vivo cloning and amplification

O_,

Cycle sequencing
3'-... GACTAGATACGAGCGTGA.. .-5' (template)
5-.. CTGAT (primer)
...CTGATC’?O
...CTGATCT 0
...CTGATCTA ,O
...CTGATCTAT 0
...CTGATCTATG Jo,
...CTGATCTATGC p
Polymerase ...CTGATCTATGCT 0
dNTPs ...CTGATCTATGCTC ©
Labeled ddNTPs .. .CTGATCTATGCTCG
Electrophorsesis

(1 read/capillary)

In vitro adaptor ligation

:
II

Generation of polony array

Cyclic array sequencing
(>‘l06 reads/array)
Cycle 1 Cycle 2 Cycle 3

000

What is base 17 What is base 2?7 What is base 37




More than 60 Years of Genome Research

Structure of Reference Personal
the DNA genome genomes
Sanger High-throughput

Next-generation

Sequencing Sequencing
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lllumina Flow Cell

» A flow cell contains 8 lanes

* Each lane is subdivided into 100 image tiles
» Per cycle 4 images (A, G, T, C) are taken

» 8 lanes x 100 tiles x 4 bases x 50 cyles => 160,000 images
* An image has a size of 7.3 MB => 1.2 TB per run

* The imaging takes up most of the time

* HiSeq X: dual flow cell, 2x150bp reads, 5.3-6 billion reads
pass QC, run takes less than 3 days, >75% of bases are

b Q 3 O HISEQ X DUAL FLOW CELL SINGLE FLOW CELL
a Ove Output per Run 1.6-187Tb 800-900 Gb
. . . Reads Passing Filter 5.3-6 billion 2.6-3 billion
* Never write images to disc ... upported Read Longth
Run Time < 3 days

Quality Scores 2 75% of bases above Q30 at 2 x 150 bp
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Throughput Growth Over 10 Years

Output per instrument run

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
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0
Platforms
ABI 3730xI 454 GS-20| Solexa/lllumina ABI SOLID Roche/454| lllumina GAllx, | lllumina Hi-Seq
capillary pyrosequencer sequence sequencer Titanium, SOLID 3.0 2000
sequencer analyser llumina GAII
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
1,000
1,000 Genomes, Watson Genomes pilot
Draft human Human Microbiome genome and HapMap3
genome HapMap Project begins | ENCODE Project begins projects begin publication publications
ENCODE Project| First tumour:normal Human genetic
pilot publications! genome publication syndromes publications
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Cost of Sequencing

Cost per Raw Megabase of DNA Sequence

$10K
%N
$1K
Moore's Law
$100
$10
$1
National Human Genome
$0.1 Research Institute
genome.gov/sequencingcosts

=

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
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Cost of Sequencing
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Personal Genomes

Personal
Genome

). Craig

Venter

James D.
Watson

Yoruban
male
(NA18507)

Han
Chinese
male

Korean
male (AK1)

Korean

male (SJK)

Yoruban
male

(NA18507)

Stephen R.
Quake

AML

female
AML male
James R.

Lupski
CMT male

Platform

Automated
Sanger

Roche/454

llumina/
Solexa

Wumina/
Solexa

Wlumina/
Solexa

Wlumina/
Solexa

Life/APG

Helicos
BioSciences

Wumina/
Solexa

lllumina/
Solexa

Life/APG

Genomic
template
libraries

MP from
BACs, fosmids
& plasmids

Frag: 500 bp

93% MP: 200 bp
7% MP: 1.8 kb
66% Frag:
150-250 bp

34% MP: 135 bp
&440bp

21% Frag: 130bp &
440bp

79% MP: 130 bp,
390bp &2.7kb

MP: 100 bp,
200 bp & 300 bp

9% Frag:
100-500 bp

91% MP:
600-3,500 bp

Frag: 100-500 bp

Frag: 150-200 bp*
Frag: 150-200 bp®
MP: 200-250 bp**
MP: 200-250 bp%

16% Frag:
100-500 bp

84% MP:
600-3,500 bp

No. of
reads
(millions)

319

93.2¢

3,410¢
271

1,921*
1,029
393*
1,156
1,647¢
211%
2,075*
2,725%

2,730%#
1,081%%
1,620
1,351*%
238*

1,211*

Read
length
(bases)

800

2508

35
35

35

35

36

36, 88,
106
35,74
50
25,50

325

32
35
35
50
35

25,50

Base
coverage
(fold)

1.5

14

40.6

36

27.8

29.0

179

28

32.7
13.9
233
213
29.6

Assembly

De novo

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Genome SNVsin
coverage millions

(%)*

N/A

95!

99.9

99.9

99.8

99.9

98.6

90

91
83
98.5
97.4
99.8

(alignment
tool)

3.21

3.32 (BLAT)

3.83 (MAQ)
4.14 (ELAND)

3.07 (SOAP)

3.45 (GSNAP)

3.44 (MAQ)

3.87
(Corona-lite)

2.81
(IndexDP)

3.81%(MAQ)
2.92% (MAQ)
3.46" (MAQ)
3.45% (MAQ)

3.42
(Corona-lite)

No. of
runs

>340,000

234

40

98
34
16.5
13.1

Estimated
cost

(US$)

70,000,000

1,000,000%

250,000°

500,000"

200,000"

250,000%#

60,000%**

48,000"

1,600,000"®

500,000

75,000

*A minimum of one read aligning to the National Center for Biotechnology Information build 36 reference genome. *Mappable reads for aligned assemblies.
gning gy 9 PP 9

SAverage read-length.'D. Wheeler, personal communication. IReagent cost only. *S.-M. Ahn, personal communication. **K. McKernan, personal

communication. *Tumour sample. ¥Normal sample. "Tumour & normal samples: reagent, instrument, labour, bicinformatics and data storage cost, E. Mardis,

personal communication. ™R. Gibbs, personal communication. AML, acute myeloid leukaemia; BAC, bacterial artificial chromosome;
CMT, Charcot-Marie-Tooth disease; Frag, fragment; MP, mate-pair; N/A, not available; SNV, single-nucleotide variant.
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Next-Generation Sequencing Helps
Interrogating Many Omic Features of a Cell

Hypersensitive CH

Sites x 3 P
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polymerase

Ribo-seq

\
| W w»
1 W .

Chromatin

Conformation Capture ‘ ;
. - Cell-type-
Conformation Open TF Binding / DNA specific
Capture Chromatin Histone mod. Methylation T pecitic
ranscription

g T >p Gene
Regulatory Promoter o hscripts RNA-seq
elements region

The ENCODE Project Consortium (adapted)
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Method
DNA-Seq

Targeted DNA-Seq
Methyl-Seq

Targeted methyl-Seq
DNase-Seq, Sono-Seq
and FAIRE-Seq

MAINE-Seq
ChIP-Seq

RIP-Seq, CLIP-Seq, HITS-
CLIP

RNA-Seq

FRT-Seq

NET-Seq

Hi-C
Chia-PET

Ribo-Seq

TRAP

PARS

Synthetic saturation
mutagenesis
Immuno-Seq

Deep protein mutagenesis

PhIT-Seq

Sequencing to determine:

A genome sequence

A subset of a genome (for example, an
exome)

Sites of DNA methylation, genome-wide

DNA methylation in a subset of the genome

Active regulatory chromatin (that is,
nucleosome-depleted)

Histone-bound DNA (nucleosome

Protein-DNA interactions (using chromatin
immunoprecipitation)

Protein-RNA interactions

RNA (that is, the transcriptome)

Amplification-free, strand-specific
transcriptome sequencing

Nascent transcription

Three-dimensional genome structure

Long-range interactions mediated by a
protein

Ribosome-protected mRNA fragments (that
is, active translation)

Genetically targeted purification of
polysomal mRNAs

Parallel analysis of RNA structure

Functional consequences of genetic
variation

The B-cell and T-cell repertoires

Protein binding activity of synthetic peptide
libraries or variants

Relative fitness of cells containing
disruptive insertions in diverse genes

Subway' route as defined in next figure

Comparison, 'anatomic' (isolation by anatomic site), flow cytometery, DNA extraction, mechanical shearing,
adaptor ligation, PCR and sequencing

Comparison, cell culture, DNA extraction, mechanical shearing, adaptor ligation, PCR, hybridization capture,
PCR and sequencing

Perturbation, genetic manipulation, cell culture, DNA extraction, mechanical shearing, adaptor ligation, bisulfite
conversion, PCR and sequencing

Comparison, cell culture, DNA extraction, bisulfite conversion, molecular inversion probe capture,
circularization, PCR and sequencing

Perturbation, cell culture, nucleus extraction, DNase | digestion, DNA extraction, adaptor ligation, PCR and
sequencing

Comparison, cell culture, MNase | digestion, DNA extraction, adaptor ligation, PCR and sequencing

Comparison, 'anatomic', cell culture, cross-linking, mechanical shearing, immunoprecipitation, DNA extraction,
adaptor ligation, PCR and sequencing

Variation, cross-linking, ‘anatomic', RNase digestion, immunoprecipitation, RNA extraction, adaptor ligation,
reverse transcription, PCR and sequencing

Comparison, 'anatomic', RNA extraction, poly(A) selection, chemical fragmentation, reverse transcription,
second-strand synthesis, adaptor ligation, PCR and sequencing

Comparison, 'anatomic', RNA extraction, poly(A) selection, chemical fragmentation, adaptor ligation, reverse
transcription and sequencing

Perturbation, genetic manipulation, cell culture, immunoprecipitation, RNA extraction, adaptor ligation, reverse
transcription, circularization, PCR and sequencing

Comparison, cell culture, cross-linking, proximity ligation, mechanical shearing, affinity purification, adaptor

Perturbation, cell culture, cross-linking, mechanical shearing, immunoprecipitation, proximity ligation, affinity
purification, adaptor ligation, PCR and sequencing

Comparison, cell culture, RNase digestion, ribosome purification, RNA extraction, adaptor ligation, reverse
transcription, rRNA depletion, circularization, PCR and sequencing

Comparison, genetic manipulation, ‘anatomic', cross-linking, affinity purification, RNA extraction, poly(A)
selection, reverse transcription, second-strand synthesis, adaptor ligation, PCR and sequencing

Comparison, cell culture, RNA extraction, poly(A) selection, RNase digestion, chemical fragmentation, adaptor
ligation, reverse transcription, PCR and sequencing

Variation, genetic manipulation, barcoding, RNA extraction, reverse transcription, PCR and sequencing

Perturbation, '‘anatomic’', DNA extraction, PCR and sequencing

Variation, genetic manipulation, phage display, in vitro competitive binding, DNA extraction, PCR and
sequencing

Variation, genetic manipulation, cell culture, competitive growth, linear amplification, adaptor ligation, PCR and
Shendure & Aiden (2012), adapted

sequencing




Subway Map of Core Techniques

Direct RNA
targeting
Polys( ‘medlat
reverse transcri 'on Experimental
Direct DNA
targeting == Comparison ™1
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&
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Biochemical @ Cell
transformation 8is¥lfite extraction
trea m uencing ato
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Evolution of Sequencing

Clonally amplified
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Oxford Nanopore Technology

Nanopore DNA sequencing:
https://vimeo.com/127689053?from=0outro-embed
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https://vimeo.com/127689053?from=outro-embed

Analysis of Human Genome Variation (HGV)
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Human Genome Variation
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More than 60 Years of Genome Research

2007 2010

Structure of Reference Personal gPeer:?)cr)r?:sl
the DNA genome genomes 1000+
Sanger High-throughput

Next-generation

Sequencing Sequencing
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Human Genome Variation

1000 Genomes Project (Nature, 1 Nov 2012)
» Aims to understand the genetic contribution to disease
» 1092 individuals from 14 populations
» Low-coverage whole-exome and whole-genome sequencing
- Validated haplotype map of lOOOGenomes
* 38 million single nucleotide polymorphisms
» 1.4 million short insertions and deletions G
 more than 14,000 larger deletions o

http://www.1000genomes.org
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http://www.1000genomes.org

Rare Genetic Variants in Health and Disease

» Better understand link between low-frequency and rare
genetic changes and human disease caused by harmful

changes to the proteins the body

» Study the genetic code of 10,000
than ever before.

* 4,000 whole genomes of deeply p
TwinsUK and ASLPAC) at 6x dept

* 6,000 whole exomes of extreme p
of specific conditions

* Provide a sequence variation resource for

future studies

= UNIVERSITY OF

makes.
people in much finer detalil

nenotyped cohorts (i.e.
8

nenotypes & U K

*10K
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http://www.uk10k.org
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Features

New Initiative will sequence 10,000
whole genomes of people with rare
genetic diseases

Study at Cambrnidge

Dscussion

ut the University

Video and audio Spotlight on

arch at Cambridge

Research at Cambridge

10,000 Whole Genomes ...

nnovation at Cambridge

New initiative will sequence 10,000 whole genomes of people with

rare genetic diseases

Project will lay foundation for genomic medicine.

University of Cambridge, Genomics England
and [Blumina, Inc. today announced the start
of 3 three-year project that will sequence
10,000 whole genomes of chiidren and adults
with rare genetic diseases, The project
represents 3 pilot for Genomics England,
which will provide 2,000 sampiles, and marks
the beginning of the national endeavor 1o
sequence 100,000 genomes in the UK
National Heath Service (NMS), announced
recently by the Prime Minister, David
Cameron

“This project will bring enormous
improvements to the care of patients with
rare genetic diseases. It will shorten the gap
between the first signs of ill-health in a
person and proviang a concusive dagnosis
Dy using the power of modern DNA
sequencng methods,” said Dr John Bradey,

€€ This project will bring
enormous
improvements to the
care of patients with
rare genetic diseases. It
will shorten the gap
between the first signs
of ill-health in a person
and providing a
conclusive diagnosis by
using the power of
modern DNA
sequencing methods 99

Published

21 Oct 2013
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An overview of the structure of DNA

Credit: Michael Strdck
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Related articles

New technigue will transform

epgenetics research

Offensive manoeuvres in the war

against M1V

A new dimension to DNA and

personalised medcine of the MNuture
Scentists discover how antibiotic
molecuie found n Dacterna stops breast

cancer

Tracking MRSA in Real Time




Genomics England — 100,000 Genome Project

Genomics =-.

Home  About us 100,000 Genomes Project GeCIP GENE Consortium Library & resources @ News Contact us

Genomics England, with the consent of
participants and the support of the public, is
creating a lasting legacy for patients, the NHS and
the UK economy through the sequencing of
100,000 genomes: the 100,000 Genomes Project.

Genomics England was set up by the Department of Health to deliver the
100,000 Genomes Project. Initially the focus will be on rare disease, cancer

and infectious disease.

Read more...

http://www.genomicsengland.co.uk/
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http://www.genomicsengland.co.uk/

A Roadmap of Sequencing Science

Sequencing the ' Cataloging variation between
genome of a species individuals in a species

Neandertal

Human “

Chimpanzee

: Describing the underlying cellular mechanisms

DNA-proten
binding

Genome
state

DNA methylation

[ Characterizing differences between :
cells within an individual

Immunogenomics

Metagenomics

ﬁ.“
Genome
RNA
life cycle el
RNA %\
f ¥
Transcription ol “//
N
Genome mRNA
rephcation oegradal»onf(,.l.,
_ Splicing A S
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G:::ﬂ ﬁ:’l C/
mRNA
e translabon e
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Human Genetics
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Human Genetics

Father Mother

Sperm

Haploid t ’ l ’ Haploid

23 Chromosomes(n) 23 Chromosomes(n)

)( ” )L N I Fertilized egg _
1 2 3 4 - g
(€D g N X o 2
5 7 8 9 10 1 12 Diploid S
46 Chromosomes(2n) 3

JU I M % W o
13 14 15 16 17 18 E
)} 2
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http://www.genome.gov/glossary/

Human Genetics

chromosome chromosome

allele1 A a allele?

Homozygous AA Heterozygous Aa Homozygous aa &
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http://www.genome.gov/glossary/

Human Genetics

Huntington's Disease

Allele D d Allele
v
D D D ) (d d()D (d(d
Genotypes L L w v
DD Dd and dD dd
Homozygous Heterozygous Homozygous
Phenotypes | Affected | | Unaffected |

mmm UNIVERSITY OF Dominant Recessive

CAMBRIDGE http://www.genome.gov/glossary/


http://www.genome.gov/glossary/

Human Genetics

Sickle Cell Anemia or Cystic Fibrosis

Alleles D d
v |
D D D )(d d()D (d(d
L B
Genotypes ve v v
DD Dd and dD dd
Homozygous Heterozygous Homozygous
Phenotypes | DD Dd dD | | dd |
Unaffected Affected

#8 UNIVERSITY OF Recessive
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http://www.genome.gov/glossary/

Human Genetics

» Two sets of chromosomes (diploid), one )(_ ?> }L N I
from each parent . .
* Two alternative copies (alleles) of each gene ‘6( 3} (a( 79‘: (( ?‘» )(
» Alleles can be JUOWon ¥ % N
- identical (homozygous) or S e
- dissimilar (heterozygous) nou n o0 2:
» Only one allele (dominant), or both alleles DA
(recessive) need to be mutated to be .
causative : T

» Genetic configuration (genotype) varies
amongst individuals and populations I I
1

 Results in a observable trait (phenotype)

mmm UNIVERSITY OF
CAMBRIDGE




ldentification of Genetic Variation

@ ™

i “ GWASs
© o Linkage and

' w sequencing ~ ~ . .
S = Exome A D

' w Genome  \ B

& )

\_/ \_/ \_/ \_/

Cooper et al., 201 |
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Genetic Variants have Different Functional Consequences

AM/\V/*\-'*
P . —

romoter variant Coding variant
B M & m
| e T =
UTR variant Intronic variant
C A A A A

T N N [

Intergenic variants

i Non-coding RNA variant
D —% S/ L&—ﬁ-ﬁ-ﬁl

Cooper et al., 201 |
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Exome-sequencing Interrogates the Protein-coding Portion

of the Genome

Construct /
shotgun library ) : Hybridization & e NS
—_— R _

Genomic DNA Fragments \/ \ \ \ ”

AGGTCGTTACGTACGCTAC
GACCTACATCAGTACATAG =
GCATGACAAAGCTAGETGT

Mapping, alignment,
variant calling DNA sequencing Captured DNA

Bamshad et al., 2011
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Whole Exome vs. Whole Genome

protein-coding intergenic non-protein-coding

Regions covered by WES (64 MB, 2%)

Regions covered by WGS (~3000 MB, 98%)
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Consequences

Raised demands for resources
*Storage (talking peta (1015) bytes)
« Computation

Data security

Sample requirements

Darwin - University of Gambridge
High-Performance Computing (HPC)
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Teasing out Disease-causing Variants

Long list of candidate variants
A A AR A A AR AR AR A A AR AAAAAAAAAA AR AR KA A Kk kA k&

N
Q & 3 OO O 13 O
- 2

Comparative  Protein Structure / Experimental

Genomics Biochemistry Assay
Cooper et al., 201 |
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Assessing Deleteriousness

SIFT
PolyPhen-2

LRT
MutationTaster

Mutation Assessor

FATHMM
GERP++ RS
PhyloP
SiPhy
PON-P

PANTHER
PhD-SNP

SNAP

SNPs&GO

MutPred

KGGSeq

CONDEL
CADD

Function prediction
Function prediction

Function prediction
Function prediction
Function prediction

Function prediction
Conservation score
Conservation score
Conservation score
Ensemble score

Function prediction
Function prediction

Function prediction

Function prediction

Function prediction

Ensemble score

Ensemble score
Ensemble score

1 — Score
Score

Score * 0.5 (if Omega =1) or 1 — Score
* 0.5 (if Omega <1)
Score (if Aor D) or 1 — Score (if N or P)

(Score-Min)/(Max — Min)

1 — (Score-Min)/(Max — Min)
Score
Score
Score
Score

Score
Score

Score

Score

Score

Score

Score
Score

>0.95
>0.5

>0.5

>0.65

>0.45
>4.4
>1.6
>12.17

>0.5

>0.49
>15

Protein sequence conservation among homologs

Eight protein sequence features, three protein structure
features

DNA sequence evolutionary model

DNA sequence conservation, splice site prediction, mRNA
stability prediction and protein feature annotations

Sequence homology of protein families and sub-families
within and between species

Sequence homology

DNA sequence conservation

DNA sequence conservation

Inferred nucleotide substitution pattern per site

Random forest methodology-based pipeline integrating five
predictors

Phylogenetic trees based on protein sequences

SVM-based method using protein sequence and profile
information

Neural network-based method using DNA sequence
information as well as functional and structural annotations
SVM-based method using information from protein sequence,
protein sequence profile and protein function

Protein sequence-based model using SIFT and a gain/loss of
14 different structural and functional properties

Filtration and prioritization framework using information from
three levels: genetic level, variant-gene level and knowledge
level

Weighted average of the normalized scores of five methods
63 distinct variant annotation retrieved from Ensembl Variant
Effect Predictor (VEP), data from the ENCODE project and
information from UCSC genome browser tracks

Dong et al., 2015




Experimental Design
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Sir Ronald A. Fisher

“To consult the statistician after an %‘

experiment is finished is often merely | "8 sy

to ask him to conduct a post mortem | @3 % |

examination. He can perhaps say 38

. : 9 o

what the experiment died of. b, A
(1890 — 1962)

Evolutionary biologist,

geneticist and statistician
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Andrew Lang

“An unsophisticated forecaster uses
statistics as a drunken man uses
lamp-posts - for support

rather than for illumination.”

(1844 — 1912)
Writer (poet, novelist),
literary critic and anthropologist
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Variant Discovery Strategies and Sample Selection

» Select study design to achieve adequate statistical power (i.e. trios
for de novo mutations, pedigree analysis, cohort of multiple
unrelated patients)

Trio . Pedigrees . Cohort
[ @)
O - - & L Ml F2 M2 F3
/ F | / M Al Uliljl}gO?Siec;I:Fl__/C?/[ U2 A;P;h(ggd

.PH, died & O J Fl J M
./ C . - = & F4 M4 F5 M5
J .
L]
1 2 3 7 P4 7 P5

* Focus on cases with extreme outcome
* Population stratification important for rare variant detection
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Genetic and Phenotypic Heterogeneity Reduces

Power

if

%. O
VOR-TPR. 0he

Do, or J >\‘ DK—ITDD
Yo i

Number of samples to achieve 80% power

20 1100

http://exomepower.ssg.uab.edu

B
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Phenotype-based Clustering Can Restore Power

(Deep) Phenotyping Clustering

N

Electronic health records and other clinical
information (i.e. demographics, laboratory tests,
human phenotype ontology (HPQO), imaging, etc.)

»@% UNIVERSITY OF

% CAMBRIDGE



Analysis Pipeline Overview
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GATK’s Best Practises

Data Pre-processing >> >> Preliminary Analyses
m Analysis-Ready | | SNps
j g Pt { Variants & Indels }
X ® L
: : :
L L
2 L ( s ] i
§ ° . Joint Variant Calling | ° Genotype
L } o Refinement
. ¢ . i Functional
E Indel Realignment : Raw : Annotation
- 3 [ SNPs ] [ lndels]
i ° Variants o
- . . - ° 1 1 J L +
. Base Recalibration | ° + + ° . ]
L ™ [ ) | 2
¢ N ° Variant Recalibration ° [ MariantEvaaton')
[ RR Compression i : (separafelypervarian:type} | : look good?
i ° ! | °
" ) L L
Analysis-Ready | ; ) A
Reads } o0 o. Filtered o0 o. ® @
J SNPs Indels
Variants troubleshoot use in project

m http://www.broadinstitute.org/gatk/
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http://www.broadinstitute.org/gatk/

Analysis Pipeline Tasks and Tools
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Analysis Pipeline Tasks and Tools
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NGS-Course Analysis Pipeline
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Data Formats

File extensions:

+ .fa — reference sequence (fasta), i.e. GRCh37 chr19.fa
 .fastg— raw sequencing reads, i.e. NA12878 1.fq.gz

« .sam — aligned sequencing reads, i.e. NA12878.sam

* .bam — aligned reads (binary), i.e. NA12891.bam

« .vcf — called variants, i.e. trio_mpileup.vcf

* .tbi — files indexed with tabix

* .gz — compressed files
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NGS-Course Data

Offspring trio of central european ancestry

NA12891 NA12892

O

O

NA12878
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Variant Annotation, Filtering and
Prioritisation
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Variant Annotation and Effect Prediction

_— AGGCTCTGAGCTGTGC
—_— CCTAAGCGCGGGCTGC
_—) $— - 3 > TACTAGCTTGGGATCTA
—_— CAATCCCCTGATGAATC

genomic DNA DNA fragments sequencer sequenced fragments
CHROM  POS 0 REF AT  QUAL FILTER INFO FORMAT GT Mapping
1 754964 133131966 C T 132245 LowQualAF=0807 GTDP 0/1:18 Alignment
1 1254841 1510907179 C G 4919746 PASS AF=0886 GTOP 1/1:134 G Genotyping
2 305573 rs34248887 CAY C 125621 PASS AFe0.305 GTOP 0187 Variant calling
—
Variant Call Format (VCF) file 0
o
\ o
b
(b) c
OMIM S
KEGG Path et e 1=
athways —
E.nsembl T'| ' Variant ®)
Mouse Genome Informatics u =
=i : g Effect m
COSMIC  Human Protein Atlas I| i Predictor D
Human Gene Mutation Database 'S‘ C%
MitoCarta Rafeie local database g
-
®
remote data sources D
=
DR RST .. ©
R R o
L >8_

rich annotations
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Exome Aggregation Consortium (ExAC)

* Aggregation of high-quality exome
(protein-coding region) sequence
data for 60,706 individuals of |
diverse ethnicities e

o rv——r s Vo e lurett (f Do wnder buorwnie & e arvve ov arvarty

Cctaber 20, 2014

 Resolution of one variant every =
eight bases of coding sequence http://exac.broadinstitute.org

Contributing projects

 Allows calculation of objective
metrics of pathogenicity for
sequence va riants ' E‘.%%”G'SZ2230??.2%33'{3,‘3?”ga“°” . T

* GoT2D * NHLBI-GO Exome Sequencing Project
* Inflammatory Bowel Disease (ESP), incl. 96 PAH cases
* METabolic Syndrome In Men (METSIM) * National Institute of Mental Health (NIMH)
Py - ' ‘Ii/l e dHHrftSt dyG s Con g|G|t/|AIT20
yocar i t sortiu um: O -
e Can be used for efficient filte ring of el G gmatun: < S
dV I Bi I gyW orking » Swedish Schizophrenia & Bipolar Studies
. . . . G oup + T2D-GENES
* Ottawa Genomics Heart Study » Schiz oph renia Tr osfom Ta iwan
candidate disease-causing variants | PSS [ SMEmmelmLI,
Infarction Study (PROMIS) » Tourette Sy ndrome Association
* Precocious Coronary Artery Disease In te national Consortiu mfo Genomics
Study (PROCARDIS) (TSAICG)

m; UNIVERSITY OF http://biorxiv.org/content/early/2015/10/30/030338
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http://exac.broadinstitute.org

Exome Aggregation Consortium (ExAC)
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Exome Aggregation Consortium (ExAC)
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Variant Annotation and Consequence

Prediction

e Deleteriousness scores

OMOM NS o MY AT OQUAL FREER O FORMAT  GY Mapping

« SIFT: funqtional prediction, protein sequence N KO C & e N e vu <N g‘?;;‘;g;
conservation among homologs; D e r € en ms Mexs e anw Variant calling

Variant Call Format (VCF) file

score: 1 (tolerated) - O (deleterious)
(b)

« PolyPhen: functional prediction, protein o .
sequence and structure features; e ears  Ensemb = R varane
score: 0 (benign) -1 (damagmg) COMIC pyman ProteinAdas ) T %: —1 Pfieg(:llor

Human Gene Mutation Database 's‘

« CADD: ensemble score, combines 63 distinct N e

variant annotation features retrieved from FRICH date Rotons
Ensembl VEP, Encode, UCSC genome browser; S
Phred score (i.e. 30 = 99.9% accurate or 1in 1000 HHHEINRERIEEI R RN R

IS incorrect) rich annotations
Yourshaw et al., Brief Bioinform (2015), adapted
* DNA sequence conservation scores
« GERP: maximum likelihood evolutionary rate estimation, predicts sites under evolutionary constraints
* PhyloP: base-wise conservation score derived from Multiz alignment of 100 vertebrate species

 PhastCons: evolutionary conserved elements derived from Multiz alignment of 100 vertebrate species
(phylogenetic hidden Markov model)
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Variant Annotation and Consequence

Prediction

e Deleteriousness scores

OROM MO8 0O M AT QUAL PR IO FORMATY  GY Mapping

« SIFT: functional prediction, protein sequence | T e T ) G0 g TS
Conservation among homologs; 7 MMATS mMIMEEET CAT € 129631 PSS A0S GTOP onar Variant calling
score: 1 (tolera Variant Call Format (VCF) file

protein sequence and

(b)

* PolyPhen: fund structure based prediction o > P
sequence and deeee—e—ys o o Ensemb = . | C R
score: 0 (benign) - 1 (damaging) COSMIC pyman Protein Adas ) Il| — 1 Predictor

Hu@n Gene Mutation Database sl dotabase 's‘

« CADD: ensemble score, combines 63 distinct N

\éizee‘rr;:; score base on various informative | mmmmﬁ I A
Phred sef  genome-wide annotations AR

IS Incorrett) rich annotations
Yourshaw et al., Brief Bioinform (2015), adapted
* DNA sequence conservation scores

« GERP: maximum likelihood evolutionary rate estimation, predicts sites under evolutionary constraints

+ PhyloP: base-wise { measures DNA sequence alignment of 100 vertebrate species

 PhastCons: evolutid conservation Multiz alignment of 100 vertebrate species

(phylogenetic hidden Markov model)
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Variant Annotation Tools

* Ensembl Variant Effect Predictor (VEP)
— http://www.ensembl.org/info/docs/tools/vep/index.html

* SnpEff/ SnpSift
— http://snpeff.sourceforge.net/

e AnnoVar
— http://annovar.openbioinformatics.orqg/en/latest/

* Rich annotation of DNA sequencing variants by leveraging the Ensembl
Variant Effect Predictor with plugins (Yourshaw et al., 2015)

* The State of Variant Annotation: A Comparison of AnnoVar, snpEff and
VEP (http://blog.goldenhelix.com/ajesaitis/the-sate-of-variant-annotation-
a-comparison-of-annovar-snpeff-and-vep/)

* Choice of transcripts and software has a large effect on variant
annotation (McCarthy et al., 2014)
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Ensembl Variant Effect Predictor (VEP)

Online | variant_effect_predictor.pl
5 Normal mode
z
o
s
O
;

e

& '-fu s .- ‘- ":;H ' 4.~"~.-. o
locations

Core
database
_________________ -
Exons |
,4 "fﬁ'f i ::-;;: ;"“

database SEduence :

Attributes "
variations

MySQL server
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Ensembl Variant Effect Predictor (VEP)

Cache variant_effect_predictor.pl
Cache mode (--cache)

NI0OMIBN

" Uncached

. M. . R AP
location

Cached location

N :i. N "... ['l oy It o

Core
database

................................

& Exons

Sequence

R ety
olt

- Vdlia i Write
database

cache

Attributes |

MySQL server
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Including External Resources

* Custom annotation
— http://www.ensembl.org/info/docs/tools/vep/script/

vep_custom.html
* VEP plugins
— https://github.com/ensembl-variation/VEP_plugins

 Examples
— http://www.ensembl.org/info/docs/tools/vep/script/

vep_example.html
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External Resources

1000 Genome Project
— http://www.1000genomes.org/

« Exome Aggregation Consortium (ExAC) Database
— http://exac.broadinstitute.org/

 dbNSFP
— https://sites.google.com/site/[popgen/dbNSFP
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Assessing Deleteriousness

SIFT
PolyPhen-2

LRT
MutationTaster

Mutation Assessor

FATHMM
GERP++ RS
PhyloP
SiPhy
PON-P

PANTHER
PhD-SNP

SNAP

SNPs&GO

MutPred

KGGSeq

CONDEL
CADD

Function prediction
Function prediction

Function prediction
Function prediction
Function prediction

Function prediction
Conservation score
Conservation score
Conservation score
Ensemble score

Function prediction
Function prediction

Function prediction

Function prediction

Function prediction

Ensemble score

Ensemble score
Ensemble score

1 — Score
Score

Score * 0.5 (if Omega =1) or 1 — Score
* 0.5 (if Omega <1)
Score (if Aor D) or 1 — Score (if N or P)

(Score-Min)/(Max — Min)

1 — (Score-Min)/(Max — Min)
Score
Score
Score
Score

Score
Score

Score

Score

Score

Score

Score
Score

>0.95
>0.5

>0.5

>0.65

>0.45
>4.4
>1.6
>12.17

>0.5

>0.49
>15

Protein sequence conservation among homologs

Eight protein sequence features, three protein structure
features

DNA sequence evolutionary model

DNA sequence conservation, splice site prediction, mRNA
stability prediction and protein feature annotations

Sequence homology of protein families and sub-families
within and between species

Sequence homology

DNA sequence conservation

DNA sequence conservation

Inferred nucleotide substitution pattern per site

Random forest methodology-based pipeline integrating five
predictors

Phylogenetic trees based on protein sequences

SVM-based method using protein sequence and profile
information

Neural network-based method using DNA sequence
information as well as functional and structural annotations
SVM-based method using information from protein sequence,
protein sequence profile and protein function

Protein sequence-based model using SIFT and a gain/loss of
14 different structural and functional properties

Filtration and prioritization framework using information from
three levels: genetic level, variant-gene level and knowledge
level

Weighted average of the normalized scores of five methods
63 distinct variant annotation retrieved from Ensembl Variant
Effect Predictor (VEP), data from the ENCODE project and
information from UCSC genome browser tracks

Dong et al., 2015
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Phred Quality Scores

» Assess/measure accuracy of base calling
* Defined as a property related to the base calling error
probabilities (P):
Q =-10 log10(P)
» Reaching Q30, virtually all bases in a read are called

correctly:
Phred Quality Score Probability of Incorrect Base Call Base Call Accuracy
10 1in 10 90%
20 1in 100 99%
30 11in 1,000 99.9%
40 11in 10,000 99.99%
50 1in 100,000 99.999%
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55224911 55224921 55224931 55224941 55224951 55224961 55224971 55224981 55224991 55225001
GCTTCCTCCATTAAAC TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT CCCTTCCTTTCGCTCTCTGTGATGTGAAG

A AR R R R R E R R R AR R R ............................"...........!................. AR R R AR R R R AR R R R R R R R R R R R E R EEE

gctt ctccattaaac*ttccattaaatggcagtgctttcag cagctgttgtggccccteccecgtgtctgeccct*ceccttectttegetectetgtgatgtgaag
GCTTCCTCC tgaatc*ttccattatatggcagtgctttcagtccagctgttgtggacccteccgtgtctgececct*cecttecttteg CTCTGTGATGTGAAG
GCTTCCTCCATTAAAC* cattaaatggcagtgctttcagtccagctgttgtgg CCGTGTCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGACG
GCTTCCTCCATTAAAC*T aattaaatggcagtgctttcagtccagctgttgtggaccctcegtgtctge CT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTACACTTTCCAT ATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTC cgtctgcccct*cceccttectttegetectectgtgatgt AAG
GCTTCCTCCATT aac*ttccattaaatggcagtgctttcagtccagetg ggggaccctccecgtgtctgeccecct*ceccttectttegetectectgtgatgtgaa

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTIT gtccagctgttgtggaccctccecgtgtctgecccet*ce cctgtcgecctettttectcetgact
G TTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTT tccagctgttgtggaccctceccecgtgtcectgeccct*cecttectttegetectetgtgatgtgaag
GCTTCCTCCATTAAAC*TTACAGTAAATCGCAGTGCTTTCAG CTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGT CTGTTGTGGATCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTITAAG
gc TCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTC CCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCT CTTTCGCTCTCTGTGATGTGAAG
gct cctcgattaaac*ttccattaaatggcagttctttca cctgctgttgtggatcctccgtgtctgecccct*cecctt tttcgcactctgtgatgtgaag
gcttece CATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTACTTATGATGTTGATCCCCCGTGTCTGACCCTACACTTC ttcgctctctgtgatgtgaag
GCTTCCT ATTAAAC*TTCCATTAAATGGCAGTGCTITTCAGTCCAGCTGTITGT accctccgtgtctgeccct*cccttectttegetete tgatgtgaag
GCTTCCT TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTG  ttgtggaccctccgtgtctgcccct*cccttectttcg CTCTGTGATGTGAAG
GCTTCCTC TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAG  ttgtggaccctccecgtgtctgeccct*cceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC atcctccecgtgtctgeccecct*cecttectttegetectectgtgatgtgaat
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC ccgtgtctgeccct*cecttectttegetectectgtga GTGAAG
gcttcctcece AAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCT cgtgtctgccecct*ceccttectttegetectectgtgatgtga

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCCGTCCTGCTGTTGTG TCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGA

gcttcctceccattaa c*ttccattaaatggcagtgectttcagtceccagetgttgtggaccctecogtgt ccct*ceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC* TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATC TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTTCATTGAAC*T TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGG TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*CTC AAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGGCCC CCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAT
GCTTCCTCCATTAAAC*TTCCA aaatggcagtgctttcagtccagctgttgtggaccce ct*cccttecctttecgetectectgtgatgtgaag
gcttcctccattaaac*ttccat CAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCATGTCTGCCCCT*CCCTTCCTTIT ctgtgatgtgaag
gcttcctccattaaac*ttccattaaatggcagtgectttcagtectgetgttgtggatectece T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGAACCTCCGTG T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
gcttcctccattaaac*ttccattaa gtgctttcagtcctgectgttgtggatcctecgtgte cccttectttecgetectctgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTCCGTGTT cccttectttecgegetcectgtgatgtgaag
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ERR001281.637*252 ERR001742.2945794 * ERR001713.6692241
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GCTTCCTCCATTAAAC TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT CCCTTCCTTTCGCTCTCTGTGATGTGAAG
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gctt ctccattaaac*ttccattaaatggcagtgctttcag cagctgttgtggccccteccecgtgtctgeccct*ceccttectttegetectetgtgatgtgaag
GCTTCCTCC tgaatc*ttccattatatggcagtgctttcagtccagctgttgtggacccteccgtgtctgececct*cecttecttteg CTCTGTGATGTGAAG
GCTTCCTCCATTAAAC* cattaaatggcagtgctttcagtccagctgttgtgg CCGTGTCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGACG
GCTTCCTCCATTAAAC*T aattaaatggcagtgctttcagtccagctgttgtggaccctcegtgtctge CT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTACACTTTCCAT ATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTC cgtctgcccct*cceccttectttegetectectgtgatgt AAG
GCTTCCTCCATT aac*ttccattaaatggcagtgctttcagtccagetg ggggaccctccecgtgtctgeccecct*ceccttectttegetectectgtgatgtgaa

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTIT gtccagctgttgtggaccctccecgtgtctgecccet*ce cctgtcgecctettttectcetgact
G TTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTT tccagctgttgtggaccctceccecgtgtcectgeccct*cecttectttegetectetgtgatgtgaag
GCTTCCTCCATTAAAC*TTACAGTAAATCGCAGTGCTTTCAG CTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGT CTGTTGTGGATCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTITAAG
gc TCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTC CCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCT CTTTCGCTCTCTGTGATGTGAAG
gct cctcgattaaac*ttccattaaatggcagttctttca cctgctgttgtggatcctccgtgtctgecccct*cecctt tttcgcactctgtgatgtgaag
gcttece CATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTACTTATGATGTTGATCCCCCGTGTCTGACCCTACACTTC ttcgctctctgtgatgtgaag
GCTTCCT ATTAAAC*TTCCATTAAATGGCAGTGCTITTCAGTCCAGCTGTITGT accctccgtgtctgeccct*cccttectttegetete tgatgtgaag
GCTTCCT TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTG  ttgtggaccctccgtgtctgcccct*cccttectttcg CTCTGTGATGTGAAG
GCTTCCTC TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAG  ttgtggaccctccecgtgtctgeccct*cceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC atcctccecgtgtctgeccecct*cecttectttegetectectgtgatgtgaat
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC ccgtgtctgeccct*cecttectttegetectectgtga GTGAAG
gcttcctcece AAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCT cgtgtctgccecct*ceccttectttegetectectgtgatgtga

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCCGTCCTGCTGTTGTG TCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGA

gcttcctceccattaa c*ttccattaaatggcagtgectttcagtceccagetgttgtggaccctecogtgt ccct*ceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC* TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATC TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTTCATTGAAC*T TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGG TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*CTC AAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGGCCC CCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAT
GCTTCCTCCATTAAAC*TTCCA aaatggcagtgctttcagtccagctgttgtggaccce ct*cccttecctttecgetectectgtgatgtgaag
gcttcctccattaaac*ttccat CAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCATGTCTGCCCCT*CCCTTCCTTIT ctgtgatgtgaag
gcttcctccattaaac*ttccattaaatggcagtgectttcagtectgetgttgtggatectece T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGAACCTCCGTG T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
gcttcctccattaaac*ttccattaa gtgctttcagtcctgectgttgtggatcctecgtgte cccttectttecgetectctgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTCCGTGTT cccttectttecgegetcectgtgatgtgaag
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GCTTCCTCCATTAAAC TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT CCCTTCCTTTCGCTCTCTGTGATGTGAAG
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;ctt c ¢ attaaac*ttccattaaatggcagtgctttcag cagc gt gtgg ccctceccecgtgtctgeccecct*ceccttectttegetectectgtgatgtgaag
GCTTCCTCC t a c* tccatta atggcagtgctttcagtccagctgttgtggaccctcegtgtctge ct*cccttceccttteg CTCTGTGATGTGAAG

GCTTCCTCCATTAAACY c a gc tgc cagtccagctgttgtgg CCGTGTCTGCCCCT*CCCTTCCTTTCGCTCTC T

GCTTCCTCCATT AAC*T aattaaatggcagtgctttcagtccagctgttgtggaccctccecgtgtctge CT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG

GCTTCCTC TACACTE? ATGGCAGTGCTTTCAGTCCTGCTGTITGTGG TCCTC ¢ tctgceccct*cccttectttcgetctctgtgatgt AAG
T T ac* cc a ggcagtgc cagtccagctg g cc ccg g ctgeec ¢ cce ccC cgctc ctgtgatgtgaa

GCTTCCTCC TTAAAC*TTCCATTAAATGGCAGTGCT T gtccagctgttgtggaccctccgtgtctgeccct*cce cctgtcgeccctctt tcect tgact
G TTCCTCCATTA AC*TTCC TT TGG GT TIT tccagctgttgtggacccteccecgtgtectgececct*cecttectttegetetectgtgatgtgaag
GCTTCCTCCA TAAAC* T CA TA AT GCAG CT AG CTGTITG GGACCC CG GICTG CC T*C CIT CGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGT CTGTTGTGGATCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGT AAG
gc T CTCCATTAAAC*TTCCATTA AT AG T CCAGCTGTITGTGGACCCTCCGTGTCTGCCCCT*CCCT CTTTCGCTCTCTGTGATGTGAAG
gct t ac*ttccattaa tgg agt ctttca cctgctgttgtggatcctccgtgtctgcccec ccctt tt cgcactctg gatgtgaag
gcttcce CATTAAAC*TTCCATTAAATGGCAGTGCTITCAGITACT TG TGT GAT CG GTCT CCTACACT C c ctct g a gt aag
GCTTCCT ATTAAAC*TTCCATTAAATGGCAGTGCITTCAGT C GCTGIT T cccteecgtgtectgeccecct*cecttectttegetete tgatgtgaag
GCTTCCT TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTG  ttgtggac ctccgtgtctgcccct*cccttectttcg CTCTGTGATGTGAAG
GCTTCCTC TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAG tgtgg ccctecegtgtctgeccct*ceccttectttegetectctgtgatgtgaag

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAG GCTTTCAGTCCTGC cctee tct ¢ cc ccect cc ttegectectctgtgatgtgaat
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCT ccgt tctgcecccect*cecttectttegetectetgtga GTGAAG
gcttcctcee AAAC*TTCCATTA TGGCAGT CT TC CcC c ct cccct*cecttectttegetctectgtgatgtga
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTT CG CCTGC GTTG G TCTGCCCCT*CCCTICCTITCGCTICT T T TG
gcttcctccattaa c* c ¢ ttcagtccagctgttgtggaccctccgtgt ccct*ceet cc cgec ¢ ctgtgatgtgaag
GCTTCCTCC TIT A TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATC TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GC T CT TT TTAAATGGCAGTGCT TCAGICCIGC TIT TGCCCCT*CCCTTCC T C CTC C A G
GCTTCC CCATTAAAC* TC AAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGGCCC CCT*CCCTTCCTTTCGCTCTCTGTGATGTCAAT
G TTCCTCCATTAAAC*TTCCA a tggcagtgctttcagtccagctgttgtggaccce ct*cccttecctttecgetctectgtgatgtgaag
gcttcctccattaaac*ttccat CAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCC CC T CTTT cg g ag
gc tcctccattaaac*ttccattaaatggcagtgctttcagtcctgetgttgtggatectee T*CCCTTCCTITCGCTCICT T T TGAA
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGT CAGCTGTITGIG CCTCCGTG T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
gcttcctccattaaac*ttccattaa g ¢ tca tcc gctgt gtggatcctecegtgte cccttecctttecgetctectgtgatgtgaag

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCTGTIT T G T CTC TGTT cccttectttege ctectgtbatgtgaag
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GCTTCCTCCATTAAAC TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT CCCTTCCTTTCGCTCTCTGTGATGTGAAG
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gctt ctccattaaac*ttccattaaatggcagtgctttcag cagctgttgtggccccteccecgtgtctgeccct*ceccttectttegetectetgtgatgtgaag
GCTTCCTCC tgaatc*ttccattatatggcagtgctttcagtccagctgttgtggacccteccgtgtctgececct*cecttecttteg CTCTGTGATGTGAAG
GCTTCCTCCATTAAAC* cattaaatggcagtgctttcagtccagctgttgtgg CCGTGTCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGACG
GCTTCCTCCATTAAAC*T aattaaatggcagtgctttcagtccagctgttgtggaccctcegtgtctge CT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTACACTTTCCAT ATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTC cgtctgcccct*cceccttectttegetectectgtgatgt AAG
GCTTCCTCCATT aac*ttccattaaatggcagtgctttcagtccagetg ggggaccctccecgtgtctgeccecct*ceccttectttegetectectgtgatgtgaa

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTIT gtccagctgttgtggaccctccecgtgtctgecccet*ce cctgtcgecctettttectcetgact
G TTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTT tccagctgttgtggaccctceccecgtgtcectgeccct*cecttectttegetectetgtgatgtgaag
GCTTCCTCCATTAAAC*TTACAGTAAATCGCAGTGCTTTCAG CTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGT CTGTTGTGGATCCTCCGTGTCTGCCCCT*CCCTTCCT CGCTCTCTGTGATGTITAAG
gc TCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTC CCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT*CCCT CTTTCGCTCTCTGTGATGTGAAG
gct cctcgattaaac*ttccattaaatggcagttctttca cctgctgttgtggatcctccgtgtctgecccct*cecctt tttcgcactctgtgatgtgaag
gcttece CATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTACTTATGATGTTGATCCCCCGTGTCTGACCCTACACTTC ttcgctctctgtgatgtgaag
GCTTCCT ATTAAAC*TTCCATTAAATGGCAGTGCTITTCAGTCCAGCTGTITGT accctccgtgtctgeccct*cccttectttegetete tgatgtgaag
GCTTCCT TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTG  ttgtggaccctccgtgtctgcccct*cccttectttcg CTCTGTGATGTGAAG
GCTTCCTC TTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAG  ttgtggaccctccecgtgtctgeccct*cceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC atcctccecgtgtctgeccecct*cecttectttegetectectgtgatgtgaat
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGC ccgtgtctgeccct*cecttectttegetectectgtga GTGAAG
gcttcctcece AAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCT cgtgtctgccecct*ceccttectttegetectectgtgatgtga

GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCCGTCCTGCTGTTGTG TCTGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGA

gcttcctceccattaa c*ttccattaaatggcagtgectttcagtceccagetgttgtggaccctecogtgt ccct*ceccttectttegetectectgtgatgtgaag
GCTTCCTCCATTAAAC* TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATC TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTTCATTGAAC*T TTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGG TGCCCCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*CTC AAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGGCCC CCT*CCCTTCCTTTCGCTCTCTGTGATGTGAAT
GCTTCCTCCATTAAAC*TTCCA aaatggcagtgctttcagtccagctgttgtggaccce ct*cccttecctttecgetectectgtgatgtgaag
gcttcctccattaaac*ttccat CAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCATGTCTGCCCCT*CCCTTCCTTIT ctgtgatgtgaag
gcttcctccattaaac*ttccattaaatggcagtgectttcagtectgetgttgtggatectece T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGAACCTCCGTG T*CCCTTCCTTTCGCTCTCTGTGATGTGAAG
gcttcctccattaaac*ttccattaa gtgctttcagtcctgectgttgtggatcctecgtgte cccttectttecgetectctgtgatgtgaag
GCTTCCTCCATTAAAC*TTCCATTAAATGGCAGTGCTTTCAGTCCTGCTGTTGTGGATCCTCCGTGTT cccttectttecgegetcectgtgatgtgaag
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GCTTCCTCCATTAAAC TTCCATTAAATGGCAGTGCTTTCAGTCCAGCTGTTGTGGACCCTCCGTGTCTGCCCCT CCCTTCCTTTCGCTCTCTGTGATGTGAAG
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aaa'ggcagi'gcitiicag cagc'g
atatggcag:gcttticagtccagctg
aaalggcagi:gctttcagtccagctg
aaatggcag-gc--tcag-ccagc-g
ATGGCAG GC CAG'CC'GC'G
aaalggcag.gciticag:ccagcig
AAATGGCAGIGC gtccagcig
AAATGGCAGTGC ccagc' g
AAATCGCAGIGCITTCAG crG
AAATGGCAG GC CAG cC'G
AAATGGCAG GC C CCAGC'G
aaatggcagttctttca cctgcig
AAATGGCAG GC CAGIACTTATGA
AAATGGCAG GC CAG 'CCAGC' G
AAATGGCAG GC CAG'CC'G
AAATGGCAG GC CAG'CCAG
AAATGGCAG GC CAGICCIGC
AAATGGCAG GC CAG CCGC
AAATGGCAG GC CAG ' CCIGC
AAATGGCAG GC CCG'CC'GC' G
aaa'ggcagi.gciticagi:ccagcig
AAATGGCAG GC CAG'CC'GC'G
AAATGGCAG GC CAG ' CCIGC'G
AAATGGCAG GC CAG ' CCAGC' G
aaatggcagi.gctticagt:ccagcig
CAG'GC CAG 'CCAGC' G
aaatggcagigctticagiccigeclg
AAATGGCAG GC CAG ' CCAGC' G
aa gtgctttcagtcctgetg
AAATGGCAG GC CAG'CC'GC'G
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gcecectcectiice cgcic
gcecectce cc cgccce
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GCCCCI“CCCCC CGC'C
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GCCCC“CCC C CGC'C
gcccct ‘ccce cgcac
GACCCIACACTIC cgcic
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cCr*CcCCriCC CGC'C
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GCCCC“CCCCC
cccricc CGC'C
CCCIICC CGCIC
ccecticee cgcic
ccecticee cgcgce

Lo T+ T o 0 IO+ < e O I O O O O O+ O+ I e IO IO I e B B IO IO IO IO I e B B I

TUueuUueeLA AUV UVU QR wauoeeew

QuuUu eQeun

ga'.g-gaag
GA G GAAG
GA G/ GACG
GA G GAAG
ga'g:- AAG
ga.gigaa
ctctgac
ga'g:gaag
GA G GAAG
GA'G!TAAG
GA G/ GAAG
ga'gigaag
ga'g:gaag
ga-g.-gaag
GA G GAAG
ga'.g-.gaag
ga'gigaa
ga G GAAG
gagiga
GAG GA
ga'.g'.gaag
GA G GAAG
GA G GAAG
GA G GAA
ga.g-gaag
ga' g gaag
GA G GAAG
GA G GAAG
ga'.g-gaag
&h g gaag



55224911 55224921 55224931 55224941 55224951 55224961 55224971 55224981 55224991 55225001

!............... ............................'...........!................. AR AR R R R R R R R R R R R R R R R R R R R R EERR

rs rorrr llll* rrzs rrrorrrrr ooy rrs rrrr oo reeCrrrcrrrrrrrrrrer rrvs rr rrrorcrrrrrr TR RTINS
oo ee oo * I I* rrzvs rercrrrrr g rrrorrrrr o rrrrrrrrorrrcrrrTr RN rrvs rr rr L N A
LR J LR J LR B ....* ,’ ’,’ ,’," ’, ", "',' ’ ’ ’, L R - - LR B B B L R J . » L IR J . - s LR J - ..c.
LR J . LR .0..* az zl! lll!‘ ll “l l“l‘L L“z‘l‘ l‘l LL ‘l - L I LR J L I El - - . » . . "
. .o .o .c..T L - L L L L .o L - . .o .o - C, r rrrrzy rrzy rrs rrzy ’ r roors r L
*
L *e e rrs rrzs rrrorrrrrrg rrrorrrrr g tSrvvvevvverrrrirrere rrzs rr rrrorcrrrrrrrrrr g
*
L *e e s L tes i eesse e rorrrrror rrrrrrrrorrrrTrTrrIrNINYSY rr rr 90 reCrin c,C,,,C
o LI ceee® L eescecsvss e rrrrr oo rrrrrrrrorrrrcrrrrry rrr rr rrrorrrrrrrrrrrrrrr
LR J . LR B ..O.* A.Oo L A c-.O. LR L - . L J L B A L J - - L B B B L J LR J L I Bl - - LR . .- s
LR LR L I ..O.* L I L R L B B N LR L L J - L L I LR L I - L J L B B B L I LR L IR - - - L - L R J
" . » L B ....* L R LR B J LR B B BN LR J . L B B BN R - L B B B BN L IR J - - L B BN B L B J - L I J - L] . - » . L B B
*
rrs re 9y rrrzs rrzvs rrrorrrrr ’ rrs AT I RN SRN NIRRT IR SN RN RN SRR NN A rre@y s rrrrrrrrre
" ', LR J .Q..* LR B L R L B B N LR J L A. A.A. LR Q.c... - - .AQ.Q QAQ e "’ ' ' ' ', ' ',"
LR J LR e ....* L LR A L B B N LR L L B B - - "" "' ' ' ""' "' " "' ' ' ” ' ”,'
LR LR .O..* L B L L B B N LR J L L - L““l‘ l‘l LL ““l “l “ “ - L J - L - L B
B . ceee® ¢ee tescessse e LA B L rrrrrrrrorrrrrrTrrIrNIILYSY rrzr rr rrrorcrrrTrrTRTRTETSY
LR J LR J LR B ....* L R L R LR B B N LR J L LR LR J ' " ," ' ' ,"" "' " "' , ' ' " ' "'
LR LR J LR B ....* L B LR B L B B N LR L LR J - » "' ' ’ ""’ "’ " "’ ' ' ' ” - L B
*
rrs rrorr *ee e LR L I I L I rrorrrrrrrre rrr rrs rrrorcrrrrrrrrry
LR LR L B ....* L B LR B J LB B B BN . " oCo . s LN - L J - L J LR B B B ) L B L J L IR - L . L L L
*
rr rrorrs rr o rrzs rrrorrrrr g rrrorrrrr o rorrrrrrorrr g rrzs rrrs rr rrrorcrrrrrrTrTRTINYSY
LR J LR J L B ....* LR LA B A LR J LR LR J LR J v - LR " L B B B L B J LR J L R J T - r . » r L B
LR LR J L G..O* LR A L B B N LR J L LR J LR J . - LR J LR B B B L B J LR J L B J s - - LR - L B
LR - » L A ....*c. L R LR B LR L L B . - ..G... - . L J LR J LR LL. ..L...
e
L ee 0o e e L rrrorrrrrry rrrorrrrr o rorrrrrr ’ rrr rr rrrorcrrrrrrTrRTrIIILY
rs rrs rrzs ",'* rrz LI LR LI LB . . L R LR . . L L LR L r r rr r rrry
rs rrorr llll* rrv rrrorrrrr g rrrcrrrr o rorrrrrors e .o L I A L B I L
LR J LR L B ....* L B L R LR B B LR J L B LR B B N . ...A.. L B - L R LR ] L R : - . LR - L
*
rrs rrorrs rrrr rrrs rrs rorr rrrorrrr rrrrrrrrrrror rrr rr rrrorcrrrrrrrrTrrL
. .o .- oooo* .- L L L L L .o L B . L .o .- . rry rr "’g' r ’&0' rorrr

N Tl BBV B B B WA B Nl B



Transition / Transversion

SNV Transition/Transversion (Ts/Tv) Ratio
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Variant Call Format (VCF)

##fileformat=VCFv4 .2

##fileDate=20090805

##source=myImputationProgramV3.1
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36 ,md5=f126cdf8a6e0c7£379d618ff66beb2da,species="Homo sapiens",taxonomy=x>
##phasing=partial

##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=A,Type=Float ,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=850,Description="Less than 50) of samples have data">
##FORMAT=<ID=GT ,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NAOOO0O1 NAO0002 NAOOOO3
20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0/0:48:1:51,51 1/0:48:8:51,51 1/1:43:5:.,.
20 17330 . T A 3 q10 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0]/0:49:3:68,50 0/1:3:5:65,3 0/0:41:3
20 1110696 rs6040355 A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ 1]2:21:6:23,27 211:2:0:18,2 2/2:35:4
20 1230237 . T . 47 PASS NS=3;DP=13; AA=T GT:GQ:DP:HQ 0/0:54:7:56,60 0/0:48:4:51,51 0/0:61:2
20 1234567 microsati GTC G,GTCT 50 PASS NS=3;DP=9;AA=G GT:GQ:DP 0/1:35:4 0/2:17:2 1/1:40:3

https://samtools.github.io/hts-specs/VCFv4.2.pdf
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