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Read Mapping

ÅDynamic Programming: Quadratic algorithm

ïRequires O(m*n) time and space

ÅInfeasible for millions of short reads
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Simple k-mer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist

AAA ACC CGA

AAC ACG é

AAG ACT GAA

AAT AGA é

ACA é TTT

ÅSize of that table: 43 = 64 entries = |ʅ| k



Simple k-mer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist

AAA ACC CGA

AAC ACG 0 é

AAG ACT GAA

AAT AGA é

ACA é TTT

ÅSize of that table: 43 = 64 entries = |ʅ| k



Simple k-mer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist

AAA ACC CGA 1

AAC ACG 0 é

AAG ACT GAA

AAT AGA é

ACA é TTT

ÅSize of that table: 43 = 64 entries = |ʅ| k



Simple k-mer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist

AAA ACC CGA 1

AAC ACG 0 é

AAG ACT GAA 2

AAT AGA é

ACA é TTT

ÅSize of that table: 43 = 64 entries = |ʅ| k



Simple k-mer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist

AAA 3,4 ACC 19 CGA 1

AAC 5 ACG 0 é é

AAG Empty ACT 6,14 GAA 2

AAT Empty AGA é é é

ACA Empty é é TTT Empty



Searching a Read

Hitlist Hitlist Hitlist

AAA 3,4 ACC 19 CGA 1

AAC 5 ACG 0 é é

AAG Empty ACT 6,14 GAA 2

AAT Empty AGA é é é

ACA Empty é é TTT Empty

ÅRead Sequence: ACTG

ïPotential match at position 6 and 14



Verification Algorithm
Banded Dynamic Programming
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PairwiseAlignment
- Global Alignment -

ÅNeedleman-Wunsch

ÅConstant gap penalty s



Global Alignment
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PairwiseAlignment
- Local Alignment -

ÅSmith-Waterman

ÅConstant gap penalty s



PairwiseAlignments - Variants

ÅOverlap alignments

ÅSemi-global alignments

ÅBanded alignments

ACGTTAGTTAGC
ACTTAGCAACTTG

. . . ACGGCCAACTTAGTTAGC. . .
AA- TTTGT
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Banded Alignment



Banded vs. non-banded Alignment



Read Mapping

Reference

Source: illumina



Techniques

ÅIndex
ïHash tables, k-mer Index
ïSuffix trees, suffix arrays
ïBurrows-Wheeler-Transformation (BWT) of a suffix array

ÅFiltering Algorithms
ïSingle or multiple seeds
ïPigeonhole principle
ïq-gram filtering

ÅVerification
ïSimple seed-and-extend
ïBanded dynamic programming
ïQuality-based dynamic programming



Variant Calling

SNPs Short Indels Structural Variants



SNP Calling
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Consensus sequence
SNP Calling



Variations: Indels & SNPs

SNP Calling



Sequencing errors: Insertions, deletions & basecalling errors

SNP Calling



Variant Calling

SNPs Short Indels Structural Variants

(i) ELANDv2e Ą GATK

(ii) ELANDv2e Ą MpileupĄ Annovar



SNP Calling

ÅTools

ïGATK (Genome Analysis Toolkit)

ïSAMtoolsmpileup(MAQ SNP Caller)

ïCASAVA SNP Caller

ïPyrobayes(454)

ïGigaBayes

ïCommercial packages (CLC Bio, Genomatix, etc.)

ÅMy rough guess for the open-source community 
is that about 80% or 90% use GATK or SAMtools
mpileup



SNP Annotation
ÅDifferentiating 

ïCoding/Non-coding SNPs

ïKnown/Unknown SNPs (dbSNP, 1kGP)

ïHomozygous/Heterozygous

ÅAnnotating coding SNPs

ïAffected Gene/Transcript names

ïSilent/Non-silent mutations

ïAmino acid change

ÅPredicting possible impacts of an amino acid 
substitution (Sift, PolyphenΣ Χύ



Annotation Tools

ÅAnnotation of coding SNPs

ÅGATK (Genome Analysis Toolkit)

ÅANNOVAR

ÅCommercial packages (CLC Bio, Genomatix, etc.)

ÅPredicting possible impacts of an amino acid 
substitution

ÅPolyPhen2, Mutation Taster, Sift, etc.



GATK

ÅJava library

ÅEasily extendable

ÅReady-to-use tools are scarce

ÅSNP Calling + Annotation is difficult to get 
running, long runtime (chr-by-chrworks)

ÅSupports VCF

Ą Software library for tool development



GATK ςSNP Calling
Genome Analysis Toolkit, McKenna et al.



SAMtoolsmpileup

ÅCall & Filter SNPs and INDELs

ÅVery fast compared to GATK

ÅOutput is in VCF 

ÅSNP Calling
samtoolsmpileup-uf ref.fa aln1.bamaln2.bam| bcftoolsview-bvcg- > var.raw.bcf

ÅSNP Filtering

bcftoolsviewvar.raw.bcf| vcfutils.plvarFilter-D100> var.flt.vcf



AnnovarAnnotation

ÅSet of perl scripts

ÅBased on the UCSC annotation database

ÅGeneric across different species

ÅSNP Calling + Annotation is easy to get running

ÅVCF is supported as input

Ą Easy to use SNP annotation tool



Generic Annotation

ÅDrosophila
chrX.fa 2527302 A T hom 222 48 60 exonic

CG10260 nonsynonymousSNV CG10260:NM_130658:exon10:c.6509A>T:p.Q2170L,

ÅHuman
chr10.fa 93603 C T hom 43.3 17 42 exonic

TUBB8 synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

ÅFormat
chr pos ref alt hom/het snpqual. depth mq Χ



Gene-based Annotation

ÅHuman
chr10.fa 93603 C T hom 43.3 17 42 exonic

TUBB8 synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

ÅType

ïexonic, splicing, ncRNA, UTR5, UTR3, intronic, 
upstream, downstream, intergenic

ÅGene, Neighboring gene
ïIf the variant is exonic/ intronic/ncRNA
ÅGene name

ïOtherwise
ÅNeighboring genes



ExonicAnnotation

ÅHuman
chr10.fa 93603 C T hom 43.3 17 42 exonic

TUBB8 synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

ÅType
ï frameshiftinsertion, frameshiftdeletion, frameshiftblock 

substitution, stopgain, stoploss, nonframeshiftinsertion, 
nonframeshiftdeletion, nonframeshiftblock substitution, 
nonsynonymousSNV, synonymous SNV, unknown

ÅGene, transcript, sequence change in the 
corresponding transcript and amino acid 
change



Additional Annotation for Human

chr15.fa 45404066 G A hom 104 16 60 snp132
rs2001616 exonic DUOX2 nonsynonymousSNV
DUOX2:NM_014080:exon5:c.413C>T:p.P138L,avsift 0.02 ljb_pp2 0.474
segdup Score=0.973842;Name=chr15:45427292 tfbs
Score=818;Name=V$MYCMAX_03mce46way Score=317;Name=lod=26 band
15q21.1 dgv Name=3961

ÅFurther Information (in bold)
ïdbSNP(v132), SIFT and PolyPhen2

ïSegmental duplication

ïTranscription factor binding site

ïConserved element

ïCytogenetic band

ïStructural variants in DGV and GWAS



Variant Calling by Consensus



SNP Calls, chr19

Sample #Total #dbSNPs#Novel_SNPs#Missense_SNPs #Nonsense_SNPs #Novel_missense_SNPs #Novel_nonsense_SNPs

Sample1 80188 71113 9075 879 6 86 1

Sample2 80008 71133 8875 884 5 76 1

GATK

Mpileup/Annovar
Sample #Total #dbSNPs #Novel_SNVs #Synonymous_SNVs#Nonsynonymous_SNVs#Novel_synonymous_SNVs#Novel_nonsynonymous_SNVs

Sample1 69682 66122 3560 895 880 31 62

Sample2 69092 65590 3502 897 869 28 56



SNP Call Overlap

ÅSample1
ï69682 Mpileup/AnnovarCalls

ï80188 GATK Calls

ï67149 calls in common (96%, 83%)

ÅSample2
ï69092 Mpileup/AnnovarCalls

ï80008 GATK Calls

ï66855 calls in common (97%, 84%)



Somatic changes

ÅCall breakdown

ïGATK: good quality, tumor specific: 2263 (407 not 
in dbSNP)

ïMpileup/Annovar: good quality, tumor specifc: 
1105 calls (116 not in dbSNP)

ïCommon calls 445 (43 not in dbSNP)

ÅCommon exonic, somatic, novel calls: 0

ÅCommon exonic, somatic: 7



Study Design



Raw SNP Calls, Human Genome

Sample #Total #dbSNPs #Novel_SNPs #Missense_SNPs#Nonsense_SNPs#Novel_missense_SNPs #Novel_nonsense_SNPs

Sample1 3994410 3589636 404774 10970 93 1227 25

Sample2 3783797 3400926 382871 10416 90 1142 23

Even focusing only on the novel missenseand nonsense 

SNPs leaves a list of several hundreds of SNPs!



Raw SNP Calls, Human Genome

Sample #Total #dbSNPs #Novel_SNPs #Missense_SNPs#Nonsense_SNPs#Novel_missense_SNPs #Novel_nonsense_SNPs

Sample1 3994410 3589636 404774 10970 93 1227 25

Sample2 3783797 3400926 382871 10416 90 1142 23

Cross-comparisons! 

At least Tumor vs. Germline, even better multiple matched 

tumor -germline pairs showing a similar phenotype.



Comparing/ AnnotatingVariant Calls

Å Tumor heterogeneity
Å Tumor purity
Å Aneuploidy
Å Sample availability

Matched
Tumor ςNormal 
data

1) Initial Tumor
2) Remission
3) Relapse
4) Remission
5) Secondary

Tumor

Time-course
data

Pedigree data

Multiple Tumor 
Probes

Population Scale Constraints



Computational Methods to Detect Genomic 
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Genomic Rearrangements

Å 1 Kb to several Mb in size
Å Copy number variants
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Å 1 Kb to several Mb in size
Å Copy number variants
ïDeletion
ïDuplication

Å Insertion, Inversion, Translocation
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Å 1 Kb to several Mb in size
Å Copy number variants
ïDeletion
ïDuplication

Å Insertion, Inversion, Translocation
ÅMore abundant than SNPs

Genomic Rearrangements

éACGATACGé
éACGAGACGé
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Å 1 Kb to several Mb in size
Å Copy number variants
ïDeletion
ïDuplication

Å Insertion, Inversion, Translocation
ÅMore abundant than SNPs
Å Either neutral or non-neutral in function
Å Non-neutral mechanisms
ïDisrupting genes
ïCreating fusion genes
ïCopy number changes of dosage-sensitive genes

Genomic Rearrangements
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Technologies to Discover 
Genomic Rearrangements



Technologies

ÅFluorescent in situ hybridization (FISH)

ïFluorescent 
probes (å100kb) 
detect and 
localize the 
presence or 
absence of 
specific DNA 
sequence

ÇPerry et al. (2007)



Technologies

ÅFluorescent in situ hybridization (FISH)

ÅComparative Genomic Hybridization (CGH)
ïTest vs. reference sample

ï2.1 million probes

ïDifferent types
ÅWhole-Genome Tiling Arrays

ÅWhole-Genome Exon-Focused Arrays

ÅCNV Arrays



Technologies

ÅFluorescent in situ hybridization (FISH)

ÅComparative Genomic Hybridization (CGH)

ÅGenome-Wide Human SNP Array 6.0 

ï1.8 million genetic markers 

Å906,600 SNPs

Å946,000 probes for CNVs



Technologies

ÅFluorescent in situ hybridization (FISH)

ÅComparative Genomic Hybridization (CGH)

ÅGenome-Wide Human SNP Array 6.0

ÅHuman 1M-Duo DNA Analysis BeadChip
ï1.2 million genetic markers 
ÅMarkers for SNPs and CNV regions

ïTargeted studies
Å60,800 additional custom SNPs

Å60,000 custom CNV-targets



Technologies

ÅFluorescent in situ hybridization (FISH)

ÅComparative Genomic Hybridization (CGH)

ÅGenome-Wide Human SNP Array 6.0

ÅHuman 1M-Duo DNA Analysis BeadChip

ÅNext-Generation Sequencing (NGS)

ïWhole-genome sequencing

ïTargeted, e.g. RNA-Seq



Focus on NGS

ÅLimitations of Arrays
ïLower resolution for genomic rearrangements

ïBalanced events (e.g., inversions) cannot be 
detected using signal intensity differences

ïNo breakpoint information

100
102 104 106 108

Sanger 

sequencing

Karyotype

Arrays

Next -Generat ion Sequencing

FISH

Event  Size
(in bp)
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Detecting 
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Insertionsă ĄDeletions
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Mate-pair or paired-end 

mapping abnormalit ies

Read-depth

signals

Split -read

alignments
Local assembly

ÇKorbel et al. (2007)

ÇLee et al. (2009)
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1 Copy 1 Copy 0 Copy 2 Copy 2 Copy
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ÇChiang et al. (2009)



ÅDown-Syndrom

ïPartial Trisomie 21
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Ref er ence 
Sequence
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0,  0,  0,  0é Initialize top row with 0s
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ÇAmeur et al. (2010)

ÇYe et al. (2009)
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ÇHajirasouliha et al. (2010)



Computational Methods for De Novo 
Genomic Rearrangement Detection

Paired-end mapping Read-depth Split -read Local assembly

Delet ion

Short  insert ion 

(< Insert  Size)

Large insert ion

(> Insert  Size)

Inversion

Tandem duplicat ion

Translocat ion

Gain/Loss (CNVs)

Region /  Breakpoint Region Region Breakpoint Breakpoint



Structural Variant Detection
Tools

ÅRead-depth tools

ïCNVer, CNVnator, etc.

ÅPaired-end mapping

ïPEMer, Breakdancer

ÅSplit-read

ïAge, Pindel



Validations

ÅTechnical Validations

ïPCR, Ampliconsequencing, Exoncapture

ÅRecurrent Validation

ïWhat is the variant allele frequency in a larger 
cohort

ÅTarget Enrichment

ÅArray studies



Variant Aware Read Mapping

Reference

Read to reference alignment

Read depth

Mate-pair or paired end 

information

dbSNP

Database of Genomic 

Variants

CNV or SV studies



[C/ T]é CATTTT TTTGAA é

éCATTTTTTTGAAéC éCATTTTTTTGAAéT

éCATTTTTTTGAAéN

Known SNPs



AGCTCCéCTTACTéGGCT TCAAé

éGGCTAGCTCCééCTTACTTCAA é

30bp30bp 30bp30bp

Junction A (60bp) Junction B (60bp)

30bp30bp

éGGCTTCAAé

Junction C (60bp)

Insertion

Deletion

Known Rearrangements

ÇLam et al. (2010)



Target Enrichment

Tobias Rausch
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Target Enrichment Analysis

ÅQuality Control

ÅOn-target / Off -target Analysis

ÅCoverage Analysis

ÅGC-Content, Allelic Balance, etc.

ÅData Analysis

ÅSNP, Short Indel and SV Calling

ÅRelating the Variant Calls to Public Databases



Individual Baits vs. Target Regions



On-target / Off-target Analysis

ÅHow many reads 

are on-target?



GA Lane, 50MB Kit

Å37 million reads, 32 million mapped (86%)

Å105bp reads



GA Lane, 50MB Kit



GA Lane, 50MB Kit



HiSeqLane, 50MB Kit

Å185 million reads, 160 million mapped (86%)

Å105bp paired-end reads



HiSeqLane, 50MB Kit



HiSeqLane, 50MB Kit



Independent Comparison to RefSeq



Independent Comparison to RefSeq



1000 Genomes Project



Allelic Balance
chr1, whole genome seq.



Allelic Balance
chr1, exoncapture



Allelic Balance for InDels1bp-10bp
(Whole Genome Seq.)



Allelic Balance for InDels1bp-5bp
(Target Enrichment)



Allelic Balance for InDels1bp-5bp
(Target Enrichment)

Caveats:
(i) Short indelstend to occur around tandem repeats
(ii) Alignment is much harder in these regions
(iii) High false discovery rate of all InDelCallers (10% - 40% FDR)



Copy Number Variants
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Copy Number Variants



ÅDown-Syndrom

ïPartial Trisomie21
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Large Genomic Rearrangements
Read-depth approach

Source: Thomas Zichner

ÅSample1

ÅSample2

ÅSample3

ÅSample4



Case Study

HapMapTrio



HapMapTrio



HapMapTrio

ÅNA12878 and NA12891 were sequenced



Individual Baits vs. Target Regions

ÅAll bait and target region coordinates are hg18
Å¢ƻǘŀƭ ƭŜƴƎǘƘ ƻŦ ǘŀǊƎŜǘ ǊŜƎƛƻƴǎΥ отулслоо όҒоуa.ύ
Å¢ƻǘŀƭ ƭŜƴƎǘƘ ƻŦ ōŀƛǘ ǎŜǉǳŜƴŎŜǎΥ оуноррмс όҒоуa.ύ
ÅApproximately 1% of the human genome



ExonLength Distribution

ÅAll baits are 
of length 
120bp



Target Region Length Distribution

ÅAll baits are 
of length 
120bp



NA12878 NA12891

ÅMapped SOLiDreads

ÅNA12878: 133,915,955 mapped reads

ÅNA12891:108,092,260 mapped reads

Mapped Reads



On-target / Off-target Analysis



Avg. Coverage for each Target

Illumina SOLiD

ÅSOLiDdistribution is shifted to the right due to 

higher sequencing coverage 


