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Outline

• What are structural variants (SVs) 
• How SVs are discovered from NGS data 
• The strengths and weaknesses of each SV discovery 

strategy 
• The sequence alignment SV “signals” 
• Visually explore read support for SVs 
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Variation between two human 
genomes, by number of base pairs 
impacted
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SNVs = Single nucleotide variants; indels = insertions and deletions

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf

Recent high-quality genome assemblies using PacBio long-read sequencing 
have revealed that each human genome has approximately 20,000 structural 
variants, spanning 10 million base pairs, more than twice the number of 
bases affected by SNVs

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf


What are Structural Variants (SVs) ? 

• Structural Variants (SVs): Genomic rearrangements 
that affect >50bp (or 100bp, or 1Kb) of sequence, 
including: 

• deletions 
• novel insertions 
• inversions 
• mobile-element transpositions 
• duplications 
• translocations 

Alkan et al. Nat Rev Genet 2011 
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Detection and confirmation of SVs 

Feuk et al. Nat Rev Genet 2006 
5



Structural variants in cancer 

Can higher resolution maps help identify recurrent 
aberrations and driver mutations in cancer? 
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Structural variants of all types are known to cause 
Mendelian disease and contribute to complex disease
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https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf


Classes of SVs 

• Copy number variants (CNVs): 
• Deletions 
• Duplications

• Copy neutral rearrangements: 
• Inversions
• Translocations 

• Other structural variants:
• Novel insertions
• Mobile-element transpositions 
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Classes of SVs 

Alkan et al. Nat Rev Genet 2011 9



Our understanding is driven by 
technology
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Array-based detection of CNVs 
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Detecting SVs from NGS data 

12Meyerson et al. Nat Rev Genet 2010 



Strategies for calling SVs from 
NGS data 

13Baker Nat Methods 2012 



Structural variation 
sequence signatures
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Alkan et al. Nat Rev Genet 2011



Read pair
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Rational

• Identify SV breakpoints by examining the 
alignments. 
• Sequencing libraries are created with fragments of 

known length. 
• Read pairs spanning an SV break point will produce 

‘discordant’ alignments with an unexpected 
alignment distance and/or orientation 
• Current fragment sizes limit sensitivity, discordant 

mapping patterns can be difficult to interpret at 
complex SVs 
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Discordant read pairs 
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Reads pairs are also Discordant when order or orientation isn’t as expected. 



Using discordant reads to detect 
SVs 
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From Aaron Quinlan 



Using discordant reads to detect 
SVs 
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From Aaron Quinlan 



Using discordant reads to detect 
SVs 
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From Aaron Quinlan 



Read-pair tools 

• BreakDancer
• VariationHunter
• MoDIL
• GASV-PRO
• DELLY
• LUMPY
• GenomeSTRiP
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Read-pairs have difficulty to 
detect balanced translocation
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Hillmer et al. Genome Research 2011



Read-pair summary 

• Weaknesses
• Difficult to interpret read-pairs in repetitive regions
• Difficult to fully characterize highly rearranged regions 
• High rate of false positives 

• Strengths:
• Most classes of variation can, in principle, be detected 
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Split read
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Rational

• SR identifies sequences that actually contain a 
breakpoint 

• The alignments for such sequences are ‘split’ 
because DNA segments flanking the breakpoint 
align to disjoint locations in the reference genome 

• SR inherently maps breakpoints to single base 

• Long-read (>500 bp) SR is a particularly powerful 
approach for studying complex SV because multiple  
breakpoints can potentially be captured by a single 
read, aiding in variant locus reconstruction 
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Split reads mapping 
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Insertion and deletion signatures 
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RP signature 

SRM signature 



Inversion signature 

28

SRM signature 

PEM signature 

don 

ref 



Importance of the paired-reads 
usage 
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Split read tools 

• Pindel
• DELLY
• LUMPY
• PRISM
• Mobster
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Split reads summary 

• Weaknesses
• Requires sufficient coverage
• Can have false positives especially in repetitive regions 

• Strengths:
• Can be added to read-pairs methods Base-pair 

resolution of breakpoints
• Can detect very short events 
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Read depth
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Rational 

• Assuming an homogenous distribution of read 
(WGS): CNVs are evidence of significant increases 
or decreases in the depth of aligned sequence 
• Divide the genome in bins of equal size 
• Estimate the DOC in each bin 
• Looking for cluster of consecutive bins that shows 

significant excess or loss of coverage 
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Read-depth signature 
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Alkan et al. Nat Rev Genet 2011



Read-depth 
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From Aaron Quinlan 



Read-depth genomic visualization 
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Normalization issues 

• Noisy or reduced signal in repeat-rich regions, 
centromeres, and telomeres.
• Unpredictable segmentation è reduced 

sensitivity/specificity.
• Filtering problematic regions reduced the genome 

range tested.

37



Population based SV detection : 
PopSV
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Monlong et al. BioRxiv 034165 



Read depth tools 

• ReadDepth
• RDXplorer
• cnvSeq
• CNVer
• CopySeq
• GenomeSTRiP
• CNVnator
• SCoNEs
• PopSV
• CNVKits
• CopywriteR
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Read depth summary

• Weaknesses 
• Relatively low resolution (normally ~5-10Kb) 
• Breakpoint are ambiguous 
• Cannot detect balanced rearrangements (e.g., 
• inversions), or transposon insertions 

• Strengths: 
• Fast and simple 
• Easy to interpret 
• Determines DNA copy number (unlike most other 

methods) 
• Provides useful information even with low coverage, 

albeit at low resolution 
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Assembly
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Rational 

• De novo sequence assembly can be used to 
reconstruct a variant locus. 
• Assembled sequences are aligned to the reference 

genome, SV are discerned similarly than in SR 
methods. 
• Assembly typically generates substantially larger 

‘contigs’ that are more suitable to characterizing 
complex SV. 
• Two different approaches: 

• Whole genome assembly
• Local assembly 
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Whole genome de novo assembly 

• De novo sequence assembly 
• Comparison with ref sequence 

• BLAT : pre-align all assembled scaffold 
• Group scaffold located on the same chromosome 
• Align scaffold set to specific chromosome using an 
• insertion tolerant algorithm 
• Report hits that contribute most to the colinearity

between a scaffold and a chromosome if confirmed by 
at least several different alignments 

• These hits potentially contain de novo insertion and 
deletion events
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Local de novo assembly 

• De novo assembly of orphan reads and one-end 
anchored (OEA) reads
• Mark contaminated contigs (i.e, Epstein-Barr virus)
• Blast on the reference genome
• Use OEA mapped ends to validate blast hits 
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45Hajirasouliha, et al., Bioinformatics 2010: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC286586

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2865866/pdf/btq152.pdf


Assembly signature 
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Alkan et al. Nat Rev Genet 2011



De novo assembly tools for SVs 

• Cortex
• SGA
• DISCOVAR 
• ABySS
• Ray
• SvABA
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Assembly for SVs summary

• Weaknesses
• Computationally very intensive
• Hard to resolve repetitive and complex regions 

• Strengths:
• Base-pair resolution of breakpoints
• All classes of variation can, in principle, be detected 
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Summary of strategies for calling 
SVs 
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From Aaron Quinlan 



SV detection summary 

• Four different methods exist with their own 
strength and weakiness. 
• More recent tools are now combining several 

approach to gain in accuracy 
• Delly
• Lumpy 

• Major challenges are
• Complex events
• The breakpoint
• The validation 
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SV detection 
benchmarking 
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GIAB Gold standard 

• NA24385 (HG002): Based on union of >1 mil sequence-
resolved calls >=20bp using 30+ callers from 5 short, long, 
linked read dataset from GIAB community – includes optical 
mapping 
• Tier 1: >=49b isolated, sequence-resolved SVs (edit distance <20% 

and from 2+ technologies and 4+ callsets across the trio) 
• Tier 2: Regions with at least one likely SV but likely complex or 

unable to determine consensus sequence change 
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SV: NA24385 – HG002 

• Evaluate 12745 tier 1 DELs from 5 datasets across 3 
technologies 
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DNASeq pipeline: Germline 
HG002 
• Evaluate 12745 tier 1 DELs from 5 datasets across 3 

technologies 
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Single Molecule High-Fidelity (HiFi) Sequencing
Half the data in reads: >160 kb

Data per SMRT Cell: Up to 320 Gb

https://www.pacb.com/smrt-science/smrt-sequencing/read-lengths/

PacBio the Sequel II System

https://www.pacb.com/smrt-science/smrt-sequencing/read-lengths/


Using long read sequencing technology to detect 
structural variants 
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https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf
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https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf
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https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf

https://www.pacb.com/wp-content/uploads/Whitepaper-Human-Structural-Variation.pdf


Visualization
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Visual validation: a deletion 
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From Aaron Quinlan 



Visual validation: a tandem 
duplication
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Visual validation: an inversion
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Visual validation: an insertion 
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SVs summary view : Circos plots 
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circos.ca



65
Hillmer et al. Genome Research 2011



Lab
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CNVKit
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Build a reference from normal 
samples and infer tumor copy ratios


