
Genome Structural Variation 

Evan Eichler

Howard Hughes Medical Institute

University of Washington

January 19th, 2026, Genomics Workshop, ĻeskĨ Krumlov



Who am I?

Å Canadian and American

Å 1991-1995--Ph.D. Baylor College of 

Medicine with David Nelson : triplet 

repeat instability and Fragile X

Å 1995-1997- Postdoc ïLLNL Human 

Genome Project

Å 1997-2004 Assistant & Associate 

Professor Case Western Reserve Univ

Å 2004-present Professor and HHMI 

investigator at University of 

Washington, Seattle

Å Recently duplicated genes and dynamic 

regions of structural variation their role 

in human disease and evolution 



Genetic Variation 

ÅSingle base-pair changes ï point mutations

ÅSmall insertions/deletionsï frameshift, microsatellite, minisatellite 

ÅMobile elementsðretroelement insertions (300bp -10 kb in size)

ÅLarge-scale genomic variation (>1 kb)

ïLarge-scale Deletions, Inversion, translocations

ïSegmental Duplications

ÅChromosomal variationðtranslocations, inversions, fusions. 

Types

Cytogenetics

Sequence



Genome Structural Variation

Deletion Duplication Inversion



Introduction

ÅGenome structural variation : gains and losses 

of DNA (copy-number variation (CNV)) as well 

as balanced events such as inversions and 

translocationsðoperationally defined >=50 bp

ÅObjectives

1. Genomic architecture and disease impact.

2. Detection and characterization methods

3. Primate genome evolution





Perspective: Segmental Duplications (SD)

Interchromosomal

Intrachromosomal

Distribution

Definition:  Continuous portion of genomic sequence represented

more than once in the genome ( >90% and > 1kb in length)=historical

copy number variation
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Tandem
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Importance:

SDs promote genome structural variation
TEL

A B C

TEL
A B C

Non Allelic Homologous Recombination

NAHR

TEL

A B C
TEL

A B C

Human Disease

GAMETES

Triplosensitive, Haploinsufficient and Imprinted Genes



Importance: Evolution of New Gene Function
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Human Genome Segmental Duplication Pattern
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Å~4% duplication (125 Mb)

Å >20 kb, >95%

Å59.5% interspersed

ÅGene/transcript rich

ÅAssociated with Alu repeat

Å50% of all CNV > 1 kbp

http://humanparalogy.gs.washington.edu
She, X et al., (2004) Nature 431:927-30



Mouse Segmental Duplication Pattern

Å118 Mb or ~4% dup

Å >20 kb, >95%

Å89% are tandem

ÅGene/transcript poor

ÅAssociated with LINEs

She, X et al., (2008) Nature Genetics



Human Segmental Duplications Properties 

ÅLarge (>10 kb) 

ÅRecent (>95% identity)

ÅInterspersed (60% are separated by more than 1 Mb)

ÅModular in organization

ÅDifficult to resolve



Rare Structural Variation & Disease
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ÅGenomic Disorders:  A group of diseases that results

from genome rearrangement mediated mostly by non-allelic 

homologous recombination. (Inoue & Lupski , 2002).



DiGeorge/VCFS/22q11 Syndrome

1/3000 live births

180 phenotypes

75-80% are sporadic (not inherited)



Å130 candidate regions (298 Mb)

Å23 associated with genetic disease

ÅTarget patients array CGH 

Human Genome  Segmental 

Duplication Map 

Bailey et al. (2002), Science



Chromosome 15
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Developmental Delay Cases
Controls
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Minimum Size of CNV (kbp) 

Genome Wide CNV Burden 
(15,767 cases of ID,DD,MCA vs. 8,328 controls)

Cooper et al., Nat. Genet, 2011

~14.2% of genetic cause of  

developmental delay 

explained by large CNVs 

(>500 kbp) 



Common and rare structural variation are linked

 17q21.31 deletion syndrome

Chromosome 17
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17q21.31 inversion

Å Region of recurrent deletion is a site of common inversion 
polymorphism in the human population

Å Inversion is largely restricted to European populations

ï >20% frequency in Northern European populations

Å Inversion is associated with increase in global 
recombination and increased fecundity

Direct
A B C

Inverted 
C B A

Stefansson, K et al., (2005) Nature Genetics



Direct Orientation allele (H1)
Inverted orientation allele (H2)

ÅTested 17 parents of children with microdeletion and found that every parent 

within whose germline the deletion occurred carried an inversion

ÅInversion polymorphism is a risk factor for the microdeletion event

A common inversion polymorphism



Duplication Architecture of 17q21.31 

Inversion (H2) vs. Direct (H1) Haplotype

H1

H2

Del break

Inversion break
ÅInversion occurred 2.3 million years ago and was mediated by the LRRC37A core duplicon

ÅH2 haplotype acquired human-specific duplications in direct orientation that mediate rearrangement 

and disrupts KANSL1 gene

Zody et al., Nat. Genet. 2008, Itsara et al., Am J. Human Genet 2012



Summary

ÅHuman genome is enriched for segmental duplications which 

predisposes to recurrent large CNVs during germ-cell production

Å14-15% of neurodevelopmental disease in intellectual disabled 

children is ñcausedò by large CNVsð8% of normal individuals 

carry large events

ÅSegmental duplications enriched >10 fold for structural variation 

because of increased probability of non-allelic homologous 

recombination 

Å Increased complexity is beneficial and deleterious: Ancestral 

duplication predisposes to inversion polymorphism, inversion 

polymorphisms acquires duplication, haplotype becomes positively 

selected and now predispose to microdeletion



II. Genome-wide SV Discovery Approaches

Å Iafrate et al., 2004, Sebat et al., 

2004

Å SNP microarrays: McCarroll et 

al., 2008, Cooper et al., 2008, 

Itsara et al., 2009

Å Array CGH:  Redon et al. 2006, 

Conrad et al., 2010, Park et al., 

2010, WTCCC, 2010 

Å Read-depth: Bailey et al, 2002

Å Fosmid ESP: Tuzun et al. 2005, 

Kidd et al. 2008

Å Next-gen sequencing: Korbel et 

al. 2007, Yoon et al., 2009, 

Alkan et al., 2009, Chen et al. 

2009; Mills 1000 Genomes 

Project, 2011, Sudmant et al. 

2015a, 

Å Long-read sequencing and 

assembly: Chaisson et al., 2015, 

2019, Pendleton et al., 2015, 

Sedlazeck et al., 2018 Audano et 

al, 2019, Ebert et al,, 2021

Hybridization -based Sequencing-based

Å Optical mapping: Teague et al., 

2010 e.g. Bionano Genomics: 

Levy-Sakin et al, 2019

Single molecule mapping



Array Comparative Genomic Hybridization

One copy gain = log2(3/2) = 0.57 (3 copies vs. 2 copies in reference)

One-copy loss = log2(1/2) = -1

12 mm

Array of DNA Molecules
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Human chromosome 3 position

~55 kbp

SNP Microarray detection of Deletion  (Illumina )
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SNP Microarray detection of duplication

Human chromosome 2 position
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Using sequence read pairs to detect structural variation

Inversions

< <

Insertion

> <

Deletion

> <

Concordant

> <

Build35

Fosmid

Dataset: 1,122,408 fosmid pairs  preprocessed (15.5X genome coverage)

           639,204 fosmid pairs BEST pairs (8.8 X genome coverage)

Human Genomic DNA

Genomic Library (1 million clones)

Sequence ends of genomic inserts &

map paired-ends to human genome



< 32 kb 

Putative 

Insertion

>48 kb 

Putative 

Deletion

discordant by

 orientation

(yellow/gold)

discordant size

(red)

duplication

track

a) 
Insertion

Deletion

Inversion

b)

c)

Genome-wide detection of structural variation (>8kb)

by end-sequence pairs or ñmate pairsò

Tuzun et al, Nat. Genetics, 2005; Kidd et al., Nature, 2008



Next-Generation Sequencing Methods

Å Read pair analysis

ï Deletions, small novel insertions, inversions, transposons

ï Size and breakpoint resolution dependent to insert size

Å Read depth analysis

ï Deletions and duplications (CNV) only

ï Relatively poor breakpoint resolution 

Å Split read analysis

ï Small novel insertions/deletions, and mobile element 

insertions 

ï 1bp breakpoint resolution

Å Local and de novo assembly

ï SV in unique segments

ï 1bp breakpoint resolution

Alkan et al., Nat Rev Genet, 2011



S

Using Sequence Read Depth

Å Map whole genome sequence to reference genome 

ïVariation in copy number correlates linearly with read-depth

Random  Genome 

Sample

Sequence  to Test

unique duplicated

Reference Sequence Celeraôs

27.3 million reads

Bailey et al., Science, 2002

Illumina  Sequence



Watson (454)

Venter (Sanger)

NA12878 (Solexa)

NA12891 (Solexa)

NA12892 (Solexa)

Personalized Duplication or Copy-Number Variation Maps

ÅTwo known ~70 kbp CNPs,  CNP#1 duplication absent in Venter but predicted

in Watson and NA12878, CNP#2 present mother but neither father or child

CNP#1

CNP#2

Alkan, Nat. Genet, 2009



Read-Depth CNV Heat Maps vs. FISH 
Interphase FISH
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Challenges with indirect short-read 

approaches

ÅRepeat biasesða large fraction of events mediated by 

repeats are missed 

ÅSize biasesðread-pair methods limited by insert size while 

read-depth typically requires > 5kbp

ÅClass bias: deletions>>>duplications>>>>balanced events 

(inversions)

ÅMultiallelic copy number statesðincomplete references and 

the complexity of repetitive DNA

ÅFalse negatives.



Long read Genome Sequencing Revolution

Pacific Biosciences (PacBio)ðsingle-molecule real-time sequence 

(SMRT) data (15-50) kbp sequence reads

ONT (Oxford Nanopore Technology)ðhigher error rate but, 

portable, scalable native DNA sequencing of  long-reads



Advances in long-read sequencing 

HiFi  Pac Bio Sequencing

99.9% accurate 18-23 kbp reads 

My ultra -long reads

19.5X coverage

Ultra -long reads ONT

>100 kbp in length



Advantages of long read sequencing

Ultra-long Oxford Nanopore Technology (ONT) 

~139 kbp

HiFi PacBio

~18-20 kbp

Illumina

150-300 bp



More uniform coverage and sequencing of native DNA

SHANK3

Illumina

Sequence

Coverage

PacBio

Sequence

Coverage



Å ~25,000 PacBio SVs vs. 11,000 Illumina SVs >50 bp

Å Eleven Illumina callers combined detect 49% of deletions and 11% of insertions in a 

human genome--NGS misses 75% of SVs

Increased sensitivity for structural variation (SV)

Chaisson et al, Nature, 2015; Chaisson  et al., Nat Comm, 2019



Å8% of missing genome 

sequence added (>200 Mbp)

ÅComplete sequence of 

centromeres, acrocentric and 

segmental duplications 

ÅAdds 1956 gene predictions 

of which 130-190 are protein 

coding 

ÅFramework for 

understanding the 

genetically most complex 

regions of our genome.

Nurk  et al, bioRxiv, 2021, Science 2022

Complete sequence of a human genome



So how did we do it?

We used an effectively haploid human cell line 

known as CHM13

23,X 46,XX

Paternal 
chromosome

endoreplication

23,X 23,X

Loss of 
maternal 

pronucleus

Fertilization

A diploid genome 
with only one 

haplotype

We used two long-read sequencing technologies 

with complementary strengths

1. Pacific Biosciences (PacBio) high-fidelity (HiFi)

2. Oxford Nanopore Technologies (ONT)

CHM 13 is a complete hydatidiform mole

Å15-25 kbp long

Å>99% accurate (similar to Illumina)

ÅStrength: Extremely accurate

Nanopore

+

Motor protein

Polymerase

Fluorescent
dNTP

Nanopore

ÅNo limit in read length!

Å93-99% accurate

ÅStrength: Extremely longThis greatly simplifies this problem because it allows us
to assemble each chromosome without interference

from a second set of chromosomes



Combining HiFi & UL -ONT improves 

contiguity with maternal and paternal 

complements nearly resolved

ÅVerkko assembly with >40X 

HiFi + >30 UL-ONT with 

parental or HiC phasing data

ÅGenerates phased human 

genome assemblies with <50 

gaps

ÅBandage representation: 

maternal (red) and paternal 

(blue)

Å99% of the human genome can 

now be phased & assembled
Rautiainen et al., bioRxiv,, 2022, Nat. Biotech., 2023



LRS has transformed how we characterize copy 

number and structural variation

Sudmant et al, Science, 2015,  Porubsky et al, Cell, 2024

2015 2023



Primate phased genome assembly efforts

Human

Chimpanzee

Gorilla (2)

Orangutan

Gibbon (1)

Macaque

4.5-6 mya

6-8 mya

12-16 mya

18-20 mya

25-33 mya

Chimpanzee (2)

Orangutan (2)

Macaque (1)

Human (~300 

genomes)

Kronenberg et al, Science, 2017; Ebert et al., Science, 2021; Liao/HPRC Nature, 2023; Yoo et al, bioRxiv, 2024



Ape telomere-to-telomere sequencing

Å Chimpanzee, bonobo, Western 

lowland gorilla, Bornean 

orangutan, Sumatran orangutan, 

Siamang

Å led by UW, Penn State, NIH 

(60 labs)

Å Assembled 12 genomes 

(99.98-99.99% complete)

Å94% non-rDNA chromosomes T2T

Å QV of 61.7-66.4 -- less than 1 

error per 2.7 million base pairs 

Yoo et al, bioRxiv, 2024, Nature, 2025



Complete sequencing of ape chromosomes (SVbyEye 

ñstackedò plot)

Chimp h1

Bonobo h2

Human T2T

Gorilla

Orang (Bor.)

Orang (Sum.)

Chromosome 12



Complete sequencing of ape chromosomes

Chimp h1

Bonobo h2

Human T2T

Gorilla

Orang (Bor.)

Orang (Sum.)

Chromosome 16

4



Inversions & SDs are the largest and most abundant 

form of structural variation affecting genes

ÅDiscovered a total of 1,140 inversions between ape species--522 are 

novel; 63.5% are flanked by large highly identical duplications



Lineage-specific duplicate genes emerge at the edges of 

large-scale inversions 

Gorilla

Orang



Lineage-specific ape protein-coding genes

Species

Human 

transcript

s mapped

Orthologou

s loci 

Novel Loci

with  Isoseq 

support

Novel loci 

overlapping 

SDs

Novel isoforms

Outside of novel 

loci

Bonobo 

(PPA) 99.82% 93.52% 1482 (6.48%) 1004 1708 (2.1%)

Chimp 

(PTR) 99.77% 94.82% 1167 (5.16%) 904 2560 (2.9%)

Gorilla 

(GGO) 99.80% 94.98% 1153 (5.12%) 812 2105 (2.6%)

S. Orang 

(PAB) 99.44% 94.01% 1328 (5.99%) 909 2363 (2.9%)

B. Orang 

(PPY) 99.40% 93.95% 1336 (6.05%) 906 2239 (2.8%)

Siamang 

(SSY) 99.27% 96.51% 770 (3.49%) 471 3638 (5.1%)

*Number of protein coding genes annotated: > 200 AA protein length filter, 50% 

protein homology percentage filter, IsoSeq filter applied 

Å5-6% novel, multi-exonic protein coding per ape genes -70-

80% driven by lineage-specific SDsYoo et al, bioRxiv, 2024, Nature, 2025



ÅAnalysis of 85 phased 

near-T2T human genomes 

(170 haplotypes from 

HGSVC and HPRC) 

identifies ~40 Mbp of 

segmental duplication that 

is not present in T2T-

CHM13

Jeong  et al, bioRxiv, 2024, Nat Genet, 2025, Yoo et al, unpublished

Human Segmental duplication polymorphism



22q11 syndrome LCRA. 

Complexity of normal human variation

Rearrangement-associated

Rearrangement-associated

Porubsky et al, bioRxiv, 2025



Copy number and structural variation of 

TBC1D3

TBC1D3

Guitart  et al, Genome Res, 2024


