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Genetic Variation

Types
Sequence
ASingIe baseyair changes point mutations

A Small insertions/deletioindrameshift microsatelliteminisatellite

A Mobile element8d retroelemeninsertions 80Gbp-10kb in size)

A Largescale genomic variation {3kb)
I Largescale Deletions, Inversion, translocations

I Segmental Duplications

A Chromosomal variatiah translocations, inversions, fusions.

Cytogenetics



Genome Structural Variation

Deletion Duplication Inversion



Introduction

A Genome structural variation : gains and losses
of DNA (copy-number variation (CNV)) as well
as balanced events such as inversions and
translocationd operationally defined 50 bp

A Objectives
1. Genomic architecture and disease impact.

2. Detection and characterization methods
3. Primate genome evolution
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Perspective: Segmental Duplications (SD)

Definition: Continuous portion of genomic sequence represented
more than once in the genome9®o and >1kb in length® historical
copy number variation

@ Intrachromosomal

@ Interchromosomal Distribution

; i E ; Interspersed
:: i; Tandem

Configuration



Importance:
SDs promote genome structural variation

Non Allelic Homologous Recombination
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Human Disease
Triplosensitive, Haploinsufficient and Imprinted Genes



Importance: Evolution of New Gene Function

Acquire New/
Modified Function

Duplication Mutation

Mutation Mutation

Maintaip old Loss of Function
Function




Human Genome Segmental Duplication Pattern

" A-4% duplication 125Mb)
A>20kb, >95%

£59.8% interspersed

A genef/transcript rich

A Associated withAlu repeats

" She, Xet al.,(2004 Nature 431:92730



Mouse Segmental Duplication Pattern
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Human Segmental Duplications Properties

A Large (310kb)

A Recent (95% identity)

A Interspersed (0% are separated by more thanl Mb)
A Modular in organization

A Difficult to resolve




Rare Structural Variation & Disease
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Human Disease
Triplosensitive, Haploinsufficient and Imprinted Genes

AGenomic Disorders: A group of diseases that results
from genome rearrangement mediated mostly byaii@hc
homologous recombinatiofinoue & Lupski 2002).
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Common and rare structural variation are linked
17921.31 deletion syndrome

Chromosomel7




17/9g21.31inversion

C  E— | | |
Chromosome
M
Inverted

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

A Inversion is largely restricted to Caucasian populations
I 20% frequency in European and Mediterranean population:

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

Stefansson, Ket al.,(2005 Nature Genetics



b A common inversion polymorphism

Pima, Arizona African Americans
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Alested 17 parents of children with microdeletion and found that every parent
within whose germline the deletion occurred carried an inversion
Anversion polymorphism is a risk factor for the microdeletion event



Duplication Architecture of 17921.31
Inversion (H2) vs. Direct (H1) Haplotype
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Anversion occurre@.3million years ago and was mediated by the LRR&coreduplicon
A2 haplotype acquired humapecific duplications in direct orientation that mediate rearrangemel
and disruptiKANSL1 gene

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




Summary

A Human genome is enriched for segmental duplications which
predisposes to recurrent large CNVs during geethproduction

A 15% of neurocognitive disease in intellectual disabled children is
ficaused by CNV 8% of normalscarry large events

A Segmental duplications enrich&6-25 fold for structural variation.

A Increased complexity is beneficial and deleterious: Ancestral
duplication predisposes to inversion polymorphism, inversion
polymorphisms acquires duplication, haplotype becomes positivel
selected and now predisposesticrodeletion



Il. Genome-wide SV Discovery Approaches

Hybridization -based

A lafrateet al.,2004 Sebatet al.,
2004

A SNP microarraysvicCarroll et
al., 2008 Coopetet al, 2008
Itsaraet al, 2009

A Array CGH: Redoret al.2006
Conradet al.,201Q Parket al.,
2010 WTCCC,2010

Single molecule mapping

A Optical mappingTeague et al.,
2010e.g.BionanoGenomics:
Levy-Sakinet al,2019

Sequencingbased

Readdepth: Bailey et aR002

FosmidESP:Tuzunet al.2005
Kidd et al.2008

A Next-gen sequencindiorbel et

al. 2007, Yoonet al, 2009
Alkan et al.,2009 Chenet al.
2009 Mills 1000Genomes
Project,2011, Sudmanet al.
2015,

A Longread Sequencin@haisson

et al.,2015 2019 Pendletoret
al., 2015 Sedlazeclet al.,2018
Audanoet al, 2019 Ebert et al,,
2021




Array Comparative Genomic Hybridization

Array of DNA Molecules
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SNP Microarray detection of Deletion {llumina)
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Using sequence read pairs to resolve structuralaraition

Human Genomic DNA

Human DNA

/ — | \Genomlc Library (1 million clones)

Sequence ends of genomic inserts &

l Map to human genome
Concordant Insertion Deletion Inversions
Fosmid
> < > < > < < <
Build 35

Dataset:1,122,4080smid pairs preprocessed5.5X genome coverage)
639,204fosmid pairs BEST pairs 8.8 X genome coverage)



Genomewide Detection of Structural Variation (>8kb)
by End-Sequence Pairs
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Next-Generation Sequencing Methods

A Read pair analysis — ———
i Deletions, small novel insertions, inversions, transposons .
I Size and breakpoint resolution dependent to insert size . —

A Read depth analysis
I Deletions and duplications only E—— ——
I Relatively poor breakpoint resolution

A Split read analysis

I Small novel insertions/deletions, and mobile element — - -~
insertions N
i 1bp breakpoint resolution —> -
A Local and de novoassembly —
i SVinunique segments |
i 1bp breakpoint resolution *j-:-%—_é—'_.%—::

Alkan et al.,Nat Rev Genet, 201]



Using Sequence Read Depth

A Map whole genome sequence to reference genome
I Variation in copy number correlates linearly with read-depth

lllumina Sequence

Reference Sequence m
Sequence to Test = millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science2002



Personalized Duplication or CopyNumber Variation Maps
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Interphase FISH
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Indirect sequencebased approaches are incomplete
159genomes 2-4X) (deletions only)

ReadPair ReadDepth

1772(33%)

Split-read
Mills et al, Nature 2011



Challenges

A Size spectrud >5 kbp discovery limit for most
experimental platforms; NGS can detect much smaller bu
misses events mediated by repeats.

A Class bias: deletions>>>duplications>>>>balanced event:
(inversions)

A Multiallelic copy number statésincomplete references and
the complexity of repetitive DNA

A False negatives.



Long read Genome Sequencing Revolution

Aluminum

3\ Glass

A//‘l‘\

\l
Excitation Em'SS'On

Pacific Biosciences (PacBi@) singlemolecule reattime sequence
(SMRT) data (15-50) kbp sequence reads

ONT (Oxford Nanopore Technology® higher error rate but,
portable, scalable native DNA sequencing of longeads



Advances in longread sequencing

HiFI Pac Bio Seguencing Ultra -long reads ONT
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Advantages of long read sequencing

HiFI PacBIio
~18-20 kbp

IIIurpina
150-300bp




More uniform coverage and sequencing of native DNA
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Increased sensitivity for structural variation (SV)

Count of SVs

Short-read
- Yoruban African
-I 06 - — Puerto Rican
Han Chinese

Long-read
= Yoruban African
— Puerto Rican
Han Chinese

10% .
‘ Optical Mapping

\ — Yoruban African
i

- Puerto Rican
\a
w‘

~ Han Chinese
10kb  1Mb

10% .

_100bp -1()bp  100bp
SV Size
~25,000PacBio SVs vsl11,000llumina SVs 50 bp

Eleven lllumina callers combined detd®o of deletions and1% of insertions in a
human genomeNGS misses¥5% of SVs

10° J1Mb —10kb

Chaissonet al, Nature,2015 Chaisson et al., NatComm, 2019



LRS has transformed how we characterize copy

number and structural variation
2015 2023

Short-read copy number (CN) profile (reference-based) DupMasker profile of phased genome assemblies (reference-free)
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Complete sequence of human genome

2021 (T2T-CHM13)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

[. Different contigs [ | Absent sequences ] Centromeres ]

Nurk et al, bioRxiv, 2021, Science2022



So how did we do it?

fWe used anreffectively haploichuman cell Iine\
known as CHM13

CHM 13is acomplete hydatidiform mole

‘

A diploid genome
with only one
haplotype

—

This greatly simplifies this problem because it allows us
to assemble each chromosome without interference

k from a second set of chromosomes J

Me used two longread sequencing technoloﬁ
with complementary strengths

1. Pacific Biosciences (PacBio) highdelity (HiFi)

A 15-25kbp long
A>99% accurate (similar to lllumina)
ra A Strength: Extremely accurate

2. Oxford Nanopore Technologies (ONT)

ANo limit in read length!
A93-99% accurate
A Strength: Extremely long

(o

/
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A Adds1956gene predictions
of which130-190are protein
coding

A Framework for
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genetically most complex
regions of our genome.



A 6 Gbp Human Genome Assembly
(contig N50=25-28 Mbp)
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Trio-based verkko assemblies of HG002
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Primate phased genome assembly efforts
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Complete sequencing of ape chromosomes
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Complete sequencing of ape chromosomes
(SVbyEye)
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A graph can capture such variation e.gMinigraph
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A graph-based representation of structural
variation
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A graph-based representation of the entire
human genome as a conceptual new reference




