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Structural variants (SVs) come in diverse shapes and sizes

Variant size: from 50 bases to megabases.
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Structural variants (SVs) come in diverse shapes and sizes

Variant size: from 50 bases to megabases.
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+ High functional impact
& Involved in rare and common diseases, and cancers.
& Hard to detect



Pangenomics?



Pangenomics?

Not “Genome-wide” in French.

2 ' o g / .

Etude d'association pangénomique %A 22langues
Article  Discussion Lire Modifier Modifier le code Voir Ihistorique Outils v
Une étude d' gé ique (en anglais g ide association study, GWAS) est une analyse de nombreuses

1
variations génétiques chez de nombreux individus, afin d'étudier leurs corrélations avec des traits phénotypiques .

Ces études se concentrent généralement sur les associations entre les polymorphismes nucléotidiques (SNP) et des
phénotypes tels que les maladies humaines majeures.




Pangenomics?

Not “Genome-wide” in French.
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Etude d'association pangénomique %A 22langues
Article  Discussion Lire Modifier Modifier le code Voir Ihistorique Outils v
Une étude d' iati gé ique (en anglais g ide association study, GWAS) est une analyse de nombreuses

1
variations génétiques chez de nombreux individus, afin d'étudier leurs corrélations avec des traits phénotypiques .

Ces études se concentrent généralement sur les associations entre les polymorphismes nucléotidiques (SNP) et des
phénotypes tels que les maladies humaines majeures.

Also not exactly the set of genes from all strains within a clade, like in
microbial pangenome.




Pangenomes represent genetic diversity succinctly

A pangenome represents a collection of genomes and the genetic
variants among them.

ATTGGGCATCGGGTGAGAGTGACCCTTTAAGGCAGG
ATTGGGC=-=-=-~-- GTGAGCGTGACCCCTTAAAGCAGG

ATTGGGC




Pangenomes represent genetic diversity succinctly

A pangenome represents a collection of genomes and the genetic
variants among them.
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Building a Human pangenome reference

& Human Pangenome Reference Consortium
(HPRC)

& Latest sequencing technologies for 350
diverse individuals



Building a Human pangenome reference

‘Current human genome reference

Bottor human genome roforences)

——————————

& Human Pangenome Reference Consortium
(HPRC)

& Latest sequencing technologies for 350
diverse individuals

& Generate telomere-to-telomere phased
assemblies

Hickey*, Monlong?, et al. Nat. Biotechnol. 2023

& Pangenome containing a comprehensive
catalog of (structural) variants




Building a Human pangenome reference
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Gty Comtx Erich Janvis e Tina Lindsay David Hausslor
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Data release and publcaton poicies, manage conferences, — -

cals, minutes.

Knoppers.
Matt Lebo SandraLee ~Pavel Pevzner Bob Waterston
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Liao*, Asri*, Ebler*, et al. Nature 2023



https://data.humanpangenome.org

Building a Human pangenome reference

Resource
Sharing &

Eimear Konny Bob Futon gt
Karen Miga Karen Miga Benedict Paten

Administration & Coordination
polces, manage con ferences,

Hall Karen Miga Ting Wang

Liao*, Asri*, Ebler*, et al. Nature 2023

Check out the latest data at: https://data.humanpangenome.org
(Ongoing) Release 2: 466 haplotypes of near-T2T quality.



https://data.humanpangenome.org

Complex structural variants in the HPRC pangenome

Count Frequency Haplotype name
43 0.48 RHD;RHCE
22 0.24 RHD;RHCE-RHD(2)-RHCE
15 017 RHCE

3 0.03 RHD-RHCE(2-3)-RHD;RHCE
2" 0.02 RHD-RHCE(8)-RHD;RHCE
1 0.01 RHCE-RHD(2)-RHCE
1 0.01 RHD-RHCE(2-9)-RHD;RHCE
1 0.01 RHD;RHCE-RHD(9)-RHCE
1 0.01  RHD-RHCE(10);inv;RHCE-RHD(10)
1 0.01 RHD;RHD;RHCE-RHD(9)-RHCE

Adapted from Liao et al Nature 2023

ORHCE
O TMEM50A

Liao*, Asri*, Ebler*, et al. Nature 2023




Recombination between heterologous human acrocentric

chromosomes

“we show that acrocentric chromosomes contain pseudo-homologous regions
(PHRs) indicative of recombination between non-homologous sequences. “

Fig.5| The PHRs of human acrocentric chromosomes.

a PHRs b Physical proximity € Recombination d e
M
Nucleolus N
PHBs {rf PHRs A E o
X 6.48 3 Centromere —
Mb Mb 0"%% [ Orientation

Garracino et al. Nature 2023

Guarracino, et al. Nature 2023




The variation and evolution of complete human centromeres
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Logsdon, et al. Nature 2024




Using the human pangenome resources

& Explore high-quality assembled haplotypes across diverse individuals

Count_Frequency Haplotype name Gene
43 048 RHD;RHCE { a— =V 70}
2 o2 RHD:RHCE-RHD(2)-AHCE =Ly,
15 0.17 RHCE D] —
3 003 RHD-RHCE(2-3)-RHD;RHCE I E——)
2" 0.02 PRHD-RHCE(8)-RHD;RHCE ~ D1
001 RHCE-RHDI2)-RHCE ~[EX——11}
001 RHD-RHCE(2-9)-RHD;RHCE o —

—
0.01 RHD;RHCE-RHD(9)-RHCE [
0.01  RHD-RHCE(10);inv;RHCE-RHD(10)
001 RHD;RHD;RHCE-RHD(9)-RHCE

{ o  —1
o (m—
ﬁ.ﬂ:l——}

Adapted from Liao et al Nature 2023




Using the human pangenome resources

& Explore high-quality assembled haplotypes across diverse individuals

Count_Frequency Haplotype name

43 048 RHD;RHCE | G— eﬁ”ﬁu
2 o024 RHD;RHCE-RHD(2)-RHCE T = 41
15 0.17 RHCE —
3 0.03 RHD-RHCE(2-3)-RHD;RHCE { I —
2" 0.02 RHD-RHCE(8)-RHD;RHCE | E—|
001 RHCE-RHDI2)-RHCE ~[EX——11}
001 RHD-RHCE(2-9)-RHD;RHCE o —

—
0.01 RHD;RHCE-RHD(9)-RHCE
0.01  RHD-RHCE(10);inv;RHCE-RHD(10)
001 RHD;RHD;RHCE-RHD(9)-RHCE

{ o  —1

a—

{—— | — ——}
Adapted from Liao et al Nature 2023

& As areference to study new samples with sequencing data.

1. Genotype SVs with short-read data
2. Characterize complex SVs with long-read data

= —:W/—_L:




A pangenome reference to

genotype SVs with short-read data

A pangenome reference to genotype SVs with short-read data



Genome sequencing

DNA Sequencing machines File (~100-300 Gb)
o
—
— GERRS03030.219 HNI-DO0S74:82:CELOANKK 3:110153953:1913/1

< ~FeFF

@ERR903030.220 HWI-D00574:82:C6LO1ANKX:3:1101:3863:1914/1

@ERR903030.221 HWI-D00574:82:C6LO1ANKX:3:1101:3906:1914/1

=
DNA fragments E-
> > GERR903030.222 HNL-DODS74:82:C6LOIANKK:3:1101:3833:1922/1
~ »
A GERR903030.223 HNT-DODS74:82:C6LOIANKK:3:1101:394211927/1 )

T
O ?
-~
GBRR903030.224 HNI-D00374162: CELOLANKK:311101:392011929/1

Sequencing reads

& Short: 150-250 bp (current tech)
& Long: 10,000s-100,000s bp (new tech. $$$)

A pangenome reference to ges s with short-read data



Aligning reads to a reference genome

Reference genome | A C AT

[ O N ] N hewe o
Sequencing reads i [T NN (NN NN S
[ [ N ] e .

Assuming the reads are correctly placed, small variants are identified
as recurrent differences between reads and the reference genome.

A pangenome reference to genotype SVs with short-read data



Aligning reads to a reference genome

Reference genome | A C AT |
[ O N ] N hewe o

Sequencing reads i [T (NN [N DN DO [ . .
[ [ ) ] N e e

Assuming the reads are correctly placed, small variants are identified
as recurrent differences between reads and the reference genome.

Variants can be missed, resulting in reference bias.

A pangenome reference to genotype SVs with short-read data



The challenges of structural variant detection

Around breakpoints, short sequencing reads are hard to map on the
reference genome.

Sequenced genome | : |

Sequencing read /R ’

A pangenome reference to genotype SVs with short-read data



The challenges of structural variant detection

Around breakpoints, short sequencing reads are hard to map on the
reference genome.

Sequenced genome | 5 |

Reference genome [T DELETION ]
Sequencing read /R F

Reference genome : |

A pangenome reference to genotype SVs with short-read data



Short-read mapping and structural variant genotyping

Reference pangenome graph

5202 whole-genome
Catalogs from . samples
long-read studies
i D> —

4y I

Call variants and genotype Map short reads to pangenome

INSERTION

A pangenome reference to genotype SVs with short-read data

Siren*, Monlong*, Chang*, Novak*, Eizenga*, et al. Science 2021




Short-read mapping and structural variant genotyping

Reference pangenome graph 5202 whole-genome
Catalogs from
Iong read studies

samples

Call variants and genotype
INSERTION

Map short reads to pangenome

:@::@fg@

[ linear reference ) »

A pangenome reference to genotype SVs with short-read data

Siren*, Monlong*, Chang?*, Novak?*, Eizenga*, et al. Science 2021




Genotyping structural variation from pangenomic mapping

[ 7
| } I | _detetion |—| |
\ | insertion ‘ ! _
f eeem m T L
Snarl 1 Snarl 2
Path coverage ratio 1:1.6 — het Path coverage ratio 0:2 — hom
— | | | — I
Reference path Variant path Read mapping to reference path Read mapping to variant path
https :// github .com/ Vgtea.m/ vg Hickey*, Heller*, Monlong*, et al. Genome Biology 2020

A pangenome reference to genoty; s with short-read data


https://github.com/vgteam/vg

Genotyping structural variation from phased variants

PanGenie uses k-mer and haplotype information to genotype SVs.

Targetsample  Known samples

Reads Haplotype-resoved assemblies kemer copy number Possible alleles|
B | - e s
012 CTCAA-TGGCC

CTCA---GGCC
Step 1: Graph construction

Pangenome graph

FASTA
format

(b) Step 2: k-mer counting

k-mer copy number

Step 3: Genome inference
(PanGenie)

Bubble 1 Bubble 2 Bubble 3

https://github.com/eblerjana/PanGenie Ebler et al. Nature Genetics 2022

A pangenome reference to genotype SVs with short-read data


https://github.com/eblerjana/PanGenie

Structural variant genotyping performance

1.0 1 R — .
°,0 °q0 P ) RG]
0.8 - Recall ®
0.5 A
oF
0.2 - Precision @
’ o
O B ’ . T T T T T
Delly Manta  vgcall PanGenie Sniffles2 HPRC
| Short reads I Long reads |
Adapted from Siren et al. Nature Methods 2024

*vg call and PanGenie using the “personalized pangenome” approach (Sirén et al. Nature Methods 2024).

A pangenome reference to genotype SVs with short-read data



Other specialized methods

Variable Number Tandem

Repeats (VNTR) characterization

danbing-tk genotypes them or predict
their length from short read data.

Haplotype-resolved
assemblies VNTR 1 VNTR 2 VNTR 32,138

B e B L e

Assembly
support

Found in \ o
GRCh38




Other specialized methods

Targeted genotyping of complex

Variable Number Tandem

Repeats (VNTR) characterization

danbing-tk genotypes them or predict
their length from short read data.

Haplotype-resolved
assemblies VNTR 1 VNTR 2

Assembly
support

Found in \ o
GRCh38

polymorphic genes
Locityper finds the best pair of known
haplotypes from short reads.

of locus haplotyp
Haplotype A Haplotype B

Haplotype C Haplotype D
ﬂ-: [

Each genotype: distribute recruited reads across haplotypes
to maximize likelihood

Genotype A A

Genotype A,C

Genotype A B Genotype AD
SR
[ —— ]
S S ) S R — — |
== - - - ="

Adapted from Prodanov et al. bioRxiv 2024 [six more genotypes not shown]

Prodanov et al. bioRxiv 2024




A pangenome reference to characterize

complex SVs with long-read data

A pangenome reference to characterize complex SVs with long-read data



Long-read sequencing with Oxford Nanopore Technologies

3 3
Time (seconds)

As the DNA (or RNA) fragment passes through the pore, the current
changes and is decoded to predict nucleotides.

Reads length of 1,000s-100,000s of nucleotides.

A pangenome reference to characterize complex SVs with long-read data



Longer reads improve structural variant detection

[
Sequenced genome | : |

[ I

/
Sequencing read

A pangenome reference to characterize complex SVs with long-read data



Longer reads improve structural variant detection

Sequenced genome | L |

[Reference genome [ BRSO
| I

/
Sequencing read

Sequencing read— [

[ Seduenced genorre L —

| Reference genome ‘ |

A pangenome reference to characterize complex i -read data



Application to a cohort of rare disease patients

Chan
Zuckerberg @O Children's National.

Initiative® consortium

42 probands and 56 unaffected family members, sequenced with
one-flowcell of ONT long-read sequencing (R10).

50 0.996 250 80x
|

=40 0.994 5 200 @
g F] 60x 9
= g ]
a 3
[ 2 3
2% Z 0992 2 150 2
£ ] H 40x S
5 b=} z H
S 20 & 100 8
T 0.990 5 ]
3 3
= - [ 20x

10+ 50

0.988

Negi et al. AJHG 2025

A pangenome reference to characterize complex SVs with long-read data



Challenging RCCX modules in the HLA region

& Tandem-duplication of ~30 Kbp genetic module (99% similar).
+ CYP21A1P pseudogene and CYP21A2 gene.
& Variants cause congenital adrenal hyperplasia (recessive).

hgsa
| 319750000 319800000 31985000 319900001 31995000 32000000 32005000 32010000 32015000 32020000 32025000 320300000 32005000 32,040,000 32045000 32,050,000 32,055,000/

oxolfiHh
B e S o

CYP21A1P [iiHE CYP21A2 IHiiim
D ]
Deletions > Hitti® intact CYP21A2
[ R A A AT I

5 Wiftim CYP21A1P CYP21A2 fusion

nge > Hiifile intact CYP21A2
conversions

> Hihim inactivated CYP21A2

A pangenome reference to characterize complex SVs with long-read data



Parakit: paralog toolkit using collapsed pangenomes

)
(AW
Address multi-mapping confusion by mapping (‘
N\
N

to a collapsed pangenome and by analyzing the
alignment profile.

read
A — Linear reference genome
CYP21A2 ]

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025

A pangenome reference to characterize complex SVs with long-read data


https://github.com/jmonlong/parakit

Parakit: paralog toolkit using collapsed pangenomes

)
(AR
Address multi-mapping confusion by mapping (‘
N\
N

to a collapsed pangenome and by analyzing the
alignment profile.

read
[ — Linear reference genome
CYP21A2 |

Pangenome
I |

read _/ =4 |4

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025

A pangenome reference to characterize complex SVs with long-read data


https://github.com/jmonlong/parakit

Pangenome with RCCX modules collapsed

A Reference sequence alignment

GR( odule P
GRCh38 - module G =
HPRC1 - module P
Node specific to
HPRC1 - module G B module P

e
Long sequencing reads aligned to the pangenome B modie

Parakit %@

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025



https://github.com/jmonlong/parakit

A  Reference sequence alignment Pangenome with RCCX modules collapsed

GRCh38 - module P Haplotype

=
Node specific to
B ol
. . [ module 6
Long sequencing reads aligned to the pangenome
B [ = R R R I = R R R N = R R e
Reads with no gene fusion [ R R e T s T s I R s N s T e T I s I
or gene conversion evidence = m == = =
[ R R s Y s R s R e [ e [ s R
. . [ R e B I e I N e B N s R s Y e [ e [ s Y e
Reads supporting a gene fusion
[ e R R e R s R s R s R
m =
Reads supporting SNVs from gene conversion [===RN === R - - B R =]
[ R s R s T s R s T I s R s R e R e R

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025



https://github.com/jmonlong/parakit

A Reference sequence alignment
HPRC1 -module G|

-

Reads with no gene fusion
or gene conversion evidence

Reads supporting a gene fusion

Reads supporting SNVs from gene conversion

0

Coverage support
Module number estimate

Proportion of module G support

) L]

Haplotype

Pangenome with RCCX modules collapsed

Node specific to

Long sequencing reads aligned to the pangenome

Parakit %@

Variant identification

X reads supporting fusion
B

O———]
X reads supporting SNV/gene conversion

Visualization

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025
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Haplotype prediction
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https://github.com/jmonlong/parakit

Example: patients with a gene fusion and pathogenic SNV

module 2 allelic ratio

1.00
o5l allele
ggg: — support
0.00-
path
! - o com “ Haplotype 1 |
2 -, N
= . Haplotype 2
14 - g - e g S S —
module ® 1 @ 2 @ both Pathogenic SNV 27208 955C>T_Gin319Ter
genes
- —mna I[CYP2TATP ]
- B . . - ] JCCcYP2iAz ]
| | ' '
400 800 1200 1600
position in the pangenome EE exon = gene

e e =

https://github.com/jmonlong/parakit Monlong et al. medRxiv 2025

cterize comple:


https://github.com/jmonlong/parakit

The human pangenome

— Complex structural variants at unprecedented resolution

Current human genome reference

Better human genome reference(s)

————————

— Augmented (pan)genomic reference to:
& Genotype SVs from short-read sequencing data.

& Characterize complex SVs with long-read sequencing.

A pangenome reference to characterize complex SVs with long-read data
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Better calls for both small and structural variants...

SV concordance with GIAB HG002 benchmark ~ Whole genome SNP performance, stratified by local context
1.00

0.98 -
0.970

F1-score
Number of false variants

= @ o
ool 2 =
b4 Rl =Y B
ofofofl ©

™
P
i3
i3

HGO02  HGO0733 HG02723

B Hapdup (ONT)

" FP EE Not in
mm Sniffles2 (ONT) Homopolymers & homopolymers
= CuteSV (ONT) [

mm Hifiasm (HiFi)

Kolmogorov*, Billingsley*, et al. Nature Methods 2023



...except for indels in homopolymers

Whole genome indel performance, stratified by local context

300,000

250,000

200,000 -

150,000 -

100,000

Number of false variants

50,000

HG002

| ]
HG00733 HG02723

FP
Tandem repeats

EN - and homopolymers

FP Not in tandem
repeats and
FN homopolymers

Note: Results above are for the R9 chemistry. The new R10 chemistry has lower error rate and better

(indel) calling performance.

Kolmogorov*, Billingsley*, et al. Nature Methods 2023



Small variants found by long-reads only

Missense mutation in KRT86 disease gene (monilethrix) invisible with short reads.

chr12:52,290,220-52,290,259

[T T T B IS pLaT it @31 9I52 4102 QaLi T R $D2emn e

41bp 41bp

I AR AR ARARAY | i ——RRREEERERARRNANARANAR
KRT86 KRT86
long-reads short-reads

Negi et al. AJHG 2025



Patient with complex neurodevelopmental phenotype

Variant of Uncertain Significance SNV in ARID1B gene (Coffin-Siris
syndrome 1?).

& Denovo, SRS and LRS, new splice site predicted in silico (SpliceAl).

PMGRC-146-146.0
Coverage
PMGRC-146-146:0
Junchons
PMGRC-157-146-1
Coverage
PMGRC-157-146-1
Junchons
PMGRC-147-146:2
Coverage
PMGRC-147-146:2
Junchons

Sequence.
Refseq Genes

chr6:157,167,865-157,167,904

a1bp
s 157167890 b0

187,167870bp
1 1

S|[cCCCT CTCAGGTTCCGTAACTACCTAAAGACAATGAGTA

ARID1B.

PMGRC-146-146:0
Coverage

PMGRC-146-146:0
Junctons

PMGRC-167-146.1
Coverag

PMGRC-167-146.1
Junctons
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Coverage

PMGRC-147-146:2

chr6:157,167,039-157,170,254

R - m.!m..: q16.2 q2231 q24.

3217bp
157169000 bp
I

187168000 p
I

Iw]
i

- W
P —————————

il e
=

ARID1B

187170000 b
1 1

Negi et al. ATHG 2025



imodular alleles also detect

node * Jes e vanant X O s modde Do "
(S B __ocomwmw 000 owwem T N R e el wel I
EE
[SR-% AP ——
| [Hap. 1]

st
s 3 Hap. 2

c "'—*'—'"-'—'"T“ S & )
2 § 1 =TT | CoverAr]
82 — : L= G s —

S 0 EE exon — gene 500 1000

node ID in the pangenome



	A pangenome reference to genotype SVs with short-read data
	A pangenome reference to characterize complex SVs with long-read data
	Appendix

