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Integrating structural variants in genomic studies of rare

and complex diseases with long-read sequencing and
pangenomes
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Understanding functional impact of genomic variation
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Different types of genomic variants

Single-nucleotide
polymorphisms
(SNPs)
GATCAGC

GATGAGC



Different types of genomic variants

Single-nucleotide Insertion-deletion
polymorphisms polymorphisms
(SNPs) (INDELs)
GATCAGC GATCAGC
GATGAGC GAT - -GC



Different types of genomic variants

Single-nucleotide Insertion-deletion .
; : Structural variants
polymorphisms polymorphisms (SVs)
(SNPs) (INDELSs)
GATCAGC GATCAGC GATCAGC

GATGAGC GAT --GC GATC|AGC




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



Genome sequencing
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Genome sequencing

Sequencing machines
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Genome sequencing

DNA Sequencing machines File (~100-300 Gb)
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Sequencing reads

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




Outline - Studying structural variants

Short-read sequencing, pangenomes, and complex diseases

Long-read sequencing and rare diseases

Pangenomes meet long-read sequencing




Short-read sequencing,

pangenomes, and complex diseases

Short-read sequencing, pangenomes, and complex diseases



Common variants associated with a complex disease

¢ Structural variant

Genotype a comprehensive catalog of common variants across a large
cohort.

Short-read sequencing, pangenomes, and complex diseases



Aligning reads to a reference genome

Reference genome | A C AT
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Assuming the reads are correctly placed, small variants are identified
as recurrent differences between reads and the reference genome.

Short-read sequencing, pangenomes, and complex diseases



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.

Short-read sequencing, pangenomes, and complex diseases



The challenges of structural variant detection

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

Sequenced genome | : |

Sequencing read /R ’

Short-read sequencing, pangenomes, and complex diseases



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 : |

Short-read sequencing, pangenomes, and complex diseases



Pangenomics to the rescue. Which pangenomics?

Short-read sequencing, pangenomes, and complex diseases



Pangenomics to the rescue. Which pangenomics?

Not “Genome-wide association studies” in French.

2, N 5 P s
Etude d'association pangénomique %5 221angues
Article  Discussion Lire Modifier Modifier le code Voir Ihistorique Outils v
Une étude d' é (en anglais g: ide association study, GWAS) est une analyse de nombreuses

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 to the rescue. Which pangenomics?

Not “Genome-wide association studies” in French.

2, : 5 P s
Etude d'association pangénomique %5 221angues
Article  Discussion Lire Modifier Modifier le code Voir Ihistorique Outils v
Une étude d' iati é i (en anglais g: ide association study, GWAS) est une analyse de nombreuses

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.

I
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Microbial Human Human luman
genomics genomics genomics genomics

-read sequencing, pangenomes, and complex diseases



Pangenomes represent genetic diversity succinctly

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

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

ATTGGGC

Short-read sequencing, pangenomes, and complex diseases



Pangenomes represent genetic diversity succinctly

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

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

Short-read sequencing, pangenomes, and complex diseases



Building a Human pangenome reference

Current human genome reference

Better human genome reference(s) H

& Human Pangenome Reference
Consortium (HPRC)

& Latest sequencing technologies for 350
diverse individuals

& Pangenome containing a
comprehensive catalog of (structural)
variants

Liao*, Asri*, Ebler*, et al. Nature 2023
Hickey*, Monlong?*, et al. Nat. Biotechnol. 2023

-read sequencing, pangenomes, and complex diseases



Building a Human pangenome reference, a team effort

Steering Committee
NHGRI Officials, Funded Investigators, Working Group Chairs

& ay F =
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Collect, identify and Coordinate data :Sser‘bhes methods omewor:| & Maintenance Outreach
prioritize samples for production; develop levelopment e onebclon and ools
inclusion; larger and optimize protocols; Chairs Fu"clll?nal snnotaion; Re‘saur? sharig;
discussions about engage technology Evan Eichler resolution of errors outreach an
diversity within the companies and test T tur Chairs. education; browsers
project new technologies Lol Erik Garrison Chairs 5
= - Kerstin Howe Ira Hall Paul Flicek airs
S Chais Erich Jarvis fhonal Tina Lindsay David Haussler
Eimear Kenny Bob Fulton i Ting Wang
Karen Miga Karen Miga Benedict Paten
e oy
&C Scientific Advisory Board
Data release and publication policies, manage conferences,
calls, minutes. Deanna Church  Martin Hirst ~Bartha Knoppers.
= = MattLebo Sandralee Pavel Pevzner Bob Waterston
Lucinda Fulton IraHall Karen Miga Ting Wang

Check out the latest data at: https://data.humanpangenome.org



https://data.humanpangenome.org

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

Short-read sequencing, pangenomes, and complex diseases

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




Short-read mapping and structural variant genotyping

Reference pangenome graph 5202 whole-genome
Catalogs from . samples
Iong read studies P << - —

Call variants and genotype Map short reads to pangenome

INSERTION

:@::@B@

[ linear reference ) »

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

Short-read sequencing, pangenomes, and complex diseases



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

ead sequencing, pangenomes, and complex diseases


https://github.com/vgteam/vg

Genotyping structural variation from phased variants

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

Target sample

Known samples

Reads
-

‘[ Haplotype-resoved assemblies }

FASTA
format

Step 1: Graph construction

Pangenome graph

(b) Step 2: k-mer counting

k-mer copy number

Bubble 1 Bubble 2 Bubble 3

k-mer copy number Possible alleles|
coe CTCARATGGCC
012 CTCAA-TGGCC
CTCA---GGCC

Step 3: Genome inference
(PanGenie)

https://github.com/eblerjana/PanGenie

-read sequencing, pangenomes, and complex diseases

Ebler et al. Nature Genetics 2022



https://github.com/eblerjana/PanGenie

Personalized pangenomes with haplotype sampling

With pangenomes becoming larger, analysis can suffer.

Short-read sequencing, pangenomes, and complex diseases



Personalized pangenomes with haplotype sampling

With pangenomes becoming larger, analysis can suffer.

One solution: k-mer-guided “down-sampling” of the full pangenome.

K-mer counts from Pangenome
sequencing experiment
D

v

Personalized pangenome
with only N haplotypes

Sirén et al. Nature Methods 2024

Short-read sequencing, pangenomes, and complex diseases



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.

Short-read sequencing, pangenomes, and complex diseases



Current state of pangenomics tools

Construction =~ Complex variants ~ Annotation
Read mapping Functional genomics Association tests
Genotyping Visualization Multi-species

Short-read sequencing, pangenomes, and complex diseases



Long-read sequencing and rare diseases

g-read sequencing and rare diseases



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.

Long-read sequencing and rare diseases



Longer reads improve structural variant detection

[
Sequenced genome | : |

[ I

/
Sequencing read

Long-read sequencing and rare diseases



Longer reads improve structural variant detection
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Long-read sequencing and rare diseases



Oxford Nanopore is portable (space!) and fast

Long-read sequencing and rare diseases



Oxford Nanopore is portable (space!) and fast

& Sequence as fast as possible

& Get a genomic diagnosis quick

& E.g. for newborns with suspicion of a rare
genetic disease

Ultrarapid Genome Sequencing Pipeline

‘Small variant
and structural

Vot
anrant ), (Craion ) (Bieien)

ling

Gorzynski et al. N. Engl. J. Med. 2022
Goenka*, Gorzynski*, Shafin*, et al. Nat. Biotechnol. 2022

Long-read sequencing and rare diseases



Oxford Nanopore is portable (space!) and fast

& Sequence as fast as possible

& Get a genomic diagnosis quick

& E.g. for newborns with suspicion of a rare
genetic disease

Ultrarapid Genome Sequencing Pipeline

“Fastest DNA sequencing
technique”: 5h2m

Gorzynski et al. N. Engl. J. Med. 2022
Goenka*, Gorzynski*, Shafin*, et al. Nat. Biotechnol. 2022

Long-read sequencing and rare diseases



Cost-efficient Nanopore pipeline

& Only one flow-cell of Nanopore
& ~30X coverage with 30 Kbp N50 reads

Long-read sequencing and rare diseases



Cost-efficient Nanopore pipeline

NAPU
(Nanopore
Analysis
Pipeline)

& Only one flow-cell of Nanopore
& ~30X coverage with 30 Kbp N50 reads

Raw ONT
sequencing
reads

Shasta +
Hapdup

& Nanopore Analysis Pipeline (U?) to get
haplotype resolved: SCT
1. small variants (SNPs/indels)
2. structural variants
3. de novo assembly
4. methylation marks

Haplotype
resolved Assembly

methylation
calls (bed)

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

Long-read sequencing and rare diseases



Under the hood: phased variants and methylation calls

SNP Detection
a b Aligned Reads

SNV1 SNV2 SNV3 C ) i
i ) q

[ C
ATGAGCAATAGTCCGGCGAACATGCCATGAGT ATGAGCAATAGTCCG

SNV SNV2  SNV3
H1 @A u .
H2 o o icn

Diplotyping

Reads are haplo-tagged using information across heterozygous sites
With M a rg | N (Ebler*, Haukness*, Pesout*, et al. Genome Biology 2019).

Long-read sequencing and rare diseases



Under the hood: phased variants and methylation calls

SNP Detection

a b Aligned Reads N
SNV1 SNV2 SNV3 C ) ) ) ( i I = ) )
(A) (D © [ ) [
[ —] ! )
ATGAGCAATAGTCCGGCGAACATGCCATGAGT ATGAGCAATAGTCCGBCGAACATGCCATGAGT
SNVI  SNV2  SNV3 ! HMM
H1 A] U e

H2 ic| u c 5

Diplotyping

Reads are haplo-tagged using information across heterozygous sites
With M argi N (Ebler*, Haukness*, Pesout*, et al. Genome Biology 2019).

Ins A D
el T 999 A
[ I I I _ ] Oeeeeq I — I ]
H1 7 I T I ] H1
T 299
[ I ] Josnnq T T ]

long reads: 1 000 - 100 000 bp

Phased small variants (DeepVariant) and methylation calls (ModKit)

Long-read sequencing and rare diseases



Under the hood: de novo genome assembly polishing

Reconstructs genomes without reference bias, hence better able to identify
complex variants (e.g. combination of deletion/inversion)

I ————————
Sequencing reads ( llII]IIIIIIIIIIIIIIIIIIIIIIIII]]]]IIIIIIIIIIIIIIIIIlll
LTIV lllllllllllllllllllllll_lllll
LTI [[["""""" [mm

"overlap" relationship ——

Shasta: haploid de novo assembly

Shafin*, Pesout*, Lorig-Roach*, Haukness*, Olsen*, et al. Nat. Biotechnol. 2020 Kolmogorov*, Billingsley*, et al. Nature Methods 2023

Long-read sequencing and




Under the hood: de novo genome assembly polishing

Reconstructs genomes without reference bias, hence better able to identify
complex variants (e.g. combination of deletion/inversion)

Sequencing reads ( T I (TN I
IIII[HHJJJJJJ]]]]]]]]IIIIIIIIIII“““""" ||||||| (LRI AR 1111
LTIV

"overlap" relationship ——

Shasta: haploid de novo assembly

Hapdup: haplotype polishing

Shafin*, Pesout*, Lorig-Roach*, Haukness*, Olsen*, et al. Nat. Biotechnol. 2020 Kolmogorov*, Billingsley*, et al. Nature Methods 2023

Long-read sequencing and




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).
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Negi et al. AJHG 2025

Long-read sequencing and rare diseases



Better coverage of confidently mapped reads

More of the CHM13-T2T genome covered with at least 10x.
& 93.99% (LRS) vs. 88.27% (SRS)

GRCh38-aligned LRS and SRS T2T-CHM13-aligned LRS and SRS

Genomic regions > 1kb callable

by SRS, with no coverage in LRS

I Genomic regions > 1kb callable
by LRS, with no coverage in SRS

Negi et al. AJHG 2025

Long-read sequencing and rare diseases



Resolving compound heterozygous variants

In LHCGR gene, associated with Leydig cell hypoplasia:
& Coding SNV on haplotype 1 (left, blue reads)
& ~7 Kbp deletion of an exon on haplotype 2 (right, red reads)

Negi et al. AJHG 2025

ong-read sequencing and rare diseases



Known episignature of Coffin-Siris syndrome 1

Episignature: methylation pattern, across 10-100s of sites, associated
with disease.

Long-read sequencing and rare diseases



Known episignature of Coffin-Siris syndrome 1

Episignature: methylation pattern, across 10-100s of sites, associated
with disease.

One patient with suspected Coffin-Siris syndrome 1.

0.08

0.07 :: :ﬁ:
Methylation across 106 o0s
differentially methylated oos
CpG sites from Aref-Eshghi ...
et al. oo
Negi et al. AJHG 2025 0.01

0.8 0.9

0.2 0.3 ] 0.4 ! X 0.7
Methylation Concordance with CSS1

Long-read sequencing and rare diseases



Pangenomes meet long-read sequencing

Pangenomes meet long-read sequencing



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

Pangenomes meet long-read sequencing



Parakit: paralog toolkit using collapsed pangenomes

AR
— . vl N E
Address multi-mapping confusion by mapping (‘ Q N\
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



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

read _/ =4 |4

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



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]

- B ==

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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Score haplotype pairs
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https://github.com/jmonlong/parakit

Example: patients with a gene fusion and pathogenic SNV

module 2 allelic ratio

allele
- {| support
1 P 5% " —_— _o. -.. e o an o - “ Haplolype1|
2 - " T : —Y _—I_b Gme@m o @ oo &
= = = H °e° . N Haplotype 2
1 - g - —— i e —
T — T — T T
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
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Conclusions

Two approaches to integrate structural variants into genomic studies:

Genotyping with pangenomes
from short-read sequencing data,
e.g. for genome-wide association

studies.

Gurrent human genome reference

Bottor human genome referencels)

Pangenomes meet long-read sequencing



Conclusions

Two approaches to integrate structural variants into genomic studies:

Genotyping with pangenomes Cost-effective long-read
from short-read sequencing data, sequencing using nanopore
e.g. for genome-wide association technologies to help solve

studies. undiagnosed rare disease cases.

NAPU

Current human genome reference (Nanopore
e — Analysis
Pipeline)

Bottor human genome referencels)

Pangenomes meet long-read sequencing



New bioinformatics avenues

Methods, tools, benchmark,
and analysis needed !

Pangenomes with haplotype-resolved
near-complete genomes. J

Single-molecule long read sequencing
(nanopore, PacBio). J




New bioinformatics avenues

Methods, tools, benchmark,
and analysis needed !

Pangenomes with haplotype-resolved
near-complete genomes.

Single-molecule long read sequencing
(nanopore, PacBio).

L 2N N 2N A AN /

Complex variants
Repeat-rich regions
Association studies
Functional genomics

Epigenomics

Pangenomes meet long-read sequencing
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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
[=
=0
= FP
> 200,000 Tandem repeats
3 EN - and homopolymers
©
o 150,000 )
o FP Not in tandem
2 repeats and
€ 100,000 FN homopolymers
- §
4

50,000 |
—
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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.
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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).
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