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Clinical genetic testing often occurs in a stepwise
fashion, involving multiple tests and clinic visits
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New technologies, such as long-read sequencing will
increase the diagnostic rate
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A traditional genetic workup is diagnostic
in less than 50% of cases
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Incomplete gene-phenotype relationships Variants that are difficult to detect or interpret
*  We do not know the function of all genes *  Many genes are difficult to sequence

« Structural variants can be difficult to identify

» Predicting the impact of a variant is difficult
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Short-read sequencing detects less than half the SVs
seen by long-read sequencing
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Long-read sequencing technologies
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LRS provides detailed information about SVs
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LRS provides detailed information about §Vs, including
methylation data
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LRS provides detailed information about §Vs, including
methylation data
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A traditional genetic workup is diagnostic
in of cases

0 . OXe)
i’n i’n i
<50%
MONTHS @ @ @ ‘ ‘ Diagnostic
rate

FAMILY REFERRED GENE PANEL (EXOME/GENOME) ﬁ EXOME )
FOR TESTING SEOUENCING EANALYSIS
Incomplete gene-phenotype relationships Variants that are difficult to detect or interpret
*  We do not know the function of all genes *  Many genes are difficult to sequence

« Structural variants can be difficult to identify
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A traditional genetic workup is diagnostic
in of cases

.o
<50%
MONTHS Diagnostic
rate
MICROARRAY GENE PANEL ( EXOME/GENOMEW ﬁ ExoME 3
SEOUENCING REANALYSIS

+ FRAGILE X
il Tj

Variants that are difficult to detect or interpret

FAMILY REFERRED
FOR TESTING

* Many genes are difficult to sequence

Frésard et al. 2018 and Clark et al. 2018; Gibson et al., Submitted



LRS can be used to identify variants in
complex regions of the genome

 Newborn with respiratory failure at birth requiring ECMO

« Duo exome sequencing revealed a likely pathogenic 2-bp deletion in
HYDIN
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HYDIN is a 400-kb gene containing a
380-kb segmental duplication
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Short reads do not align well within HYDIN
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LRS gives even coverage across HYDIN and
identifies SNVs difficult to detect with short reads
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A traditional genetic workup is diagnostic
in of cases
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CASE 2
- LRS can identify variants missed by prior
clinical testing — these are often SVs
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CASE 2
- LRS can identify variants missed by prior
clinical testing — these are often SVs
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LRS can detect variants in regions of the
genome difficult to analyze with short reads
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LRS can detect variants in regions of the
genome difficult to analyze with short reads
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An individual unsolved after clinical testing

- 8-year-old male with suspected glycogen storage disease
— Panelidentified a single pathogenic variant in AGL, but no 2nd variant

* Family returns for re-evaluation and additional testing
— SNP array: negative
— Exon-level array: negative

« Research-based short-read WGS
— SVidentified in AGL, thought to be a franslocation
— Clinical optical genome mapping: negative

« Research long-read sequencing




An individual unsolved after clinical testing
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Case 4: Glycogen Storage Disease
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The 1000 Genomes Project characterized patterns of
human genetic variation

ARTICLE

401:10.1038/nature15393

A global reference for human
genetic variation

‘The 1000 Genomes Project Consortium*

‘The 1000 Genomes
distrbution of comef
proceses atshape
disease biol

human genetic vari
genetic studies,
cataloguing of m.a
neutral variants‘

individual genotyped

Data set overvie]
In contrast t

Extended Data Fig

ARTICLE

A map of human genome variation from

population-scale sequencing

The 1000 Genomes Project Consortium*

401:10.1038/nature09534

The1000 Genomes
i

ARTICLE

appmxlmztely i
structural variants,
‘majority of commo|

due to selection at §

Understanding the relai

An integrated map of structural variation
in 2,504 human genomes

Alist of authors and their affiliations appears at the end of the paper.

ing classifiers to se
positives, balancing|
Totypes started with
array genotypes for
frst degree reltives]
bi-alllic variants th
types: and conclude]
tural variants onto
(Supplementary Ta|
validated 80 million
catalogue (version

681 NATURE | V0|

genome sequence’ pror

Catal

et ng short-read DNA an
nonldge of DNA s in26 hnmn pnpuh!mns Analysing this set, we ldenn[y numerous gene-intersecting structural variants exhibiting
allde uggest

ha eady becn made| of a variety of human genes. We demonstrate that structural variants are enriched on haplotypes identified by
(dbSNP 129) contained Seniome-wide assoctarion stdles and ezt bl r expression quanchative it locl Addidonally, we
polymorphisms (SNPs) uncover appreciable levels of iant complexity at s, including genic loci subject to clusters
(indels)?*. Databases o of repeated ‘e complex e likely to have forme

indexed the locations of 8 ariant i
HapMap

patterns between near
disequilibrium (LD), ac
dupl

and inversions, account for most varying base pairs (bp) among
individual human genomes'. Numerous studies have implicated
Vs in human health with associated phenotypes ranging from
cognitive disabilities o predispositions to obesity, cancer and other

adies’s 1

 and mesPAST—snd e SV dicovry

and_ genotyping u nine different algorithms

(Bxended Data g 1304 Supplcmmﬂry Note). We applied several

refinement

and characterization (Supplementary Table 2) and to calculate the
e

I

(EDR) for each SV class (Table 1). Callset refine-

h
internal SV ¢ Thi

logical and technological advances*, efforts to perform disct
genotyping, and statistical haplotype-block integration of all major
SV daseshave 0 fa been lcking.Barer SV surveys depended on
as genomic and
to 2 small number of samples"~". More mcmlly. oreresd DNA
sequencing data from the initial phases of the 1000 Genomes
Project®” enabled us to construct sets of SV, genotyped across popu-
lations, with enhanced size and breakpoint resolution*”. Previous 1000
Genomes Project SV set releases, however, encompassed fewer indi-
teof

similarly been tested for]
Despite these successe
understanding of the g

variants (here defined
respecively) vastly outn

e relevance of other SV classes to human genetics'>"
i Variation A

orate a number of additional SVs into our callet, including an
additional 698 inversions and 9,132 small (<1kbp) deletions, com-
pared to the SV set released with the 1000 Genomes Project mark
paper'. As a result, our callst differs slightly relative to the marker
paper’s SV set” (see Supplementary Table 2). We merged individual
o construct our unified release (Table 1), comprising 42279
billic dions, 6025 bl dupliations, 2525 mCNYs (rul
786 inversion:
il oo (SUAT gl mobxk clement insertions
(MEIS, including 12,748, 3,048 and 835 insertions of Ak, L1 and
SVA (SINE-R, VNTR and Alu compcsuc) demeots, mspmhvdy)
'V non-reference genotype concordance estimates ranged from
~98% for biallelc deletions and MEI classes to ~945% for biallelic
duplications. 60% of SVs were novel with respect to the Database of




LRS of 1000 Genomes Project samples to characterize
previously inaccessible patterns of human variation

ARTICLE

401:10.1038/nature15393

A global reference for human

genetic variation

‘The 1000 Genomes Project Consortium*

“The 1000 Genomes
distribution of comsy
proceses atshape
disease biol

human genetic varia
genetic studies, by

in Affica (AFR), Ea
and the Americas
population descripi]
sequenced usingbotl]

individual genotyped

Data set overviel
In contrast to earl
beyond bi-alllic ev
diverse set of struc
collection, data gene
Extended Data Fig
k

ARTICLE

A map of human genome variation from

population-scale sequencing

The 1000 Genomes Project Consortium*

401:10.1038/nature09534

The 1000 Genomes
for investigating th

populamns, high.
ividuals from s|
appmxmmely 15
structural variants,
‘majority of commol
data set. On avera
genes and 50 10100}
to inform associatid
substitution mutat
signatures of natur
due to selection at §

Understanding the relai

ARTICLE

An integrated map of structural variation
in 2,504 human genomes

Alist of authors and their affiliations appears at the end of the paper.

ing classifiers to se
positives, balancing|
Totypes started with
array genotypes for
frst degree reltives]
bi-alllic variants th

catalogue (version

681 NATURE | V0|

genome sequence! pror

knowkdgc of DNA seq

genomes.

variants, which ng short-read DNA

phased block

anc hase
in 26 human populations. Analysing this set, we identify numerous gene-intersecting structural variants exhibiting

polymorphisms (SNPs)
(indels)*. Databases o
indexed the locations of

HapMap

of a variety of human genes. We demonstrate that

ctural variants are enriche

g ugges

on haplo! mm identified by

genome-wide P e exhibit bl r expression ¢ qu:mhaﬂve trait loci. Additionally, we
is of s, including g

patterns between near
disequilibrium (LD), ac

similarly been tested for]
Despite these successe
understanding of the g

variants (here defined
respectivly) vastly outn

uncover appreciable levels of structural variant complexity at senic loci subject to clusters
of repeated and complex likely to have formed through
o e ariant i
dupl algnm.hmx—BWA” ..,.a rEAST—and pefomod SV dcovery

and inversions, account for most varying base pairs (bp) among
individual human genomes'. Numerous studies have implicated
Vs in human health with associated phenotypes ranging from
cognitive disabilities o predispositions to obesity, cancer and other

and_ genotyping using an ensemble of nine different algorithms
(Bxtended Dat Fig 1304 Supplemcatary Note) We splicd several
refinement

and characterization (Supplementary Table 2) and to caleulate the

I

rate (EDR) for each SV class (Table 1). Callset refine-

h
internal SV ¢ Thi

logical and technological advances*, efforts to perform disct
genotyping, and statistical haplotype-block integration of all major
SV dases have 5o farbeen lacking. arle SV surveys depended on

as genomic and cl hes limited
to 2 small number of samples"~". More rumﬂy. short-read DNA
sequencing data from the initial phases of the 1000 Genomes
Project®” enabled us to construct sets of SV, genotyped across popu-
lations, with enhanced size and breakpoint resolution*”. Previous 1000
Genomes Project SV set releases, however, encompassed fewer indi-

teof

relevance of other SV classes to human genetics'>*
adiation'd :

orate 2 number of additional SVs into our callset, including an
additional 698 inversions and 9,132 small (<1kbp) deletions, com-
pared to the SV set released with the 1000 Genomes Project marker
paper'. As a result, our callst differs slightly relative to the marker
paper’s SV set” (see Supplementary Table 2). We merged individual

ets to construct our unified release (Table 1), comprising 42,279
bialllic deletions, 6,025 biallelic duplications, 2929 mCNV (ml

786 inversions,
il oo (SUAT 16631 ol dement insrins
(MEIS, including 12,748, 3,048 and 835 insertions of Ak, L1 and

SVA (SINE-R, VNTR and Alu composuc) demeots, especivey).

SV non-reference genotype concordance estimates ranged from
~98% for biallelc deletions and MEI classes to ~945% for biallelic
duplications. 60% of SVs were novel with respect to the Database of

Superpopulation

Sequenced
(N=

Planned All 1000 Genomes samples
100) (N=800) (N=3211)
\ | |

AFR

S S 5

EUR

EAS

SAS

AMR

O —

T T T
250 500 750
Number of individuals

J. (Gus) Gustafson; 1000 Genomes ONT Sequencing Consortium




LRS of 1000

Genomes Project samples to characterize

previously inaccessible patterns of human variation

ARTICLE

401:10.1038/nature15393

A global reference for human

genetic variation

‘The 1000 Genomes Project Consortium*

‘The 1000 Genomes
distrbution of comef
processesthat shape|
disease biolo
human genetic vari
genetic studies, by

sequenced usingbotl]
and targeted exome
individuals and ava
spring) were genoty
vided a cost-efiecti

individual genotyped

Data set overviel
In contrast to earl
beyond bi-alllic ev
diverse set of struc
collection, data gene
Extended Data Fig
k

ARTICLE

A map of human genome variation from

population-scale sequencing

The 1000 Genomes Project Consortium®

401:10.1038/nature09534

The 1000 Genomes
for inves i
proect, designed
un
popuhno..s, Tigh
individuals from |
approximately 15
structural variants,
‘majority of commo|

signatures of natur
due to selection at §

Understanding the relai

ARTICLE

401:10.1038/nature15394.

An integrated map of structural variation
in 2,504 human genomes

Alist of authors and their affliations appears at the end of the paper.

ing classifiers to se
positives, balancing|
Totypes started with
array genotypes for
first degree reltives
bi-alllic variants th

catalogue (version

681 NATURE | V0|

genome sequence’ pror

knowledge of DNA se

b conx(nmed using short-read D!

phased bilocks

in 26 human populations. Analysing this set, we uienmy numerous gene-intersecting structural variants exhibiting

alldle v}

eady been made.
P 129) contained|
olymorphisms (SNPs)
(indels)*. Databases o
indexed the locations of
HapMap

ugges
of a variety of human genes. We demonstrate that structural variants are on haplotypes ident
genome-wide association studies and exhibit bl r expression ¢ quamhaﬂve trait Toci. Addmon-uy, =
uncover appreciable levels of structural variant complexity at s, including genic loci subject to
of repeated and complex likely to have formed t

o . ariant i
impact

patterns between near
dusqulfrium LD) c

variants (here, those it
tested for association* wi
studies have identified
ciated with discase suscel
wide collections of bot
similarly been tested for]
Despite these successe]
understanding of the g

variants (here defined
respectively) vastly outn

dupl

and inversions, account for most varying base pairs (bp) among
individual human genomes'. Numerous studies have implicated
Vs in human health with associated phenotypes ranging from
cognitive disabilities o predispositions to obesity, cancer and other
‘maladies'”. Discovery

e mosBAST s perogmd SV dicowry
and_ genotyping using an ensemble of nine different algorithms
(Bxtended Dat Fig 1304 Supplemcatary Note) We splicd several
refinement
and characterization (Supplementary Table 2) and to calculate the

I

rate (EDR) for each SV class (Table 1). Callset refine-

h
internal SV ¢ Thi

logical and technological advances™, efforts to perform discovery,
genotyping, and statistical haplotype-block integration of all major
SV dases have 5o farbeen lacking. arle SV surveys depended on

as genomic and hes limited
to 2 small number of samples"~". More mmuy. short-read DNA
sequencing data from the initial phases of the 1000 Genomes
Project®” enabled us to construct sets of SV, genotyped across popu-
lations, with enhanced size and breakpoint resolution*”. Previous 1000
Genomes Project SV set releases, however, encompassed fewer indi

teof

relevance of other SV classes to human genetics'>*
e Sructurl Variation Analyss G

orate 2 number of additional SVs into our callset, including an
additional 698 inversions and 9,132 small (<1kbp) deletions, com-
pared to the SV set released with the 1000 Genomes Project marker
paper'. As a result, our callst differs slightly relative to the marker
Paper’s SV set* (see Supplementary Table 2). We merged individual

ets to construct our unified release (Table 1), comprising 42,279
billic dions, 6025 bl dupliations, 2525 mCNYs (rul

io
il oo (SUAT msn moblle lement insestions
(MEIS, including 12,748, 3,048 and 835 insertions of Ak, L1 and
SVA (SINE-R, VNTR and Alu composuc) demeots, especivey).

duplications. 60% of SVs were novel with respect to the Database of

« Catalog of SVs for filtering and
variant prioritization

« Expand our understanding of
variation in difficult fo analyze
regions of the genome

« Evaluate variation in regions
associated with interesting signals
in existing data




LRS data is analyzed using both alignment-based and
assembly-based approaches

Variant
calling

Sequenced
reads

Variant 1L
calling » |dentify common SVs

« |dentify variants in
difficult-to-map regions

Data available at https://s3.amazonaws.com/1000g-ont/index.ntml Kolmogorov et al., 2023; 1000 Genomes ONT Sequencing Consortium




The first 100 samples have read N50s >40 kb
with >30x coverage
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Data available at https://s3.amazonaws.com/1000g-ont/index.ntml J. (Gus) Gustafson; 1000 Genomes ONT Sequencing Consortium




The distribution of insertions and deletions in the first 100
samples follows expected patterns
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The number of novel SVs increase as more
individuals are added
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J. (Gus) Gustafson; 1000 Genomes ONT Sequencing Consorfium

Data available at https://s3.amazonaws.com/1000g-ont/index.html



Applications for SV filtering and prioritization using this
data are under development

This is the Tandem Repeat Copy Number App. Currently over 40 disease-causing tandem
repeat loci can be viewed. Soon it will be over 500,000 simple repeat loci. Select the
desired repeat according to chromosome and adjust the binwidth to your liking. Click on
a histogram bin to view the samples included. If you navigate to the Methylation Tab and
return, please re-select your locus of interest to re-configure the app. This data is
generated using stragir (Chiu et al., 2021)
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Data from 100 individuals can be used for
SV filtering and prioritization

J (Gus) Gustafson; 1000 Genomes ONT Sequencing Consortium




Data from 100 individuals can be used for
SV filtering and prioritization

SVs after filtering
for FILTER=PASS
Mg and full CHR

34720 |amd 29,858

J. Gus Gustafson




Data from 100 individuals can be used for
SV filtering and prioritization

SVs unique to
o proband (compared
SVs after filtering
sVs called by for FILTER=PAss 10 100 samples from
Sniffles2 and full CHR the 1000G Project)

34,720 |pmd 29.858 |pmd

J. Gus Gustafson



Data from 100 individuals can be used for
SV filtering and prioritization

o SVs unique to Unique SVs that
SVs after filtering proband (compared int t with
SVs called by for FILTER=PASS to 100 samples from Intersecr wi
Sniffles2 and full CHR the 1000G Project) annotated genes

34,720 |mmd

29858 [ q“

J. Gus Gustafson




Data from 100 individuals can be used for
SV filtering and prioritization

SVs unigue to

SVs after filtering proband (compared Unique SVs that
SVs called by for FILTER=PASS to 100 samples from intersect with CCIUSCﬂ
Sniffles2 and full CHR the 1000G Project) annotated genes

34,720

T - )~ -

J. Gus Gustafson



Applications for SV filtering and prioritization using this
data are under development

[
Structural Variant Allele Frequency
Chromosome Start_Position End_Position Gene_Name SV_Type SV_Length Start_Variance End_Variance MAF
Gene_Name
chri 16680842 146052340 AGL INV 129371498 -0.03  19701043866546336.00  0.25480800
AGL
chri 99856307 99856343  AGL DEL -36 2.00 0.00 0.07211540
Filter by: chr1 99877171 99877487  AGL INS 316 0.00 0.00  0.00480769
O position
chr1 99890379 99890609 AGL INS 230 0.00 0.00 0.00961538 I
@® gene
Filter
<
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30: §
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EEIlI

J (Gus) Gustafson; 1000 Genomes ONT Sequencing Consortium
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Data from the 1000G cohort can be used to establish

allele frequencies for challenging changes

Case 4: Glycogen Storage Disease
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