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Highly-accurate long-read sequencing improves variant
detection and assembly of a human genome
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Abstract

The major DNA sequencing technologies in use today produce either
highly-accurate short reads or noisy long reads. Weda
based on single-molecule, circular con

erate highly-accurateed
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Introduction to HiFi




HIFI LIBRARY PREP PRODUCES UNIFORM INSERT SIZES
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PACBIO CIRCULAR CONSENSUS SEQUENCING (CCS)
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PACBIO CIRCULAR CONSENSUS SEQUENCING (CCS)
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PACBIO CIRCULAR CONSENSUS SEQUENCING (CCS)
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HIFI READS ARE LONG AND ACCURATE
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HIFI READS ARE EASILY MAPPED TO REPETITIVE REGIONS
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DETECT MORE VARIANTS IN MEDICALLY-RELEVANT GENES

% problem
exons resolved | Genes Genes
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Genetics
ORIGINAL RESEARCH ARTICLE inMedicine

Navigating highly homologous genes in a molecular
diagnostic setting: a resource for clinical next-generation
sequencing
Diana Mandelker, MD, PhD'?, Ryan J. Schmidt, MD, PhD', Arunkanth Ankala, PhD?,

Kristin McDonald Gibson, PhD*, Mark Bowser, MS, MPH!, Himanshu Sharma, MS*,
Elizabeth Duffy, BS', Madhuri Hegde, PhD, FACMG, Avni Santani, PhD?, Matthew Lebo, PhD,
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Highly-accurate long-read sequencing improves variant
d ion and y of a

doi: https://doi.org/10.1101/519025

Abstract
The major DNA sequencin:
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IMPROVED MAPPING IN REFERENCE-DIVERGENT REGIONS
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IMPROVED MAPPING IN SEGMENTAL DUPLICATIONS

. IR N T R _ — RERNN! [
= = — b v P < ‘ — s N e
1 1 i\i i:l [ (. — e — [ I — @ I [ 1 1 [T

11 kb
HiFi

2x250 bp

T

T

SMN1



€D rrceio

Variant Calling




GENOME VARIATION COMES IN ALL SIZES

1bp 1-49 bp
SNVs indels

Q

Q
A Vs A 5Mb 3 Mb

=50 bp
structural variants

10 Mb

“Small variants”:

¢ Single Nucleotide
Variants (SNVs)

® Indels <50 bp

Structural Variants (SVs):
® Indels 250 bp

¢ Duplications

¢ Copy Number Variants (CNVs)
¢ Translocations

® |nversions
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OTHER TECHNOLOGIES MISS VARIANTS

1bp 1-49 bp =50 bp
SNVs indels structural variants
Q Q
A VS /\ 5 Mb 3 Mb 10 Mb

s I
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PACBIO ENABLES STRUCTURAL VARIANT DETECTION

1bp 1-49 bp =50 bp
SNVs indels structural variants

Q
AVS /\ 5Mb 3 Mb

e [

PacBio SMRT

long insertions
events in repeat regions
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PACBIO HIFI READS ENABLE SMALL VARIANT DETECTION IN
DIFFICULT-TO-MAP REGIONS

1bp 1-49 bp =50 bp
SNVs indels structural variants

Q Q

A VS /\ 5Mb 3 Mb 10 Mb
Prior tech

PacBio SMRT

unmappable regions
segmental duplication and tandem repeats
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WGS HIFI STRUCTURAL VARIANT CALLING OVERVIEW

HiFi reads
SMRT Link _ obmm?2
Mapping i
, pbsv discover
SMRT Link
Structural Variant =
Calling
pbsv call

variant calls (vcf)
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WGS HIFI STRUCTURAL VARIANT CALLING OVERVIEW

SMRT Analysis

HiFi reads
SMRT Link _ pbmm2
Mapping i
, pbsv discover
SMRT Link
Structural \éariant = OR
allin
0 pbsv call

€D rrcBio & BIOCONDA

variant calls (vcf)
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15-FOLD HIFI READS PROVIDE A COMPREHENSIVE VIEW OF

STRUCTURAL VARIANTS 220BP

SVTYPE

CNV
DEL

INV

|_HG001 | HG002 | HG005 |
752 712 708

108 107 97

24,192 24471 24,353
11,523 11,472 11,451
20,638 20,820 21,066

51 47 50
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15-FOLD HIFI READS PROVIDE A COMPREHENSIVE VIEW OF

STRUCTURAL VARIANTS 220BP

SVTYPE

CNV
DEL

INV

" HGO001 | HG002 | HGO05 |
752 712 708

108 107 97

24,192 24,471 24,353
11,523 11,472 11,451
20,638 20,820 21,066

51 47 50

[—

3 SMRT Cells 8M
HGO002

16-fold, 11kb

96.8%

95.4%
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HETEROZYGOUS ALU DELETION IN HG001

- o~

ldvH ¢ dvH

pbsv
11 kb HiFi
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HOMOZYGOUS APP INTRONIC INVERSION IN HGO001

pbsv

11 kb HiFi

chr21:27,373,479-27,375,496
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SMALL VARIANTS CAN BE DETECTED BY GATK
HAPLOTYPECALLER

HiFi reads
SMRT Link [
Mapping | prelilin?
HaplotypeCaller
GATK4 =
VariantFiltration

variant calls (vcf)

A framework for variation discovery and genotyping using next-generation DNA sequencing data DePristo M, Banks E, Poplin R, Garimella K,
Maguire J, Hartl C, Philippakis A, del Angel G, Rivas MA, Hanna M, McKenna A, Fennell T, Kernytsky A, Sivachenko A, Cibulskis K, Gabriel S, Altshuler D,
Daly M, 2011 NATURE GENETICS 43:491-498
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SMALL VARIANTS CAN BE DETECTED BY GATK
HAPLOTYPECALLER

HiFi reads 15-fold HiFi HG002 against
GIAB v3.3.2 benchmark

SMRT Link [
Mapping B s5.0% 82.3%

HaplotypeCaller

GATK4 =

VariantFiltration

variant calls (vcf)

A framework for variation discovery and genotyping using next-generation DNA sequencing data DePristo M, Banks E, Poplin R, Garimella K,
Maguire J, Hartl C, Philippakis A, del Angel G, Rivas MA, Hanna M, McKenna A, Fennell T, Kernytsky A, Sivachenko A, Cibulskis K, Gabriel S, Altshuler D,
Daly M, 2011 NATURE GENETICS 43:491-498
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SMALL VARIANTS CAN BE DETECTED BY GATK

HAPLOTYPECALLER
HiFi reads 15-fold HiFi HG002 against
GIAB v3.3.2 benchmark
SMRT Link | Precision | __Recall |

Mapping | BT 85.0% 82.3%

B Hapiotypecalier —High SNP Recall and Precision
GATK4 - —Lower Indel Recall and Precision

VariantFiltration o
_ —HaplotypeCaller optimized for error

mode of short reads:
variant calls (vcf) —[mismatch error] >> [indel error]
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DEEPVARIANT CAN BE TRAINED TO LEARN NEW ERROR
MODELS

New sequence Known Genotypes

data type (HiFi) (GIAB)

https://rdcu.be/7Dhl - Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology 36, 983-987 (2018)
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DEEPVARIANT CAN BE TRAINED TO LEARN NEW ERROR
MODELS

New sequence Known Genotypes :
data type (HiFi) (GIAB) Starting CNN

https://rdcu.be/7Dhl - Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology 36, 983-987 (2018)
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DEEPVARIANT CAN BE TRAINED TO LEARN NEW ERROR

MODELS
Known Genotypes
(GIAB)

New sequence

data type (HiFi)

Model Training

https://rdcu.be/7Dhl - Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology 36, 983-987 (2018)
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DEEPVARIANT CAN BE TRAINED TO LEARN NEW ERROR

MODELS
Known Genotypes
(GIAB)

New sequence

data type (HiFi)

Model Training

https://rdcu.be/7Dhl - Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology 36, 983-987 (2018)
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DEEPVARIANT CAN BE TRAINED TO LEARN NEW ERROR

MODELS
Known Genotypes
(GIAB)

Model Training

New sequence

data type (HiFi)

New data type
specific model

https://rdcu.be/7Dhl - Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology 36, 983-987 (2018)
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DEEPVARIANT IMPROVES SMALL VARIANT DETECTION

HiFi reads

> Menping
Mapping

-]

make_examples

New data type
specific model

DeepVariant = call_variants

postprocess_variants

variant calls (vcf)
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DEEPVARIANT IMPROVES SMALL VARIANT DETECTION

SMRT Link
Mapping

DeepVariant =

HiFi reads

15-fold HiFi against

GIAB v3.3.2 benchmarks

call_variants

variant calls (vcf)

P - A
o Recall | Precision| Recall |Precision

New data type 99.2% 99.5% 95.4% 96.6%
specificmo);pel m 99.4% 99.7% 97.0% 97.5%

Il 99.1% 99.5% 94.1%  95.0%

—DeepVariant learns error model of

HiFi reads from training data.

—Improved precision and recall for
both SNVs and Indels
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DEEPVARIANT CONFIDENTLY CALLS SMALL VARIANTS IN HIFI
READS OUTSIDE OF THE GIAB HIGH CONFIDENCE REGION

Expanding the Genome in
hi

a Bottle benchmark callsets with

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

—Expands the HG002 small
variant high confidence
region by >84 Mb (~4%)

—Expands high confidence
coverage of segmental
duplications by 100-fold

—Adds an additional ~156,000
variants to the benchmark set

—Increases variants in
“medically relevant exome” by
5%

https://www.slideshare.net/GenomelnABottle/giab-agbt-smallvar2019

@ bioRyiv

Highly-accurate long-read sequencing improves variant
detection and assembly of a

do: hepsil
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LONG RANGE INFORMATION CAN BE USED TO PHASE SMALL
VARIANTS

—WhatsHap phases small variants
using long-range information.

10.1101/085050
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LONG RANGE INFORMATION CAN BE USED TO PHASE SMALL
VARIANTS

—WhatsHap phases small variants
using long-range information.

—PacBio HiFi reads can be used both
to generate small variant calls and
to provide long-range phasing
information.

10.1101/085050
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LONG RANGE INFORMATION CAN BE USED TO PHASE SMALL
VARIANTS

—WhatsHap phases small variants
using long-range information.

—PacBio HiFi reads can be used both
to generate small variant calls and
to provide long-range phasing
information.

—Phase block size is driven by:
—insert length
—heterozygosity

10.1101/085050
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LONG RANGE INFORMATION CAN BE USED TO PHASE SMALL
VARIANTS

—WhatsHap phases small variants
using long-range information.

autosomal phase blocks

—PacBio HiFi reads can be used both gy _mean | median _N50 ___sum_

to generate small variant calls and HG002 76kb 20kb 94kb 1.8Gb
to provide long-range phasing 1o ol T
information.

—Phase block size is driven by:
—insert length
—heterozygosity

10.1101/085050
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HIGHLY CONCORDANT IN GIAB HIGH CONFIDENCE REGION
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DETECT VARIANTS OUTSIDE OF HIGH CONFIDENCE REGION

GIAB H|gh Confidence |—--|--—————|

GIAB variants

DeepVariant
small variants

11 kb HiFi

WhatsHap
phase blocks

HAP 1
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HAP 2
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DETECT VARIANTS AND PHASE ACROSS DIFFICULT REGIONS

GIAB High Confidence |

T (1]
LEEE HEAsHEas
R

1111111111

...... il

GIAB variants

DeepVariant
small variants

11 kb HiFi

TCF20

NR_111920

JUFAG-AS1

42339525.1

WhatsHap
phase blocks
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De Novo Assembly




CCS ASSEMBLIES ARE HIGHLY CONCORDANT

——HGO002 PacBio CCS Canu (mat) - - -HGO002 PacBio CCS Canu (pat)

— - -HG002 PacBio CCS wtdbg2 ——HG001 PacBio CLR FALCON

- - -HG001 ONT C ——HG001 ONT Canu + [llumi
— 100% - - -HG002 PacBioaCn)Il_JR PBcR o s
O o —=
= 90% =
5 80% - L:‘L_‘I—L‘ PB CCS
g 70% — R
S 60% ONT + PBCLR |
2. 509 ol lllumina - — =
L 40% : s
S 30% | = -
£ 20% ONT._, -
o 10% = gl ==
; 0% e ——e
S 20 25 30 35 40 45 50

GIAB High Confidence Region Concordance (Phred)
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TRIO INFORMATION CAN BE USED TO UNZIP ASSEMBLIES

FALCON-Unzip

@i bioRyiv
Assembly Contig Size
® Primary contig @® 2,500,000
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TRIO INFORMATION CAN BE USED TO UNZIP ASSEMBLIES

600,000

400,000

200,000

FALCON-Unzip

Assembly Contig Size
® Primary contig @ 2,500,000
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@ PACBIO"

Assembly Contig Size

® Cvi-0 haplotig @® 2,500,000
O ® Col- i

Col-0 haplotig . 5,000,000
: . 7,500,000
P @ 10.000.000
O
o
i
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HIFI ASSEMBLIES CAN BE PHASED WITHOUT PARENTAL DATA

HGO002 chr6 collapsed assembly

HGO004 (maternal)

Phasing accuracy: 56.20%

HGO003 (paternal)



@ rcBio
HIFI ASSEMBLIES CAN BE PHASED WITHOUT PARENTAL DATA

HGO002 chr6 collapsed assembly HGO002 chr6é phased assembly
T )
5 5.
® 9 Phasing accuracy: 99.75%
E ©
o [=}
I O 1000

Phasing accuracy: 56.20% - ]

HGO003 (paternal) HGO003 (paternal)
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WORKING ON TWO APPROACHES TO HIFI ASSEMBLY PHASING

wtdbg2, minimap2, DeepVariant, Falcon CCS unzip
WhatsHap, Racon

Phasing accuracy: 99.75% Phasing accuracy: 99.98%

4000 -

HGO004 (maternal)
HG004 (maternal)

2000 -

- - - ) ) ) ) 0-
00( 3000

AI""GOO3 (;‘)éterna‘l) | . 0 2500 5000 7500 10000
HGO003 (paternal)
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Coverage Recommendations
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VARIANT DETECTION COVERAGE TITRATION FOR HG002 ON
SEQUEL Il SYSTEM
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© ©
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VARIANT DETECTION COVERAGE TITRATION FOR HG002 ON
SEQUEL Il SYSTEM

Structural Variants
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o O
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0 5 10 15 20 25 30 35

Fold coverage
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VARIANT DETECTION COVERAGE TITRATION FOR HG002 ON
SEQUEL Il SYSTEM

. . Structural Variants
SNVs with DeepVariant

H 100
100 i |
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o 80 ! = 80 I
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Indels with DeepVariant
100
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15-fold HiFi Coverage

(2-3 SMRT Cells 8M)
—Precision provides a good trade-off
—Recel between costs and results
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DE NOVO HUMAN ASSEMBLY COVERAGE TITRATION FOR HIFI

READS

e

Total size with wtdbg2
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.. bioRyiv

Highly-accurate long-read sequencing improves variant
d ion and y of a

&

doi: https:/doi.org/10.1101/519025
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Public HiFi datasets

for Sequel Il System




@ rcBio
WE HAVE MANY GIAB DATASETS AVAILABLE FOR TESTING

—HGO002/NA24385, 11 kb fraction, 15-fold coverage (3 SMRT Cells):

— reads, alignments, analysis:
https://downloads.pacbcloud.com/public/dataset/HG002 SV and SNV CCS/

—HGO002/NA24385 Ashkenazi son, 11 kb fraction, ~30-fold coverage (6 SMRT Cells)
— reads:
https://www.ncbi.nIm.nih.gov/Traces/study/?acc=PRJNA527278
— alignments:
ftp://ftp.ncbi.nlm.nih.gov//qgiab/ftp/data/AshkenazimTrio/HG002 NA24385 son/PacBio Sequelll CCS 11kb

—HGO001/NA12878 CEU female, ~30-fold coverage (6 SMRT Cells)
— reads:
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA540705
— alignments: ftp://ftp.ncbi.nim.nih.gov//giab/ftp/data/NA12878/PacBio_Sequelll CCS_11kb

—HGO005/NA24631 Han Chinese son, ~30-fold coverage (6 SMRT Cells)

— reads:
https://www.ncbi.nIm.nih.gov/Traces/study/?acc=PRJNA540706

— alignments:
ftp://ftp.ncbi.nIm.nih.qov//qgiab/ftp/data/ChineseTrio/HG005 NA24631 son/PacBio Sequelll CCS 11kb




SUMMARY

@ PACBIO"

—With a single data type, PacBio HiFi reads, you can accurately call small variants and

structural variants over >90% of the human genome.

—CCS assemblies are highly concordant and can be highly phased without parental

data.

10.1101/ 519025
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—With a single data type, PacBio HiFi reads, you can accurately call small variants and

structural variants over >90% of the human genome.

—CCS assemblies are highly concordant and can be highly phased without parental

data.
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Calling all variants with long, accurate reads.
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