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Accurate whole human genome
sequencing using reversible terminator

chemistry

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

DNA sequence information underpins genetic research, enabling discoveries of important biclogical or medical benefit.
Sequencing projects have traditionally used long (400-800 base pair) reads, but the existence of reference sequences for
the human and many other genomes makes it possible to develop new, fast approaches to re-sequencing, whereby shorter

reads are d (o aref toldevmfy genetic variation. Here we report an approach that generates

b il atlow cost. Single molecules of DNAa’eattadledwa
flat surface, ampliﬂedmstmandusedas for synthetic ing with f
deoxyribonuclectides. Images of thesurfac te high-quality Wi L f
this ach to h on flow-sorted X chromosomes and then scale the approach to determine the

genomasaquinca of a mala Yorsha from hadan, Nigaria. Wa bulld an accisate cnserus saquanca fram >30X averga
depth of paired 35-base reads. We characterize four million single-nuclectide polymorphisms and four hundred thousand
structural variants, many of which were previously unknown. Our approach is effective for accurate, rapid and economical
whole-genome re-sequencing and many other biomedical applications.

DNA sequencing yidds an unrivalled resource of genetic informa-
tion. We an characterize individual genomes, transcriptional states
and genetic variation in populations and disease. Until recently, the
scope of sequencing projects was limited by the cost and throughput
of Sanger sequencing. The raw data for the three hillion base
{3 gigahuse (Gb)) humangenome sequence, completed in 2004 {ref 1),
was generated over several years for ~$300 million using several hun-
dred capillary sequencers. More recendly an individual human gen-
ome sequence has been determined for ~510 million by _apnum
sequencing’-Several newappraaches atvarying

aim to increase sequencing throughput and reduce cost™™. u-q
increase paralelizmtion markadly by imaging many DNA molecules
simubtaneously. One instrument run produces typically thousands or
millions of sequences that are shorter than capillary reads. Another
human genome sequence was recently determined using one of these
approaches’. However, much bigger improvements are necassary to
enable routine whole human genome sequencing in genetic research.

d amassivyp that
transforms our ability © use DNAand RNA sequence information in
biological systems. We & utility by indivi-

dual human genome to highaccuracy. Our approach delivers data at
very high throughput and kow cost, and enables extraction of genetic
information of high biokgical value, induding single-nuckotide
polymorphisms (SNPs) and structural variants.

IIIA smm uﬂg mmﬂbh terminators

decule armays of genomic DNA
Iﬂglncmuiur.hcd to the surhp.cu[ﬂ\c reaction chamber (the flow
cell) and wsed isother mal* bridging amplification to form DNA “chas-
ters' from each fragment. We made the DNA in each chster single-
stranded and added 3 universal primer for sequencing. For paired
read ed

DINA and remved the original strands, leaving the complementary

strand as template for the second sequencing reaction (Fig. la-c). To
obtain paired reads separated by hirger distainces, we circubirized
DNA fragments of the required length {for example, 2= 02kb)
and obtained short junction fragments for paired end sequencing
(Fig. 1d).

We sequenced DNA templates by repeatad cycles of polymerase
directed single buse extension. To ensure hase-by-base nuckotide
incorporation in a stepwise manner, we wsed 2 set of four reversible

N

(A, C,Gand T), ca;hlabdk\lwnhadllk‘rcm removable fluorophore
(Supplementary Fig. 1a)". The use of 3'-modified nudeotides
allowad the incorporation to be driven esentially % compldtion
without risk of over-incorparation. It lso ensbled addition of all

four rather than ¥, minimiz-
ing risk of misincorporation. We engineered the active site of 9'N
DNA to improve the efficiency of of these

unnatural nuckotides”. After each eyde of incorparation, we deter-
mined the identity of the inserted hase by laser- induced excitation of
the fuorophores and imaging. We added tris (2-carboxyethyl)pho-
sphine | TCEP) to remove the fuarescent dye and side amm from 2
linker attached w0 the huse and simubaneously regenerate a 3'
hydroxyl group ready for the next cycle of nudeatide addition
(Supplementary Fig. 1b). The Genome Analyzer (GA1) was designed
to perform mubtiple opdes of sequencing chemistry and imaging to
collect the saquence dats automatically from each chuster on the
surfice of each line ofan eight-line flow cell { Supplementary Fig. 2).
To determine the sequence from each cluster, we quantified the
fuorescent signal from each cycle and applied a base-calling alger
rithm. We defined a quality (Q) vahue for each base call (scaledd as by
the phrad algorithm'") that represents the likdihood of each call
being correct (Supplementary Fig. 3). We used the Q-values in sub-
sequent analyses 1 weight the contribution of each huse o sequence
alignment and detection of sequence variants (for example, SNP
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Resolving the complexity of the human genome
using single-molecule sequencing
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sequence reads for assembly (Supplementary

for

The human gename is argusbly the most complete li
by yetmore then |

= Usingthis approach, we closed 50gaps and extended into
and aspects of 1 poory ten 1ﬂ(Ilwrs(6ﬂh(mmhnﬁ)uldmg)ﬂ!kband?!lld:ofm‘els«pmwe
years after its letion™. Y mﬂw{ﬂmn‘r P ¥ ‘Table 4). The dased
icvari b analysea haploid b in the were eniched for simple repeats, lang tindem
{CHMI) s d-time DN ing"' Weckse (.)cm\m-m‘hg,l)hna.lmmdulﬂimvdu<m
o ing intersti i GRCh37  Table 20) and p subitary sequences hsal on
relerence genome—78% of which carried long runs of i ini itatian folkowed
i-mlmtlnnquni.oﬁmwuihllhumh‘ﬂhmbuﬁhd {ChIP-seq )analysis {Suppl
wI.Im[(x+C ich «mlm(.mmm identified a signi 15-fold enrich fshe
i e base-pair level, inchud- {STRs)wh 1 dom sample (P << 000001 )

Most have not been pm»imdy mpnnd.wﬁhﬂnmima
events Jess than 5 kilob Caom-

pared tothe b wefinda 1 bias
(3:1) in regio J long short
Our result wplesity of the hunan

(g, 1a}. A total 0f 78%(39 out of 50) of the chosed gap sequences were
compasad of 10% ar moreafSTRs. The STRs were frequentlyembedded
in langer, more complex., tandem arrays of degenerate repeats reach
ingupto 8000 bpinlength| Extendal Data Fig, 1a-c). some of which

known to be oxicto Eud ia aoli
Heﬂ\le most human reference sequences™* have been derived fram

in the form of variation of longer and more

enome
itive DNA that can now be largely resolved with the application of
this lan ger-read sequencing technology.

Data generatad by single malecule, real. time {(SMRT)

lanes lin E ali, it is perhaps isi the
cation of a king-rad sequence technokogy to uncloned DNA woukd
resalve such gaps. Marcover, |k1mhammﬂa degenenacyalthese

technalogy differ drastically from mest sequencing platiorms because
pative DNA i squenced withaut lning or apicain. and read

STR: in{G+C)richDNA pr ted efforts to
follow up mast af these by PC Ramphlﬂlum and sayuencing,

Next, we develaped pipe ded Data Fig. 2)

d5 kilohases (kb). D vidual

read accuracy (~85%), bonger read lenggh faciltates high cnnﬁdcu:r

mapping across a greater percentage al the genome! 1. We generated
~40- fold y CHMI hydatidil

) variation 5y scally {structural variation
defined hereas differences =30 bp in length, inchuding dd etions, dupli

cations, insertions and inversions ). Structural variants werediscovered

using km.g rad SMRT sequence ledmd(»g\ {average mupped read

length — y Tabl

tnllf(lmmdemxmmmbnuxnuhapkl hackingallehc variation,

and provides higher effective sequence cverage. We aligned 93.8% of

all sequence reads to the human reference gename (GRCh37) usinga

mxluml“-mmm BL. A)R" {Supplementary Information)and gener
he muppal ng Celera'*

and Quier™,

by mapping SMRT' ing reads soth "

Prepetion o egicn wih vl epeda

dkh"ﬂd hichleverages est insertion, deletionand substi

tution hahil ities o deter mi “ We

i  regions with previonady i

{nebled e inaert hacterial anticialch (BAC) dones
generated from CHM lert (ref.15). Th

99.97% (phr d lity = 37.5), with7 2%

of the errors confined ® indds within homapohymer streches (Sup

plementary Table 3).

We initiall y assessed whether the mapped reads could ficilitate clos
ure of any af the 164 interstitial euchromatic gaps within the human
reference genome (GRCh7 ). We extended into gap regions using a
reiterative map-and.assereble strategy. in which SMRT whole.genome

= T 77
n‘\ j

Figure 1 | Sequence content of gap dosures. o, Gap cosures are enriched
o simple repeats compased 10 equivalently sixed segions randamly sampled
fram GRCHS?. b, Human gename gaps typically consis of G-+ C hrich

{WGS ) reads mapping
intoa new highquabiy comaenms, which, in urn,servedas atemplate

sequence {yellon } ﬁm.mg-.anph(l\ I}n(hS‘I'lh(yem)(anpln:i]
Pralue dic c (G+C
cantent.
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Short reads for small variants
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De novo mutations of SETBP1
cause Schinzel-Giedion syndrome

Alexander Hoischen'*4, Bregje W M van Bon' 44, Christian Gilissen'*4,
Peer Arts!, Bart van Lier!, Markoes Stechouwer!, Petra de Vries!,

Rick de Reuver!, Nienke Wieskamp', Geert Mortier®, Koen Devriendt’,
Marta Z Amarin’, Nicole Revency?, Alexa Kidd?', Mafakda Barbos”,
Anne Tumer®, nine S mith”, Christina Oley'”, Alex Henderson'!,

kn M Hayes'?, Elizabeth M Thompson'?, Han G Brunner',

Bert B A de Viries' &Joris A Veltman'

Schinzel-Giedion syndrome is characterized by severe
mental n:l.nd.n ion, distinctive facial features and muhxph:
i most affected individuak

Wesequenced the exames {37 Mb of genomic sequence, targeting
~18,000 genes) of four unrelated individuals with Schinzel Giedion
syndrame to 3 mean coverage of 43-fokd (Supplementary Table 1

y Figa 1and 2). The fall four individual were
enriched using the SureSelect human exome kit {Agilent) and were
subsequently sequenced using one quarter of 2 SOLID sequencing
slide (Life Technologies). A total of 2.7-3.0 gigabases of mappable
sequence data were generated per inds % of bases
mapping to the targeted exome ‘Supplenzmarv [able 1).0n average,
8% of the exame t d.and 218 vari
ants were dentified per |nd|\'|d|ul. including 5,351 nonsynanymaous
changes. A number of prioritization steps were applied to reduce this
numberand to identify the potentially pathogenic mutations,similar
0 the methads used in previous studies ** (Supplementary Table 2
with the NCBI dbSNP build 130 as well as with m.cmh

before IIm age of ten. We sequenced the exomes of 1«-
affected individuals (cases) and found hy

released SNP data from ather groups and in-house SNP data (se
Note) showed that >95% ofall variants investigated

de novo varants in SETBPT in all four. We also identified
SETEP1 mutations in eight additional cases using Sanger
sequencing. All mutations dustered 1o a highly conserved
11-bp exonic region, suggesting a dominant-negative or
gain-of-function effect.

Schinzel Giedion syndrome (MIM%269150) is a highly recogniz
able syndrome (Fig. 1a) characterized by severe mental retarda.
tion, distinctive facial features, multiple congen ital malformations
{including skeletal abnormalities, genitourinary and renal malfor
mations, and cardiac defects) and a higher-than- normal preva
lence of tumars, notably neuraepithelial neoplisia'*. In almast

here were previously reported SNPs and cannatexplain a genetically
daminant disease. We focused an the 12 genes for which all four
individuals studied carried variants and found that anly two genes
showed variants at different genomic pasitions, strengthening the
likelihood that these variants are causative and not simply unidenti
fied SNPs. One of these two candidate genes, CTEP2 was exchided
from further analysis because it contained numerous variants found
during different in-house exome sequencing experiments {data not
shawn), which may be due to highly homologous sequences from
ather genamic baci.

‘The second candidate was SE TBPI, which encodes SET binding
protein 1. Validation of all four variants in this gene by Sanger

all subjects, the disease phenatype occurs sparadically, suggest

ing heterozygous de novo mutatiansin a single gene as the under

lying mechanism. Rare recurrences of this syndrome may be due
o ganadal masaicism. Traditional disease-gene Mentification
approaches have so far failed to identify the gene assaciated with
this disease ar thase respansible for the majority of this class of
rare sporadic disorder. Microarray-based copy number variation
screening has been successful for a number of disorders’, but this
method may fail unless theunderlying disease mechanism is haplo

insufficiency. Recently, whale-exame sequencing was shawn to
be effective for disease-gene identification” and was successfully
used to determine the genetic basis of Miller syndrame. a recessive
Mendelian disarder’.

Deparmmant of Hurmam Genetics, Aadboed Unbers & Mymege Medcal C

irmed that these variants were indeed present ina
heterozygous state in all four affected individuals { Supplementary
Fig. 3). Moreover, we tested the DNA of the parents of the afiected
individuaks, which showed that all mutations accurred de nava.

BPI mutatians in

Using Sanger sequencing, we ako identified &
cight out of nine additional individuals with a clinical diagnosis
af Schinzel. Giedion syndmme. In total, all 13 afiected individu
als fulfilled previously suggested diagnostic criteria®
Supplementary Table 3); all are of Furopean descent, living in
various regians Eurape {n = 7), New Zealand {n = 3), Australia
{n = 2) and the United States { = 1). Far six of the eight follow.
up cases, parental DNA was available, and the mutations present
in the affected individualks were again shawn to have accurred
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Long-read genome sequencing identifies causal structural
variation in a Mendelian disease
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Megan Grove, MS, LCGC?, Zachary Zappala, PhD', Laure Fresard, PhD', Daryl Waggott, MSc>®,
Sowmi Utiramerur, MS?, Yanli Hou, PhD', Kevin S. Smith, PhD', Stephen B. Montgomery, PhD"4,
Matthew Wheeler, MD, PhD®®, Jillian G. Buchan, PhD', Christine C. Lambert, BA? Kevin S. Eng, MS?,
Luke Hickey, BS®, Jonas Korlach, PhD?, James Ford, MD*>7 and Euan A. Ashley, MRCP, DPhil4>¢

Purpose: Current clinical genomics assays primarily utilize
short-read sequencing (SRS), but SRS has limited ability to evaluate
repetitive regions and structural variants. Long-read sequencing
(LRS) has complementary strengths, and we aimed to determine
whether LRS could offer a means to identify overlooked genetic
variation in patients undiagnosed by SRS.

Methods: We performed low-coverage genome LRS to identify
structural variants in a patient who presented with multiple
neoplasia and cardiac myxomata, in whom the results of targeted
clinical testing and genome SRS were negative.

Results: This LRS approach yielded 6,971 deletions and 6,821
insertions > 50 bp. Filtering for variants that are absent in an
unrelated control and overlap a disease gene coding exon identified
three deletions and three insertions. One of these, a heterozygous

INTRODUCTION

Short-read sequencing (SRS) methods are primarily used in
clinical laboratory medicine because of their cost-effectiveness
and low per-base error rate. However, these methods do not
capture the full range of genomic variation.! Areas of low
complexity, such as repeats, and areas of high polymorphism,
such as the human leukocyte antigen region, present
challenges to SRS and reference-based genome assembly.
Indeed, with 100 base pair (bp) read length, fully 5% of the
genome cannot be uniquely mapped.” In addition, many
diseases are caused by repeats in a range beyond the
resolution of SRS. Another challenge comes in the form of
structural variation, and although SRS has been very
successful in the discovery of single-nucleotide and small
insertion—deletion variation, recent findings suggest we have
greatly underestimated the extent and complexity of struc-
tural variation in the genome.*

Long-read sequencing (LRS), typified by PacBio single-
molecule, real-time (SMRT) sequencing, offers complementary

2,184bp deletion, overlaps the first coding exon of PRKARIA,
which is implicated in autosomal dominant Carney complex. RNA
sequencing demonstrated decreased PRKARIA expression. The
deletion was classified as pathogenic based on guidelines for
interpretation of sequence variants.

Conclusion: This first successful application of genome LRS to
identify a pathogenic variant in a patient suggests that LRS has
significant  potential for the identification of disease-causing
structural variation. Larger studies will ultimately be required to
evaluate the potential clinical utility of LRS.

Genet Med advance online publication 22 June 2017

Key Words: Camey complex; long-read sequencing; PacBio;
PRKARTA; structural variant

strengths to those of SRS. PacBio LRS produces reads of
several thousand base pairs with uniform coverage across
sequence contexts’ Individual long reads have a lower
accuracy (85%) than short reads, but errors are random and
are correctable with sufficient coverage, leading to high
consensus accuracy.”® Furthermore, long reads are more
accurately mapped to the genome and access regions that are
beyond the reach of short reads.! Of note, recent PacBio LRS
de novo human genome assemblies have revealed tens of
thousands of structural variants per genome, many times
more than previously observed with SRS.>” These capabilities,
together with continuing progress in throughput and cost,
may make LRS an option for broader application in human
genomics.

Here, we report the use of low-coverage genome LRS to
secure a diagnosis of Carney complex where clinical single-
gene testing and genome SRS had been unsuccessful. This
initial application of LRS to identify a pathogenic structural
variant in a patient, when considered alongside other prior
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Integrating human sequence data sets provides a
resource of benchmark SNP and indel genotype calls

Justin M Zook!, Brad Chapman?, Jason Wang?®, David Mittelman®4, Oliver Hofmann?, Winston Hide? &

Marc Salit!

Clinical adoption of human genome sequencing requires
methods that output genotypes with known accuracy at
millions or billlons of positions across a genome. Because
of substantial discordance among calls made by existing
sequencing methods and algorithms, there is a need for a
highly accurate set of genotypes across a genome that can
be used as a benchrun( Here we present methods to make

(SNP),
MI and hnrrnqgaus reference genotype calls for NA12878,
the pilot genome for the Genome ina Bottle Cc

Administration highlighted the utility of this candidate NIST refer
encematerial in approving theassay for clinical use'?.

NIST, with the Genome in a Battle Cansartium, is developing
well-characterized whale-gename reference materiaks, which will
be availible to research, commercial and clinical bboratories for
sequencing and assessing variant-call accuracy and understanding
hiases. The creation of whale gename reference materiaks requires
a best estimate of what is in each tube of DNA reference material,
describing potential biases and estimating the confidence of the
repared ch ics. To develop these data, we are develop-

We minimize bias toward any methad by integrating and
arbitrating between 14 data sets from five sequencing
technologles, seven read mappers and three varlant callers.
We identify regions for which no confident genotype call
could be made, and classify them into different categories
based on reasons for uncertainty. Our genotype calls are
publicly available on the Genome Comparison and Analytic
Testing website to enable real-time benchmarking of

any method.

Aswhale human genome and targeted sequencing start to affer the

real potential to infarm dinical decisions!~%, it is becaming criti

lto asess the accuracy of variant calls and understand biases and

sources of errar in sequencing and bioinformatics methods. Recent
. ) hundreds af jif

ing methads to arhitrate between results fram multiple sequencing
and bioinformatics methods. The resulting arbitrated integrated
genatypes can then be used as a benchmark to assess rates of ike
pesitives (o1 calling 3 variant at a hamazy gous referencesite), fakie
negatives {or calling homozygous reference at a variant site) and
ather genotype calling errars (e.g., calling homozygous variant at
2 heterozygous site).

Current methods for assessing sequencing performance are
limited False-pesitive rates are typically estimated by confirming
a subset of variant calks with an arthoganal technology, which can
be effective except in genome contexts that are abso difficult for the
arthagonal technolagy!®. Genome-wide, fike negative rates are
much mare difficult to estimate because the number of true nega.
tives in the gename is overwhelmingly large (ie., mast hases match
bly) Typically, false-negative rates are estimated

antcalls di gemo
methadsor different bioinformatics methads -1 1 ((nmdanand these
differences, we describea high-canfidence set of gename-wide geno

using data fram the same sample, but micrearray sites
are not randomly selected, as they anly have genatype cantent with
known common SNPs in regions of the genome accessible to the

type calks that can be usedasa We toward
any sequencing ph"mmﬂldan setby mparing and integrating 11
whale h o three d from five

platforms for HapMap/1000 Genames CEU female NA 12678, which
isa pmspmwc rdelcluc material (RM) from the National Institute
af Stand {NIST}). The recentapproval of the first
next generation sequencing instrument by the US Food and Drug

!Bogystans and Blomatenas Dvsoe, Nat ol fhsd o 8 s mad
Techeciogy, Gashersbeny, Maryiand, USA. *Sio Depar,
of Bt s, Harard Schockof Publc Hatth, Qr‘!l-.ﬂ: Mz ac P
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shouid be acdressed o JM 7. (ookinst g

Secebed 34 Cecersbar 2713: ccepled 27 Mmwery 20141 pblind i
16 February 2014 co-10.10 38

B

Therefore, we propese the use of well-characterized whale
genome reference materiak o estimate both fake negative and
fake-positive rates of any sequencing methad, as appased to using
ane orthogonal method that may have correlated hiases in genotyp.
ing and a more biased selection of sites. When characterizing the
reference material itself, both a low false- negative rate (i.c. calling
a high proportion of true variant genotypes. or high sensitivity)
and a low fakse-positive rate {i.c.. a high praportion of the called
variant genotypes are correct, or high specificity) are important
(Supplementary Table 1).

Low false-positive and fake-negative rates cannot be reliably
abtained salely by fikering out variants with kow-quality scores
because hiases in the sequencing and bioinformatics methods are not
all induded in the variant quality scares. Therefare, several variant
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Genome in a Bottle Consortium

January 2018 Workshop Report

Executive Summary:

The Genome in a Bottle Consortium held its Sth public workshop January 25-26, 2018 at Stanfo rd University in
Palo Alto, CA, with approximately 90 in-person and 20 remote attendees.

e Day 1featured an update on GIAB progress and a mad map of future work, and 16 presentations about

evaluatio ns of draft large variant calk, data visualizatio n, and new methods fordifficult genomic variation.

e Day 2featured a panel dscussion about “Principles for Disse mination of GIAB Samples"and a
discussion of work towards future somatic and germline samples.

This re port describes highlig hts of prog ress since the Se ptembe r 2016 wo rkshop, highlights of the future
roadmap for GIAB work, de tailed summaries and links to slides from prese ntatio ns at the works hop, and a
summary of the steering committee meeting discussion.

Progress:

e Best practices to use GIAB genomes to benchmark variants now published with GAAGH
* New manuscript about GIAB high-co nfidence smallvariants
o Extensively for technology dewvelopme nt, o ptimization, and demonstration
o "5,000unique users of datain 2017 (“2 0% increase per yearsince 2014)
e GIAB has enabled >30 innovative reference samples from 3 companies for clinical assay validation
e New data availabk and in progress from linked, long, and uttalong read technologies for GAB samples
e Openscience project terating on draft benchmark large variants (latest d @ff)
o 7 presentations giving feed back about quality + 4 presentatio ns about data visualization

Road Ahead:

o Improve small variant calk - ongoing collabomtions with several groups using new methods for:
o Chalkenging regions (difficult-to-map regio ns, complex variants, tandem repeats, phasing)
o Dewelop and publish benchmark large variant calket
o Evaluate its utility as a benchmark with GIAB Analysis Team
e Sample deveb pmentofbmoadly consented tumor reference materials
o Deweloping experimental protocols using cell lines de rived from organoids
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Sequencing PacBio Sequel System Short-read NGS
'
Read Mapping NGMLR / minimap2 BWA
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Variant Calling GATK
'
Visualization IGV
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PBSV — STRENGTHS AND LIMITATIONS

Strengths Limitations

+ Simple to use — Only insertions and deletions
+ Low false discovery rate — Approximate breakpoints

+ High sensitivity at low coverage — Slow for large cohorts

+ Joint calling



€D r ceio

PBSV 2.0 ADDRESSES LIMITATIONS \ : {

Strengths Limitations
+ Simple to use
+ Low false discovery rate
<+ High sensitivity at low coverage
+ Joint calling
Translocations and inversions
Indels under 50 bp
Polished breakpoints

Scalable workflow



THREE STAGE WORKFLOW

PacBio BAM ovie breads.ba

Map to reference

Aligned BAM R oviel.ba

Find SV signatures

Sparse SVSIG.GZ R ovie J.9

Jointly call and polish
structural variants

movie2.subreads.bam

REF.movie2.bam

REF.movie2.svsig.gz

REF.cohort.vcf

€D raceio
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HG00733 — PUERTO RICAN CHILD

HG00731 HG00732 % Trio from 1000 Genomes Project and HGSVC

D O % SMRTbell Express Template Prep Kit

O % Sequel System 2.1 chemistry and 5.1 software

50% bases in reads >33 kb

“““||| . E‘Zo bases in reads >50 kb
JI‘I‘|||||“‘ ||||||IIIIIIIII...I- _________

30 40 50 70 80 90 100
Read Length (kb)
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% 263 Gb raw yield (82-fold human)
= 9.3 Gb/ SMRT Cell

BN
=]
o o

Mapped Yield (Mb)
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% 21 kb average read length
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HG00733 — FALCON ASM REVEALS STRUCTURAL VARIATION

Reference hg38
Sequences 415
Total Length 3.21 Gbp
Mean| 7.73 Mbp
Max| 248.96 Mbp
N50| 145.14 Mbp

Variants 50 to 10,000 bp

Log(count + 1)
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g 5 8 8. 3 8 %
R AR e R I
o
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Variants 50 to 500 bp

150
100
50
0
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0

160
120
80
40

0
160

120

Variants 500 to 10,000 bp

L

L

80
40
o Variant type
150 120 . Insertion
100 ~ 80 .
4 Deletion
ag- 53 2 40
S5 0 . Repeat expansion
8 O 160+ P P
1504 O 420+ . Repeat contraction
100 - 804
50 404 . Tandem expansion
0 168 . Tandem contraction
150 - 120
100 - 80
50 ]I - 40
0 0 .
150 160
120
100 - 80
50
40
0 oMb . T T
100 200 300 400 500 2,500 5,000 7,500 10,000
Variant size Variant size

Query HGO00733
Sequences 947

Total Length 2.87 Gbp

Mean| 3.03 Mbp

Max| 86.08 Mbp

N50| 31.43 Mbp

http://assemblytics.com



HG00733 - PBSV

28 servers each 16 cores (448c)

PBSV
Map to reference 9d O0h45m
Dacouer SV s one
Joint call and 14h 0h23m

polish variants
sum 9d19h  1h16m

Low-fold calling

10-fold 6h 8m
5-fold 3h 6m

€D r-caio

o/

16 servers each 64 cores (1024c)

Assembly

Raw read overlap  862d
Pread consensus  312d

Pread overlap 845d
sum 5y194d 2d12h
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HG00733 — PBSV - INS/DEL LENGTH OVERVIEW

Deletions Insertions
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HG00733 — PBSV — INDEL SENSITIVITY

100

75

50

Performance (%)

25

10

Sensitivity at 5, 10, and 80-fold

20 30 40 50
Indel Size (bp)

90% sensitivity > 20bp at 10-fold
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Type
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—— |Insertion



HG00733 — PBSV — INS/DEL SIZE SENSITIVITY

Sensitivity (%)

100

75

50

25

Sensitivity by SV Size Difference at 5, 10, and 80-fold (>50 bp ins/del)

0 5 10 15

Indel Size Difference (%)

50% Deletions are base pair perfect at 10-fold

20
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HG00733 — INVERSION EXAMPLE

contig vs. chrl:43592348-43595580

~600bp inversion on chr1
Polished falcon contig vs hg38

Zoom: 4 : 1
yord length: 18
Window size:
Matrix: DNA

GC ratio seql: B.5536
GC ratio seq2: 8.5575
Program: Gepard (1.46 final)

contig

€D r ceio

3516

chrl: 43592348-43595586

3231

o
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HG00733 — INVERSION EXAMPLE

W IT TN W T e
p36.21 p35.2 p33 p3l.3 p22.3  p2l1 pl2 ql2 q212 q241 q253 q321 q4l qd22 gq

- 946 bp -

43,593,500 bp 43,593,600 bp 43,593,700 bp 43,593,800 bp 43,593,900 bp 43,594,000 bp 43,594,100 bp 43,594,200 bp 43,594,300 bp 43,594
I I I I I I I I I I I I I I I I I I

HG00733 FALCON-Unzip

hg00733.2c.vcf

HG00733

inv_sequel.bam Coverage

inv_sequel.bam

[0 - 10.00]

0P O I M VL 1wl
|

sample | || ! I I I I 1l | I

I | I N I I | [l
FA e (I O [ 1N il
I N ] . (R 1 |

5-fold coverage with precise breakpoints
(2 SMRT Cells)



PBSV — TRANSLOCATIONS

chrl4
chrl7
chrl7
chr8
chr8
chr8

Reference

Alignment

E3

€D r ceio

E2

Enable chaining of translocations via IDs: bnd <chain> <edge>

49789856
66046141
66047636
125468594
125468758
122895219

bnd 0 0
bnd 0 1
bnd 0 2
bnd 0 3
bnd 0 4
bnd 0 5

> Q@ Q

Clchrl7:66046141 [

Jchrld:
C[chr8:
Jchrl7:
G]chr8:
Alchr8:

49789856]A
125468594 [
66047636]C
1228952191
1254687581

PASS
PASS
PASS
PASS
PASS
PASS

SVIYPE=BND; CIPOS=0,13;MATEID=bnd 0 1
SVIYPE=BND; CIPOS=0,17;MATEID=bnd 0 O
SVIYPE=BND; CIPOS=0,15;MATEID=bnd 0 3
SVIYPE=BND; CIPOS=0,23;MATEID=bnd 0 2
SVIYPE=BND; CIPOS=0,13;MATEID=bnd 0 5
SVIYPE=BND; CIPOS=0, 35;MATEID=bnd 0 4



PBSV - HUMAN COHORT

Puerto Rican HG00733
European SKBR3
European NA12878
Han Chinese HG00514
Yoruban NA19240
European CHM13
Ashkenazi HG003
Ashkenazi HG004
Puerto Rican HG00732
Puerto Rican HG00731
Ashkenazi HG002

Han Chinese HG00513
Han Chinese HG00512
Yoruban NA19238
Yoruban NA19239
European CHM1
Viethamese HG02059
Korean AK1

Han Chinese HX1
Luhya NA19434

I 16
I 13
I 12
I 11
B 10
. 7
. 7
M 4
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Fold Coverage
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80
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PBSV - HUMAN COHORT

€D raceio

25 servers each 16 cores (400c)

lecover SV 20h 0h17m

signatures

Joint call and 82h Oh51m

pOI |Sh Va rlantS https://www.tech-coffee.net/understand-failover-cluster-quorum/
sum 4d6h 1h08m

Don’t have cluster?
Single 16 core machine
1 day to call 20 humans with 460-fold

https://upload.wikimedia.org/wikipedia/
commons/f/f1/lbm_pc_5150.jpg
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PBSV - HUMAN COHORT

Joint Variants: 832,398 (~700,000 indels)
<1% with no genotype across samples

€D raceio

AK1

CHM1

CHM13 HG002 HGO003 HG004 HG00512 HG00513 HG00514 HG00731 HG00732 HG00733 HG02059  HX1
Sample

NA12878 NA19238 NA19239 NA19240 NA19434 SKBR3
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PBSV - HUMAN COHORT

Joint Variants: 832,398 (~700,000 indels)
<1% with no genotype across samples

CHM1 CHM13 HG002 HG003 HG004 HG00512 HG00513 HG00514 HG00731 HG00732 HG00733 HG02059 HX1  NA12878 NA19238 NA19239 NA19240 NA19434 SKBR3
Sample

Type . Recovered . Single_sample

Example: Recovered SV by joint calling

#CHROM POS INFO HGO002 (son) HGO003 (father) HGO004 (mother)
chrl 1145518 SVTYPE=INS;END=1145518;SVLEN=20 0/1:1:12 1/1:11:12 0/1:4:13
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5-FOLD COVERAGE FOR COMMON VARIANT DISCOVERY

100%

80%

60%

40%

Structural Variant Sensitivity

20%

0%
1 10 100 1.000
Individuals in Population Sequenced at 5-fold coverage

Calculator: pach.com/sv
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SUMMARY

< End-to-end solution: library design to structural variants

“* Native joint calling capability

%+ Scales beyond trio calling

“* Precise variant size estimates, generate consensus insert sequences
% SV types: Indels down to 20bp, inversions, translocations

» Bioconda support
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