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PROOF OF CONCEPT – WHOLE HUMAN GENOME
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DEVELOPMENT OF ANALYSIS TOOLS
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Long-read genome sequencing identifies causal structural
variation in a Mendelian disease
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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

2,184 bp deletion, overlaps the first coding exon of PRKAR1A,
which is implicated in autosomal dominant Carney complex. RNA
sequencing demonstrated decreased PRKAR1A 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
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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.1 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.2 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.3,4

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

strengths to those of SRS. PacBio LRS produces reads of
several thousand base pairs with uniform coverage across
sequence contexts.5 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.5,6 Furthermore, long reads are more
accurately mapped to the genome and access regions that are
beyond the reach of short reads.1 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.3,7 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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RARE DISEASE CASES
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BENCHMARK STANDARDS
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POPULATION STUDIES
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PBSV WORKFLOW
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Strengths

✚ Simple to use

✚ Low false discovery rate

✚ High sensitivity at low coverage

✚ Joint calling

PBSV – STRENGTHS AND LIMITATIONS

Limitations

− Only insertions and deletions

− Approximate breakpoints

− Slow for large cohorts



Strengths

✚ 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

PBSV 2.0 ADDRESSES LIMITATIONS

Limitations

− Only insertions and deletions

− Approximate breakpoints

− Slow for large cohorts



THREE STAGE WORKFLOW

movie1.subreads.bam movie2.subreads.bam

REF.movie1.bam REF.movie2.bam

REF.movie1.svsig.gz REF.movie2.svsig.gz

REF.cohort.vcf

movieN.subreads.bam...

REF.movieN.bam

REF.movieN.svsig.gz

Map to reference

Find SV signatures

PacBio BAM

Aligned BAM

Sparse SVSIG.GZ

Jointly call and polish 
structural variants



HG00733 – PUERTO RICAN CHILD

v Trio from 1000 Genomes Project and HGSVC

v SMRTbell Express Template Prep Kit

v Sequel System 2.1 chemistry and 5.1 software

v 28 Sequel SMRT Cells 1M
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HG00733 – FALCON ASM REVEALS STRUCTURAL VARIATION

http://assemblytics.com

Reference hg38

Sequences 415

Total Length 3.21 Gbp

Mean 7.73 Mbp

Max 248.96 Mbp

N50 145.14 Mbp

Query HG00733

Sequences 947

Total Length 2.87 Gbp

Mean 3.03 Mbp

Max 86.08 Mbp

N50 31.43 Mbp



HG00733 – PBSV

28 servers each 16 cores (448c)

Stage CPU Wall

Map to reference 9d 0h45m

Discover SV 

signatures
5h 0h5m

Joint call and 

polish variants
14h 0h23m

sum 9d19h 1h16m

Stage CPU Wall

Raw read overlap 862d

Pread consensus 312d

Pread overlap 845d

sum 5y194d 2d12h

PBSV Assembly

16 servers each 64 cores (1024c)

Low-fold calling

Fold CPU Wall

10-fold 6h 8m

5-fold 3h 6m



HG00733 – PBSV – INS/DEL LENGTH OVERVIEW

Deletions Insertions



HG00733 – PBSV – INDEL SENSITIVITY

90% sensitivity > 20bp at 10-fold



HG00733 – PBSV – INS/DEL SIZE SENSITIVITY

50% Deletions are base pair perfect at 10-fold



HG00733 – INVERSION EXAMPLE

~600bp inversion on chr1
Polished falcon contig vs hg38



HG00733 – INVERSION EXAMPLE

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



PBSV – TRANSLOCATIONS

chr14    49789856    bnd_0_0    C    C[chr17:66046141[    .    PASS    SVTYPE=BND;CIPOS=0,13;MATEID=bnd_0_1
chr17    66046141    bnd_0_1    A    ]chr14:49789856]A    .    PASS    SVTYPE=BND;CIPOS=0,17;MATEID=bnd_0_0
chr17    66047636    bnd_0_2    C    C[chr8:125468594[    .    PASS    SVTYPE=BND;CIPOS=0,15;MATEID=bnd_0_3
chr8    125468594    bnd_0_3    C    ]chr17:66047636]C    .    PASS    SVTYPE=BND;CIPOS=0,23;MATEID=bnd_0_2
chr8    125468758    bnd_0_4    G    G]chr8:122895219]    .    PASS    SVTYPE=BND;CIPOS=0,13;MATEID=bnd_0_5
chr8    122895219    bnd_0_5    A    A]chr8:125468758]    .    PASS    SVTYPE=BND;CIPOS=0,35;MATEID=bnd_0_4

Enable chaining of translocations via IDs: bnd_<chain>_<edge>



PBSV – HUMAN COHORT
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PBSV – HUMAN COHORT

25 servers each 16 cores (400c)

Stage CPU Wall

Discover SV 
signatures 20h 0h17m

Joint call and 
polish variants 82h 0h51m

sum 4d6h 1h08m

Don’t have cluster? 

Single 16 core machine 
1 day to call 20 humans with 460-fold

https://www.tech-coffee.net/understand-failover-cluster-quorum/

https://upload.wikimedia.org/wikipedia/
commons/f/f1/Ibm_pc_5150.jpg



PBSV – HUMAN COHORT

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



PBSV – HUMAN COHORT

#CHROM   POS       INFO                             HG002(son) HG003(father) HG004(mother)
chr1     1145518   SVTYPE=INS;END=1145518;SVLEN=20  0/1:1:12 1/1:11:12     0/1:4:13

Example: Recovered SV by joint calling

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



5-FOLD COVERAGE FOR COMMON VARIANT DISCOVERY
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v End-to-end solution: library design to structural variants

v Native joint calling capability

v Scales beyond trio calling

v Precise variant size estimates, generate consensus insert sequences

v SV types: Indels down to 20bp, inversions, translocations

v Bioconda support

SUMMARY
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