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ABSTRACT 

In an effort to more fully understand the full spectrum of human genetic variation, we generated 
deep single-molecule, real-time (SMRT) sequencing data from two haploid human genomes. 
Using an assembly-based approach (SMRT-SV), we systematically assessed each genome 
independently for structural variants (SVs) and indels resolving the sequence structure of 
461,553 genetic variants from 2 bp to 28 kbp in length. We find that >89% of these variants have 
been missed as part of analysis of the 1000 Genomes Project even after adjusting for more 
common variants (MAF >1%). We estimate that this theoretical human diploid differs by as 
much as ~16 Mbp with respect to the human reference, with long-read sequencing data providing 
a fivefold increase in sensitivity for genetic variants ranging in size from 7 bp to 1 kbp when 
compared to short-read sequence data. Although a large fraction of genetic variants were not 
detected by short-read approaches, once the alternate allele is sequence-resolved we show that 
61% of SVs can be genotyped in short-read sequence datasets with high accuracy. Uncoupling 
discovery from genotyping, thus, allows for the majority of this missed common variation to be 
genotyped in the human population. Interestingly, when we repeat SV detection on a 
pseudodiploid genome constructed in silico by merging the two haploids, we find that 
approximately 59% of the heterozygous SVs are no longer detected by SMRT-SV. These results 
indicate that haploid resolution of long-read sequencing data will significantly increase 
sensitivity of SV detection. 
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INTRODUCTION 

The comprehensive discovery of genetic variation is central to the field of human genetics and 
more broadly to the characterization of personalized genomes and the vision of precision 
medicine. Variant discovery is tightly linked to advances in sequencing technology and 
computational algorithmic developments (Kruglyak and Nickerson 2001; Auton et al. 2015). 
Despite several attempts to establish “gold standard” reference genomes over the years, a 
comprehensive assessment of all the genetic variants in any single human has remained elusive 
(Venter et al. 2001; Levy et al. 2007; Kidd et al. 2010b; Zook et al. 2014). While our 
understanding of single-nucleotide variants (SNVs) is beginning to approach nearly complete 
sensitivity for the euchromatic portion of the genome, structural variants or SVs (insertions, 
deletions, and inversions >=50 bp in length) and indels (1-49 bp in length) have fared far worse 
because of their stronger association with repetitive DNA (Tuzun et al. 2005; Korbel et al. 2007; 
Mills et al. 2011; Gymrek et al. 2012; Willems et al. 2014; Sudmant et al. 2015a; Sudmant et al. 
2015b). Our inability to understand the complete spectrum of genetic variation stems from the 
complexity of human genetic variation, biases in the sequencing technology, and difficulties in 
discovery of variant regions in a diploid genome (Huddleston and Eichler 2016). The relative 
contribution of each of these effects to limit sensitivity has not been robustly assessed because of 
an inability to uncouple these aspects during whole-genome sequencing. 
 
We sought to build a verifiable gold standard for human genetic variation by first eliminating the 
complexity of diploidy and then applying an alternate sequencing technology that improves 
sensitivity over repetitive regions of the human genome (Chaisson et al. 2015b; English et al. 
2015; Shi et al. 2016). To this end, we generated data from two effectively haploid human 
genomes obtained from complete hydatidiform moles and systematically assessed both indels 
and SVs by comparing both long- and short-read datasets. Complete hydatidiform moles retain 
only a single set of homologous chromosomes due to either fertilization of an enucleated egg by 
a sperm or the subsequent loss of the maternal complement post-fertilization (Jacobs et al. 1980; 
Destouni et al. 2016). Each therefore represents a functionally haploid equivalent of the human 
genome lacking allelic variation. As part of this effort, we enhanced and extended the 
functionality of our previous strategy (Chaisson et al. 2015a) to include inversions as well as 
indels >=2 bp. We applied this new pipeline, SMRT-SV, to single-molecule, real-time (SMRT) 
whole-genome sequence (WGS) data derived from a hydatidiform mole, CHM1, and a second 
haploid human from a different hydatidiform mole, CHM13. The combination of these two 
haploid human genomes allowed us to identify and rapidly validate haplotype-specific SVs and 
indels. We used this to establish the baseline of variation we might expect in a theoretical diploid 
human compared to the merging of two haploid sequence complements in silico to create a 
“pseudodiploid” genome. This allowed us to assess the effect of heterozygosity or diploidy on 
SV detection sensitivity. Finally, we used the sequence-resolved SVs to uncouple discovery from 
genotyping. Specifically, we investigate the potential to genotype sequence-resolved SVs more 
generally in deeply sequenced Illumina short-read datasets. 

RESULTS 

We sequenced two complete hydatidiform mole genomes using SMRT sequencing technology, 
generating 62.4-fold (9.4 kbp median subread length) and 66.3-fold sequence coverage (7.4 kbp 
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median subread length) for CHM1 and CHM13, respectively (Supplemental Table S1). We 
developed and applied SMRT-SV (https://github.com/EichlerLab/pacbio_variant_caller) to 
discover variants in these samples. The tool builds on our previous strategy where we align raw 
SMRT sequence reads to the human reference (GRCh38), identify signatures of putative 
structural variation from the alignments, and then generate local assemblies from regions with 
signatures of variation. We also incorporate a second approach where we tile across the entire 
euchromatic region of the genome in 60 kbp windows (sliding every 20 kbp), then construct and 
align local assemblies back to the human reference to resolve at the single-base-pair level both 
SVs (insertions, deletions, and inversions >=50 bp) and indels. These two approaches produced a 
median of four tiling assemblies per locus and a range of 1-14 assemblies across the genome 
where the maximum number of assemblies corresponded to hotspots of adjacent signature 
windows. We focused on SVs where more than one local assembly supported the same 
breakpoints and indels >=2 bp due to the known single-base-pair error biases in SMRT 
sequencing technology (Chin et al. 2013). Each haploid dataset was also subjected to WGS 
assembly using FALCON (Chin et al. 2016) and error self-correction (Chin et al. 2013) in an 
effort to increase sensitivity of all variants detected. 
 
Haploid variant detection and a theoretical diploid SV call set. Using SMRT-SV, we 
identified 20,602 SVs in CHM1 (12,998 insertions, 7,557 deletions, and 47 inversions) and 
20,470 SVs in CHM13 (13,118 insertions, 7,306 deletions, and 46 inversions; Table 1 and 
Supplemental Figures S1-S5). We could account for 13,788 of the 15,755 euchromatic SVs 
(88%) previously reported for CHM1 events (Chaisson et al. 2015a). Of the remaining 12% of 
missing calls (1,967), the majority mapped to segmental duplications—a known source of false 
positives. With the inclusion of the tiled-assembly approach, we recovered an additional 9,000 
calls not previously called with the signature-only approach. We note, however, that this dataset 
of CHM1 SVs was generated from a new (62-fold) WGS dataset using an improved sequencing 
chemistry (P6C4) where the average read lengths are significantly longer (Supplemental Table 
S1). As expected (Chaisson et al. 2015a), the majority of SVs for CHM1 (83% or 17,019 of the 
20,602 SVs) were not previously reported by other recent SV studies, including the 1000 
Genomes Project (Conrad et al. 2010; Kidd et al. 2010a; Mills et al. 2011; Sudmant et al. 2015a; 
Sudmant et al. 2015b). We observed a similar pattern for the CHM13 human genome where 83% 
(16,939 / 20,470) of SVs were previously unreported (Supplemental Figure S12). Repeating the 
analysis with SV callers, LUMPY and WHAM, based on Illumina WGS data generated from 
CHM1 and CHM13, produced consistent results with 90% of SMRT-SV variants missed by 
short-read callers suggesting that this increased sensitivity is driven primarily by long-read 
sequencing technology (Supplemental Figures S15-S16). If we merge CHM1 and CHM13 
datasets into a theoretical diploid, we identify a total of 30,062 SVs corresponding to 13.4 Mbp 
of sequence difference between the two haplotypes (Figure 1a and Table 1). Half of these 
inserted or deleted SV sequences (6.5 Mbp) consisted of tandem repeats or complex arrays of 
different repeat classes (Supplemental Table S2). It is interesting to note that this single diploid 
identifies 44% as many SVs as reported for 2,504 diploid genomes in Phase 3 of the 1000 
Genomes Project (Sudmant et al. 2015b) and that 89% of all SVs we detected were missed in the 
short-read genomes (Figure 1b and Supplemental Figures S8-S10). As expected, an assessment 
of the length distributions shows that the majority of novel SVs (23,444 of 24,890 or 94%) were 
<1 kbp. 
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We validated the SVs using four different approaches. First, we targeted 38 deletions and 58 
insertions by sequence and assembly of large-insert clones and de novo assembly of SMRT WGS 
derived from CHM1 and CHM13 BAC libraries (CHORI-17 and VMRC59). The combination of 
BAC and de novo WGS assemblies confirmed the sequence and breakpoints of all 96 SV events 
(Supplemental Table S3). Next, we targeted 219 random, high-quality SVs smaller than 500 bp 
for PCR amplification and Sanger sequencing in CHM1 and CHM13 and confirmed 205 (94%) 
variants (Supplemental Table S4). We also compared CHM1 and CHM13 and found that 9,682 
(32%) of the SVs were shared between the two samples (50% reciprocal overlap) consistent with 
expectations based on human single-nucleotide polymorphism diversity. Finally, we assessed 30 
additional human genomes and confirmed the presence of the alternate allele (see below) for 
78% of all variants suggesting that the majority of missed variants we discovered are common 
variants in the human population. 
 
We also assessed the distribution and frequency of indels defined here as variants in the size 
range of 2-49 bp in both samples compared to the human reference, excluding 1 bp indels 
because of an enrichment for false positives. We identified 289,737 indels in CHM1, 254,227 
indels in CHM13, and 431,488 in the CHM1/CHM13 diploid (Table 1). As with SVs, we 
selected 51 high-quality indels for PCR amplification and Sanger sequencing in CHM1 and 
CHM13 and confirmed 50 (98%). Comparing to dbSNP 146, which includes the 1000 Genomes 
Project Phase 3 variants, we find that 72% of the indels (309,268 / 431,488) are novel (Figure 2a 
and Supplemental Figures S13-S14). Overall, we observed an enrichment of indels of 2 bp 
increments across the genome and multiples of 3 bp within genes consistent with expected 
patterns of dinucleotide short tandem repeats (STRs) and selection operating within protein-
coding regions, respectively (Weber et al. 2002; Bhangale et al. 2005; Gymrek et al. 2012; 
Montgomery et al. 2013). BAC-based sequencing and de novo assemblies of SMRT WGS 
established a validation rate of 95% (1,349 / 1,426) (Supplemental Table S3 and Supplemental 
Figures S6-S7). To more directly compare the sensitivity of short- and long-read datasets, we 
applied two of the most popular callers, FreeBayes (Garrison and Marth 2012) and GATK 
HaplotypeCaller (McKenna et al. 2010), to Illumina data generated from CHM1 and CHM13. 
After excluding regions of low-complexity DNA where Illumina is known to have a higher error 
rate due to coverage and mapping biases (Li 2014), we observed that 43% (81,640 / 189,096) of 
pseudodiploid indels from SMRT-SV were not detected by FreeBayes or GATK (Figure 2b). 
Novelty was positively correlated with indel size with a fivefold increase in sensitivity observed 
when indel length exceeded 7 bp (Figure 2a). Interestingly, novel insertions surpassed deletions 
for the largest of category of indels (20-48 bp). 
 
In addition to SVs and indels, we also identified 3,885,137 SNVs in the theoretical diploid with 
support from two or more local assemblies. Of these total SNVs, 1,431,052 sites (37%) were 
homozygotes while 1,253,422 (32%) were present only in CHM1 and 1,200,663 (31%) only in 
CHM13. We similarly estimated the false discovery rate (FDR) of SMRT SNVs using 3,761,923 
joint-called SNVs for CHM1 and CHM13 Illumina data from both FreeBayes and GATK. We 
observed 3,413,913 SNVs shared between SMRT and Illumina calls corresponding to 88% of 
SMRT SNVs and 91% of Illumina SNVs (Supplemental Figure S17). De novo assemblies of 
CHM1 and CHM13 SMRT WGS supported 75% of SNVs (350,976 of 470,268) from SMRT 
local assemblies that were not reported in Illumina call sets. Comparing the different forms of 
genetic variation in the total call set for the theoretical diploid, we estimate the ratio of SNVs to 

 Cold Spring Harbor Laboratory Press on June 14, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 6

indels to be 9.0 (3,885,137 / 431,488) by total events and 1.2 (3,885,137 / 3,162,795 bp) by base-
pair events. SNVs far outpace SVs in terms of the number of events (ratio 129 SNVs to 1 SV 
event) but are dwarfed with respect to their effect on base pairs (3.4 SV bp to 1 SNV bp). 
 
Of all 477,776 insertions and deletions detected as SVs or indels, only 1.8% of events occurred 
within a GENCODE or RefSeq coding exon, noncoding exon, or untranslated region (UTR) 
(Table 2). An additional 4.2% of events occurred in predicted noncoding regulatory regions, 
including DNase hypersensitivity sites, promoters (H3K27Ac), and enhancers (H3K4Me3), 
while 35.8% of events occurred in introns (Harrow et al. 2012). The proportion of these 
putatively functional variants was consistent for different variant classes (46% for SVs and 43% 
for indels). Of particular interest are SVs or indels that occur within coding exons (RefSeq or 
GENCODE), do not map within segmental duplications or tandem repeats, and were not 
observed in previous studies. We identified 39 such variants (8 SVs and 31 indels) that affected 
16 distinct genes and potentially warrant future investigation and in-depth genotyping in existing 
genome cohorts (Supplemental Table S5). 
 
Pseudodiploid variant detection. We modeled the accuracy of SMRT-SV for calling in diploid 
human samples. To establish the accuracy of SMRT-SV in diploid samples with reasonable 
sequencing statistics, we matched the read-length distributions of CHM1 and CHM13 genomes, 
downsampled both genomes to 30-fold sequence coverage each, and called variants. We 
combined calls from the downsampled CHM1 and CHM13 genomes to determine how many 
total variants to expect in a diploid sample sequenced to 60-fold total coverage. The 9,754 SVs 
shared between the downsampled CHM1 and CHM13 represented idealized homozygotes while 
the 11,477 SVs specific to CHM1 and 10,120 SVs specific to CHM13 represented heterozygous 
SVs where the haplotype of origin is known. Given these baseline expectations, we generated an 
effectively 60-fold “pseudodiploid” genome in silico by combining the 30-fold coverage SMRT 
sequence reads from each sample to assess sensitivity for the detection of SVs and indels when 
allelic variation was present and no haplotype phasing of reads was performed prior to assembly. 
 
In the pseudodiploid experiment, we recovered 87% of "homozygous alternate" SVs shared by 
both CHM1 and CHM13 haplotypes (Table 3 and Supplemental Figure S18). In contrast, only 
41% of heterozygous CHM1 or CHM13 SVs could be recovered. Together, the SVs recovered 
from the pseudodiploid correspond to an overall 44% FNR (false negative rate) with a 13% FNR 
for homozygous variants and a 59% FNR for heterozygous variants. Similarly, we recovered 
91% of homozygous alternate indels, 36% for heterozygous CHM1 indels, and 37% for 
heterozygous CHM13 indels for an overall indel FNR of 49%. Differences in sequence coverage 
seemed to have minimal effect on sensitivity. For example, of the 30,065 SVs we discovered 
with 60-fold coverage per haplotype with CHM1/CHM13, we recovered 26,211 variants (87%) 
with 30-fold coverage per haplotype. Of the SVs that could not be recovered at lower coverage, 
93% were found only in CHM1 or CHM13 and were thus “heterozygous” in the context of the 
theoretical diploid. These results highlight the limitation of calling heterozygous variants in 
diploid genomes and the importance of methods that can effectively phase long reads into correct 
haplotype bins prior to variant discovery. 
 
Genotyping of SVs in Illumina genomes. It is difficult to maintain both high specificity and 
sensitivity when detecting SVs from short-read sequence data (Mills et al. 2011; Chaisson et al. 
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2015b; Sudmant et al. 2015a; Sudmant et al. 2015b; Huddleston and Eichler 2016). To maintain 
a low FDR, most callers apply stringent criteria that essentially eliminate significant fractions of 
true SVs from further genotyping. The availability of short- and long-read data from the same 
source material and the fact that the majority of SVs had been resolved at the base-pair level 
allowed us to uncouple discovery from genotyping. We reasoned that the sequence-resolved 
alternate allele of the SV would facilitate more accurate genotyping of those variants in short-
read data. To this end, we developed a short-read genotyper (SMRT-SV Genotyper) to assay the 
allele frequency of SMRT-SV variants, taking advantage of the sequence-resolved alternate 
alleles from each of the haploid genomes. 
 
We first applied SMRT-SV Genotyper to PCR-free paired-end Illumina reads (151 bp) generated 
from the hydatidiform moles using SVs (insertions and deletions) that had been sequence-
resolved from the CHM1 and CHM13 PacBio local assemblies. The moles are effectively 
haploid samples, so all CHM1 Illumina genotypes for CHM1 SVs are expected to be 
homozygous for the alternate allele, while all CHM13 Illumina genotypes for CHM1 SVs should 
be homozygous for either allele but never heterozygous. CHM1 homozygous reference and 
heterozygous genotypes and heterozygous CHM13 genotypes, thus, indicate potential 
genotyping error or invalid SV calls. From the union of 40,979 CHM1 and CHM13 insertions 
and deletions, we found that 77% (31,371) had sufficient coverage across the breakpoints to be 
genotyped by their respective sample’s short reads (Supplemental Table S6). The majority of 
these genotypes from each mole’s Illumina WGS against its respective SVs had the expected 
homozygous alternate genotype (29,570 or 94%) while 630 (2%) were classified as heterozygous 
and 1,171 (4%) as homozygous reference. Similarly, 28,829 (91%) of the 31,633 SVs genotyped 
from each mole’s Illumina WGS against the other mole’s SVs were homozygous for one of the 
alleles. When we assessed only nonredundant calls that could be correctly assayed in the CHM1 
and CHM13 Illumina WGS (see Methods), we found that 61% (18,211 of 29,992) could be 
genotyped in human genomes sequenced by Illumina. Of the 9,608 (23% of 40,979) 
ungenotyped SVs, 9,255 (96%) occurred within tandem repeats or segmental duplications where 
it is difficult or impossible for Illumina reads to map uniquely in the human reference (Alkan et 
al. 2009; Li 2014). These results suggest an initial FDR of 6-9% for those regions that can be 
assayed in short-read sequence data. 
 
We next applied the SMRT-SV Genotyper to paired-end Illumina WGS data generated from 
both moles and a human diversity panel of 30 high-coverage genomes, including the NA19240 
and NA12878 trios sequenced as part of the 1000 Genomes Project Consortium (Auton et al. 
2015). SVs from CHM1 and CHM13 were genotyped independently and then merged into a 
nonredundant set of 29,992 SVs. In keeping with the CHM1 and CHM13 genotype results, 
23,613 SVs (78%) had sufficient breakpoint coverage to be genotyped in at least one sample. Of 
these genotyped SVs, 21,861 (93%) were present in at least one haplotype from the 30 diploid 
samples corresponding to an allele frequency of 1.7% (Figure 3a and Supplemental Figure S11). 
Additionally, 1,161 SVs (5%) were homozygous for the alternate allele in all 30 diploid samples 
suggesting that the human reference is in error or represents the minor allele for these variants. In 
contrast, 1,752 genotyped SVs (7%) were only observed in CHM1 or CHM13 indicating that 
these were rare variants or false positives from SMRT-SV. As expected, SVs mapping to GC-
rich regions of the genome were less likely to be genotyped by Illumina WGS (Figure 3b). 
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Overall, these results confirm that the majority of SVs detected by SMRT-SV were not only 
previously unreported but are also polymorphic in human populations. 
 
As an orthogonal assessment of genotype accuracy of the SMRT-SV Genotyper on diploid 
samples, we selected 20 insertions and 20 deletions each from CHM1 and CHM13 calls for 
validation by PCR amplification and sequencing across five DNA samples from the 1000 
Genomes Project diversity panel. Specifically, we considered SVs <500 bp in size with support 
from 5-8 local assemblies and excluded SVs mapping to mobile element insertions (MEIs), 
segmental duplications, tandem repeats, or calls from previous studies. Of the 80 sites, 75% (n = 
60) were successfully PCR amplified and Sanger sequenced in at least one sample. Across these 
60 SVs and five samples, we successfully genotyped 264 SV/sample pairs of which 90% (n = 
237) were concordant between SMRT-SV Genotyper and PCR (Table 4 and Supplemental Table 
S7). Accuracy for MEI genotypes was slightly less than non-MEI accuracy, with 79% 
concordance between SMRT-SV Genotyper and PCR for MEIs shared between CHM1 and 
CHM13 and four samples in Stewart et al. (2011) (Supplemental Table S8). 

DISCUSSION 

We find that the theoretical amount of genetic variation in a single human diploid genome far 
exceeds expectations established by previous whole-genome studies (Conrad et al. 2010; Kidd et 
al. 2010a; Mills et al. 2011; Sudmant et al. 2015a; Sudmant et al. 2015b). We estimate a fivefold 
increase in discovery from indels >7 bp and SVs <1 kbp. Although this represents only a fraction 
of variant sites between two haplotypes, this missing variation accounts for most of the variant 
base pairs between two human genomes. This increase in sensitivity stems from the improved 
mappability of long-read sequence data to repeat-rich regions (especially STRs and variable 
number tandem repeats), GC-rich DNA, and low-complexity DNA. These represent regions of 
the genome where short-read sequence data and variant callers are less able to discover and 
genotype with certainty (Gymrek et al. 2012; Willems et al. 2014; Auton et al. 2015; Carlson et 
al. 2015; Sudmant et al. 2015a; Sudmant et al. 2015b), but long-read sequence technology can 
access these regions because alignments are sufficiently anchored within the flanks. Although 
the discovery of these intermediate-sized variants is likely to remain challenging for short-read-
sequencing datasets, once the alternate SV allele is resolved at the breakpoint level, we show that 
short reads can be used to genotype the majority of SVs relatively accurately. 
 
Cost and throughput significantly limit the number human genomes that can be sequenced with 
current long-read sequencing technologies (Chaisson et al. 2015b). Sequence coverage, thus, 
becomes a critical consideration. For the purposes of SV discovery, we show that accurate 
haplotype phasing of long reads provides significantly greater yield as opposed to simply 
doubling the sequence coverage once a haploid sequence coverage of 30-fold is achieved. 
Undercalling of heterozygous SVs remains the most significant challenge for comprehensive 
assessment of SVs and this limitation can be resolved if haplotypes are resolved first. The 
continued development of genome haplotype-phasing methods (Chaisson et al. 2015b; Chin et al. 
2016; Garg et al. 2016) should facilitate partitioning long reads. This should, in turn, 
dramatically increase the yield of SVs. 
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Despite the dramatic increase in long-read variant discovery and the subsequent power of 
genotyping these variants in short-read data, large and highly identical repetitive regions remain 
largely inaccessible to this technology. Specifically, recent segmental duplications confound 
most modern alignment and de novo assembly (Berlin et al. 2015; Chaisson et al. 2015b; Gordon 
et al. 2016). Similarly, STRs, especially longer ones, cannot be genotyped by short reads by 
naive assessment of genome alignments (Gymrek et al. 2012; Chaisson et al. 2015a). These 
regions of our genome are simultaneously the hardest to inspect, show elevated rates of mutation, 
and are frequently associated with human disease and evolution. As such, they warrant the 
continued development of duplication-aware de novo assembly methods and application of more 
sophisticated genotyping tools (Sudmant et al. 2010; Handsaker et al. 2011; Gymrek et al. 2012; 
Handsaker et al. 2015; Chin et al. 2016). 
 
One possible scenario going forward would be to comprehensively discover SVs in a relatively 
small number of diverse human genomes using long-read sequence data in order to understand 
the full spectrum of human genetic variation, including indels. Once sequence-resolved, 
extensive genotyping of these variants across a larger set of human genomes sequenced deeply 
with short-read data would likely dramatically increase the number of SVs as part of the Phase 3 
of the 1000 Genomes Project (Auton et al., 2015; Sudmant et al. 2015b). If such datasets were 
generated using 1000 Genomes Project samples, the efficacy of SV imputation from flanking 
single-nucleotide polymorphisms could also be readily assessed. Moreover, this resource would 
facilitate more robust genotyping of SVs in disease and population cohorts, potentially leading to 
novel disease associations using tools such as those developed here. 

METHODS 
Genome sequencing and assembly. We resequenced CHM1 with PacBio long reads using a 
P6/C4 chemistry to produce 62.4-fold coverage (9.4 kbp median subread length; SRA accession: 
SRP044331). Additionally, we sequenced CHM13 with a combination of P5/C3 (60%) and 
P6/C4 (40%) chemistries to generate 66.3-fold coverage (7.4 kbp median subread length; SRA 
accession: SRP051383). Each genome’s SMRT WGS was de novo assembled by FALCON v0.4 
(Chin et al. 2016) and refined to high-quality consensus by Quiver (Chin et al. 2013). CHM13 
was sequenced with a PCR-based Illumina library to ~30-fold coverage of paired 101 bp reads. 
PCR-free Illumina WGS for CHM1 and CHM13 were previously provided by the Broad Institute 
through SRA accessions ERX1413366 and ERX1413367. PCR-based Illumina WGS from 
CHM1 was previously published under the SRA accession SRX652547 (Chaisson et al. 2015a).  
 
Variant discovery and validation. SMRT WGS reads were aligned to the human reference 
(GRCh38/hg38) with BLASR (Chaisson and Tesler 2012) and parsed to identify genomic 
regions with “signatures” of SVs as previously described (Chaisson et al. 2015a). Additionally, 
60 kbp genomic windows with a 20 kbp slide were created across the genome. We assembled 
raw reads aligned to each signature region and tiled window with the PBcR de novo assembler 
(Berlin et al. 2015), applied Quiver (Chin et al. 2013) to generate high-quality consensus, and 
aligned the consensus for each region back to the corresponding reference sequence. Inversions 
were detected by scanning local assembly alignments for contiguous subsequences that mapped 
with higher identity to the reference after being reverse complemented (see Supplemental 
Methods). Insertions and deletions were detected by parsing alignments of local assemblies to 
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the reference as previously described for SVs (Chaisson et al. 2015a) and with more sensitive 
parser settings for 2-49 bp indels and SNVs (see Supplemental Methods). SV insertions were 
further assessed for their status as non-template insertions (Supplemental Table S10) and as 
duplications of existing reference sequence (Supplemental Table S11). Indels and SNVs were 
called from Illumina WGS from CHM1 and CHM13 with FreeBayes 0.9.21-19-gc003c1e 
(Garrison and Marth 2012) and GATK HaplotypeCaller (McKenna et al. 2010). SNVs and indels 
from the theoretical diploid of CHM1/CHM13 were compared with variants from the Venter 
genome, which contained 3,213,401 SNVs and 181,730 indels totaling 1,037,246 bp (Levy et al. 
2007). SVs were called from the same Illumina WGS with WHAM (Kronenberg et al. 2015) and 
LUMPY (Layer et al. 2014). Variants were validated by targeted sequencing of 47 BAC clones 
(~9 Mbp) from CHM1 (CHORI17) and CHM13 (VMRC59), de novo assemblies of SMRT WGS 
by FALCON, and targeted PCR and Sanger sequencing for SVs <500 bp (Supplemental Table 
S4). 
 
Genotyping. We aligned paired-end Illumina reads with BWA-MEM (v. 0.7.12-r1039) in alt-
aware mode to a custom reference assembly consisting of the human reference assembly 
(GRCh38) and either CHM1 or CHM13 local assemblies containing SV calls. Only SV-
associated reads were used for genotyping (see Supplemental Methods), a heuristic used to 
reduce analysis time 10-fold at the expense of a 1-5% genotyping error resulting from under-
supported alternate alleles (Supplemental Table S9). For each pair of breakpoints associated with 
a variant (reference and alternate haplotypes), we determined the median and standard error of 
read depth across 25 bp windows on either side of both deletion breakpoints or the single 
insertion breakpoint requiring mapping quality >20 and base quality >20. We calculated 
genotype probabilities for all three biallelic genotypes using the binomial probability mass 
function parameterized by the median depth minus the standard error for both reference and 
alternate haplotypes. The final genotype for each variant was the genotype with the highest 
binomial probability (Supplemental Figure S19). The number of SVs that could be genotyped 
was strictly defined based on the haploid nature of the hydatidiform moles as the number of SVs 
with homozygous alternate genotypes for one mole’s SVs based on that mole’s Illumina WGS 
and homozygous reference or alternate genotypes from the other mole’s Illumina WGS. 
Genotype concordance was measured by targeted PCR and Sanger sequencing of CHM1 and 
CHM13 non-MEI SVs in five 1000 Genomes Project samples (Table 4 and Supplemental Table 
S7) and comparison with previously PCR-validated MEI genotypes from Stewart et al. (2011) 
(Supplemental Table S8). Prior to visualization by heatmap, variants were filtered to include SVs 
where CHM1 and CHM13 had a homozygous alternate genotype in calls from their respective 
SMRT WGS and non-heterozygous or missing genotypes from each other’s Illumina WGS. 
Missing genotypes were imputed using BEAGLE v4.1 (Browning and Browning 2016). Rows 
were clustered by UPGMA using the Euclidean distance metric. 
 
Software. SMRT-SV provides an official software package for previously described tools 
(Chaisson et al. 2015a) and adds several key features, including a unified variant calling user 
interface with built-in cluster compute support, small indel calling (2-49 bp), improved inversion 
calling (screenInversions), a quality metric for SV calls based on the number of local assemblies 
supporting each call, higher sensitivity for SV calls using tiled local assemblies across the entire 
genome instead of "signature" regions, and genotyping of SVs with Illumina paired-end reads 
from WGS samples. 
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DATA ACCESS 

SMRT WGS for CHM1 and CHM13 have been submitted to the NCBI Sequence Read Archive 
(SRA; https://www.ncbi.nlm.nih.gov/sra) under accession numbers SRP044331 and SRP051383, 
respectively. Illumina WGS for CHM13, BAC assemblies from CHM13’s VMRC59 BAC 
library, variants from CHM1/CHM13, and genotypes for SVs have been submitted to the NCBI 
BioProject database (BioProject; https://www.ncbi.nlm.nih.gov/bioproject/) under accession 
number PRJNA335618. Raw and genotyped SVs for both CHM1 and CHM13 have been 
submitted to NCBI's database of genomic structural variation (dbVar; 
https://www.ncbi.nlm.nih.gov/dbvar) under the accession number nstd137. De novo assemblies 
of CHM1 and CHM13 SMRT WGS with FALCON have been submitted to the NCBI 
Assemblies database (Assembly; https://www.ncbi.nlm.nih.gov/assembly/) under accession 
numbers GCA_001297185.1 and GCA_000983455.2, respectively. SMRT-SV and 
screenInversions are available in the Supplemental Material (see Supplemental Code) and at 
https://github.com/EichlerLab/pacbio_variant_caller. 
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FIGURE LEGENDS 

Figure 1. Structural variant (SV) discovery. a) SV deletions (red) and insertions (black) 
identified by SMRT-SV in a theoretical diploid human (CHM1 and CHM13) are classified as 
either novel (83%) or previously reported (17%) based on their presence in previously published 
SV call sets (Conrad et al. 2010; Kidd et al. 2010a; Mills et al. 2011; Sudmant et al. 2015a; 
Sudmant et al. 2015b) and b) compared specifically against insertions and deletions from Phase 
3 of the 1000 Genomes Project (Sudmant et al. 2015b). Counts per call set are shown with mean 
and median SV size (bp) shown in parentheses. The Venn compares one theoretical diploid 
genome sequenced and analyzed using SMRT sequence data versus 2,504 diploid genomes 
lightly sequenced (~6-fold coverage) with Illumina sequence. 
 
Figure 2. Indel discovery. Small indels (2-49 bp) identified by SMRT-SV in a theoretical 
diploid human (CHM1 and CHM13) from SMRT WGS data are compared with merged 
FreeBayes and GATK HaplotypeCaller indel calls from CHM1 and CHM13 Illumina WGS. All 
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call sets were filtered to exclude previously defined low-complexity regions (Li 2014) and 1 bp 
indels that cannot be reliably detected by SMRT sequence data (Gordon et al. 2016). a) The 
proportion of SMRT-SV calls that are not observed in Illumina call sets increases linearly with 
indel size. b) The total number of calls shared between or distinct to SMRT and Illumina WGS 
call sets (with mean and median call size in parentheses) highlights that 43% of SMRT-SV 
indels were not detected by FreeBayes or GATK while 22% of indels in Illumina-based call sets 
were not detected by SMRT-SV. 
 
Figure 3. SMRT-SV genotyping with Illumina sequence data. a) The heatmap depicts 
genotypes for 18,211 of 29,992 (61%) nonredundant CHM1 and CHM13 SVs that could be 
concordantly genotyped in both moles by their respective Illumina WGS. Each row is a sample 
(2 moles and 30 PCR-free samples from 1000 Genomes Project), each column is an SV, and 
each cell is colored by genotype: homozygous alternate (dark blue), heterozygous (light blue), 
and homozygous reference (white). The number of heterozygous and homozygous alternate 
genotypes for each sample is indicated (parentheses). Columns are ordered by presence/absence 
of the SV in CHM1, CHM1/CHM13, and CHM13 and then by allele count and genomic 
coordinate. Specifically highlighted are 1,161 SVs present in both CHM1/CHM13 and fixed 
(homozygous alternate) in all 30 diploid human genomes suggesting minor alleles or sequencing 
errors in GRCh38. b) The density plot compares the GC composition (x-axis) of CHM1 and 
CHM13 SVs that could be successfully genotyped by their respective PCR-free Illumina WGS 
data (77%) versus those that could not. Density plots do not represent relative proportion 
between the two SV categories. SVs that failed to genotype were particularly biased for GC-rich 
regions of the genome. 
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Table 1. Summary of SVs (>=50 bp) and indels (2-49 bp) called by SMRT-SV.
Variant
type Samplea Mean length Total bases Number Mean length Total bases Number Mean length Total bases Number Total events Total bases
SVs CHM1 460 3,480,045 7,557 477 6,201,247 12,998 6,449 303,116 47 20,602 9,984,408

CHM13 442 3,230,880 7,306 435 5,715,531 13,118 6,087 280,039 46 20,470 9,226,450
Theoretical diploid 452 5,204,977 11,491 421 7,792,947 18,501 5,733 401,351 70 30,062 13,399,275

Indels CHM1 7 1,083,560 153,487 7 1,072,006 136,250 - - - 289,737 2,155,566
CHM13 6 901,439 130,285 7 919,943 123,942 - - - 254,227 1,821,382
Theoretical diploid 6 1,589,099 227,750 7 1,573,696 203,738 - - - 431,488 3,162,795

a Expected variants for a 120-fold theoretical diploid human based on variants from CHM1 and CHM13 merged by 50% reciprocal overlap.

Deletion InversionInsertion All events
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Table 2. Summary of SVs and indels in the theoretical diploid CHM1/CHM13 by putative functional effect.

Effect typea Deletion Insertion All Deletion Insertion All
Coding exon (not multiple of 3) 45 11 56 91 86 177 233 0.0005
Coding exon (multiple of 3) 57 84 141 223 214 437 578 0.0012
UTR 49 67 116 2,340 2,084 4,424 4,540 0.0095
Noncoding exon 116 121 237 1,505 1,390 2,895 3,132 0.0066
Noncoding regulatoryb 542 869 1,411 9,203 9,345 18,548 19,959 0.0418
Intronic 4,447 7,288 11,735 85,522 73,613 159,135 170,870 0.3576
Functional 5,256 8,440 13,696 98,884 86,732 185,616 199,312 0.4172
Not functional 6,235 10,061 16,296 128,866 117,006 245,872 278,464 0.5828
Proportion functional 0.4574 0.4562 0.4567 0.4342 0.4257 0.4302 0.4172 0.4172
Total 11,491 18,501 29,992 227,750 203,738 431,488 477,776 1.0000

b Regulatory regions were annotated as previously described by Gordon et al. 2016.

Proportion
of all eventsTotal

Structural variants Indels

a Annotations of coding exons, untranslated regions (3' and 5' UTRs), noncoding exons, and introns are based on RefSeq and 
GENCODE comprehensive annotations.
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Genotype Expecteda Observedb Missed FNR Expecteda Observedb Missed FNRc

Homozygous (CHM1/CHM13) 9,442 8,227 1,215 0.13 103,988 94,166 9,822 0.09
Heterozygous (CHM1) 10,851 4,452 6,399 0.59 147,964 53,867 94,097 0.64
Heterozygous (CHM13) 9,765 4,042 5,723 0.59 134,329 49,852 84,477 0.63
Heterozygous variants 20,616 8,494 12,122 0.59 282,293 103,719 178,574 0.63
Total 30,058 16,721 13,337 0.44 386,281 197,885 188,396 0.49

c False negative rate (FNR) based on number of variants missed in the pseudodiploid divided by the total variants expected in 
the theoretical diploid.

Structural variants Indels

Table 3. SVs and indels observed in a downsampled theoretical diploid (CHM1/CHM13) and an in silico pseudodiploid of 
reads from both genomes.

a Expected variants for a 60-fold diploid genome based on independent variant calling on 30-fold CHM1 and CHM13 
genomes.
b Observed variants for a 60-fold pseudodiploid genome based on variant calling on in silico combination and assembly 30-
fold reads from CHM1 and CHM13.
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Minimum GQa
Sequencing
genotypes 0/0 1/0 1/1 Accuracyb

0/0 101 1 0 0.99
1/0 14 47 4 0.72
1/1 6 2 89 0.92

Total 0.90
0/0 95 1 0 0.99
1/0 11 42 3 0.75
1/1 3 2 80 0.94

Total 0.92

b Proportion of SMRT-SV Genotyper genotypes that match PCR genotypes.

Table 4. Genotype concordance between SMRT-SV Genotyper and PCR genotypes for five 
samples across 56 non-MEI SVs from CHM1 and CHM13.

PCR
genotypes

0

30

a Minimum genotype quality from SMRT-SV Genotyper to consider for concordance testing.
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