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ABSTRACT

Detection of structural variants (SVs) on the basis
of read alignment to a reference genome remains
a difficult problem. De novo assembly, traditionally
used to generate reference genomes, offers an al-
ternative for SV detection. However, it has not been
applied broadly to human genomes because of fun-
damental limitations of short-fragment approaches
and high cost of long-read technologies. We here
show that 10× linked-read sequencing supports ac-
curate SV detection. We examined variants in six de
novo 10× assemblies with diverse experimental pa-
rameters from two commonly used human cell lines:
NA12878 and NA24385. The assemblies are effective
for detecting mid-size SVs, which were discovered by
simple pairwise alignment of the assemblies’ contigs
to the reference (hg38). Our study also shows that the
base-pair level SV breakpoint accuracy is high, with
a majority of SVs having precisely correct sizes and
breakpoints. Setting the ancestral state of SV loci
by comparing to ape orthologs allows inference of
the actual molecular mechanism (insertion or dele-
tion) causing the mutation. In about half of cases,
the mechanism is the opposite of the reference-
based call. We uncover 214 SVs that may have been
maintained as polymorphisms in the human lineage
since before our divergence from chimp. Overall, we
show that de novo assembly of 10× linked-read data
can achieve cost-effective SV detection for personal
genomes.

INTRODUCTION

Cost-effective whole-genome sequencing has been revo-
lutionized over the past decade by short-fragment ap-
proaches (1,2). Standard Illumina data support high-

quality, read-mapping-based detection of single-nucleotide
variants (SNVs) in ∼90% of the human genome (3–7). De
novo assembly of Illumina data has been recognized to be
an alternative way to generate comparable SNV and bet-
ter small indel (insertion/deletion) calls (8). However, de-
tection of structural variants (SVs) on the basis of short-
fragment Illumina data alone continues to be challenging
(9–11), and de novo assembly of anything but the simplest
microbial genomes (12) does not yet generate usefully con-
tiguous genome sequences unless Illumina data are supple-
mented with other data (13–15).

The lack of long-range contiguity in standard Illumina
data has distinct consequences depending on the applica-
tions. For SV discovery, split reads and other mapping-
based approaches can detect breakpoints but connecting
them to call a specific SV remains extremely challeng-
ing (16–19). For haplotyping, variants can be phased by
population-based methods (20,21) or family-based recom-
bination inference (22,23), but such approaches are only
feasible for common SNVs or large pedigrees. Finally,
highly polymorphic regions such as the HLA in which the
reference sequence does not adequately capture the diver-
sity present in the population are refractory to mapping-
based approaches and require de novo assembly (24). How-
ever, for de novo assembly, short-fragment data are chal-
lenged by interspersed repetitive sequences from mobile el-
ements and by segmental duplications, and only support
highly fragmented genome reconstruction (25,26).

In principle, many of the challenges of short-fragment ap-
proaches for comprehensive variant discovery can be over-
come by long-fragment/read sequencing (27,28). Direct se-
quencing of long DNA fragments requires single-molecule
approaches, such as Pacific Biosciences (PacBio) or Ox-
ford Nanopore (ONT) (29,30). This is because no enzy-
matic technology exists that can reliably amplify long DNA
fragments of arbitrary sequences. The main trade-offs be-
tween Illumina and single-molecule long read approaches
can at present be characterized as low-cost, high base qual-
ity, short fragments (Illumina) versus higher cost, low raw
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base quality, long fragments (PacBio and ONT) (9,31). As
a consequence, whole-genome sequencing technologies now
tend to be deployed in highly specialized ways that empha-
size different methodologies depending on the goal to be
achieved: standard 30× Illumina sequencing for small vari-
ant detection and relatively low-power SV detection (7,32);
mate-pair libraries or single-molecule approaches (i.e. long-
fragment) for better SV detection and haplotyping (9,33),
and hybrid approaches with more than one technology for
de novo assembly (15,34).

Novel computational approaches leveraging the special
characteristics of 10× Genomics data have already gener-
ated significant advances in power and accuracy of hap-
lotyping (35,36), cancer genome reconstruction (37,38),
metagenome assemblies (39) and de novo assembly of large
genomes (14,40,41). 10× linked-read sequencing combines
low per-base error and good small-variant discovery with
long-range information for much improved SV detection
(38,42), and the possibility of long-range contiguity in de
novo assembly (40,41,43).

As assembly-based approaches become prevalent for SV
detection (44,45), it becomes important to evaluate assem-
bly quality and its dependence on library preparation pa-
rameters. We therefore assessed the ability of de novo 10×
assemblies to support SV detection with different param-
eters in 10× linked-read libraries generation on two well-
studied individual genomes. Our analyses are based on pair-
wise alignment of the assemblies’ contigs to the reference
genome and finding gaps, a procedure whose compelling
simplicity is only possible with assembly-based approaches
(8). We use three metrics (SVs shared between individuals,
support by PacBio data, and alignment to Ape genomes)
to assess the accuracy of our assembly-based SV calls. Ad-
ditionally, we explore the difference between the SV calls
and the molecular mechanism that produced the derived
allele and are able to identify the true molecular event that
brought about a subset of SVs. Finally, we uncover an unex-
pected number of SVs that have most likely been maintained
as polymorphisms since before the last common ancestor of
chimps and humans.

MATERIALS AND METHODS

DNA extraction, library construction and sequencing

We ordered NA12878 and NA24385 from Coriell Institute
and sequenced them accordingly with a variety of param-
eters. These two cell lines were chosen because they have
the most complete data from other sources to validate our
variant calls. For library L1, genomic DNA was extracted
from ∼1 000 000 cultured NA12878 cells using the Gentra
Puregene Blood Kit following manufacturer’s instructions
(Qiagen, Cat. No 158467). To generate longer DNA frag-
ments (W μF L= 150 kb and longer) for L2 to L6, a modified
protocol for DNA extraction was applied. Two-hundred
thousand NA12878 or NA24385 cells of fresh culture were
added to 1 ml cold 1× PBS in a 1.5-ml tube and pelleted for
5 min at 300 g. The cell pellets were completely resuspended
in the residual supernatant by vortexing and then lysed by
adding 200 �l Cell Lysis Solution and 1 �l of RNaseA Solu-
tion (Qiagen, Cat. No 158467), mixing by gentle inversion,

and incubating at 37◦C for 15–30 min. This cell lysis solu-
tion is used immediately as input for the 10× Chromium
prep (ChromiumTM Genome Library & Gel Bead Kit v2,
PN-120258; ChromiumTM i7 Multiplex Kit, PN-120262).
Fragment size of the input DNA was controlled by gen-
tle handling during lysis and DNA preparation for 10×
Chromium system. Different amounts of input DNA (be-
tween 1.25 and 4 ng) were used to generate libraries with
different CF. The 10× Chromium Controller was operated
and the GEM prep was performed as instructed by the man-
ufacturer. Individual libraries were then constructed by end
repairing, A-tailing, adapter ligation and PCR amplifica-
tion. Each library was sequenced with three lanes of paired-
end 150 bp runs on the Illumina HiSeqX instrument to ob-
tain high genomic coverage. The assembly-based SNVs and
SVs from these libraries were analyzed and validated by a
variety of strategies (Supplementary Figure S1).

De novo diploid assembly

Scaffolds were generated by the ‘pseudohap2’ output style
of Supernova2 (40), which explicitly generated scaffolds
for two haplotypes, simultaneously. Pairs of scaffolds were
extracted as the two haplotypes from the Supernova2
megabubble structures if they shared the same start and end
nodes in the assembly graph. Diploid contigs were gener-
ated by breaking the candidate scaffolds at the sequences
with least 10 consecutive ‘N’s and were aligned to human
reference genome (hg 38) by Minimap2 (46). The genome
was split into 500 bp windows and diploid regions were de-
fined as the maximum extent of successive windows covered
by two contigs, each from one haplotype (47).

SNV and SV calls from diploid contigs

We used Paftools (https://github.com/lh3/minimap2/tree/
master/misc) to identify SNVs and SVs no shorter than 50
bp from the CS tags generated by Minimap2 alignment. A
valid variant was covered by exactly two contigs with map-
ping quality >20, each from one haplotype. SVs were called
as homozygous if the calls from the two allelic contigs were
overlapping. SVs were considered shared among assemblies
from the same individual if there was any overlap in coor-
dinates.

Validation of SNV calls

We validated SNVs by comparison with the ‘gold
standard’ GIAB (Genome in a Bottle) SNV call set
(NA12878: ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/
release/NA12878 HG001/latest/GRCh38/, NA24385:
ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/
AshkenazimTrio/HG002 NA24385 son/latest/ GRCh38/).
Any SNV calls were removed if they are outside of GIAB
high-confidence regions or diploid regions. The SNVs were
generated by freebayes (https://github.com/ekg/freebayes)
from the barcode-aware alignments of Lariat (48).

Validation of SV calls

SVs were examined by three approaches: (i) we applied
svviz2 (49) to analyze PacBio reads from NA12878

https://github.com/lh3/minimap2/tree/master/misc
ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/NA12878_HG001/latest/GRCh38/
ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/AshkenazimTrio/HG002_NA24385_son/latest/
https://github.com/ekg/freebayes
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(ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/NA12878/
NA12878 PacBio MtSinai/) and NA24385 (ftp://ftp-
trace.ncbi.nlm.nih.gov/giab/ftp/data/AshkenazimTrio/
HG002 NA24385 son/PacBio MtSinai NIST/). svviz2
aligned and compared the PacBio reads to the reference
sequence and the reconstructed the alternative allele of
candidate SVs. Genotypes 0/1 and 1/1 confirmed our SV
calls; genotypes were also used to evaluate the genotype
accuracy in the validated call set. (ii) We identified SVs
called in both NA12878 and NA24385 and considered
them reciprocally validated if their coordinates differed by
fewer than 20 bp. We only considered the existence of SVs
regardless of their genotype concordance. The complete
set of SVs for each sample was the union of calls of the
three libraries. (iii) We aligned each SV and 500 bp flanking
sequence on either side from the involved contigs to their
chimpanzee (chimp, reference genome Pan tro 3.0) and
orangutan (orang, reference genome PPYG2) orthologs.
We defined the aligned distance between the end of the left
flanking sequence and the start of the right flanking se-
quence as dis(align). For deletions, if dis(align) was <2 bp,
then the derived allele was recognized as an insertion
carried by the reference genome; if dis(align) was between
0.9 and 1.1 times of the SV length, then the derived allele
was recognized as a deletion in the individual’s genome.
For insertions, if dis(align) was <2 bp, then the derived
allele was recognized as an insertion carried by the target
genome; if dis(align) was between 0.9 and 1.1 times of
the SV length, then the derived allele was recognized as a
deletion carried by the reference genome.

Comparison to other callsets

The mapping-based SVs were called by Long Ranger
2.2.2 (https://support.10xgenomics.com/genome-exome/
software/pipelines/latest/what-is-long-ranger). Truvari (50)
was used to compare SV calls with Tier 1 benchmark of
GIAB (50). The SVs from the other assemblies (ONT;
10x/Bionano) were called based on the same methods and
parameters as we used for Supernova2.

Annotation of SV sequence

Deletions and insertions were annotated as Alu sequences
if they were between 250 and 350 bp long and could be
uniquely aligned to the Alu consensus sequence from the
UCSC Genome Browser. We used Tandem Repeats Finder
(51) to annotate tandem repeats.

Multiple sequence alignment to detect ancient polymorphism

We produced the four-way multiple sequence alignments us-
ing MUSCLE (52) from the SVs where orang and chimp
differed in matching the reference sequence or the alternate
allele. The sequences were (i) human reference sequence,
(ii) assembled target sequence, (iii) orangutan reference se-
quence and (iv) chimpanzee reference sequence. We then
examined all such alignments to verify whether the SV se-
quence was orthologous and if the breakpoints were identi-
cal.

RESULTS

Library preparation, physical parameters and sequence depth

We prepared and sequenced six whole-genome libraries
with diverse total input DNA and fragment size distribu-
tions, three for NA12878 and NA24385 each (Materials
and Methods section). Accordingly, the data varied in phys-
ical fragment coverage (CF), read coverage per fragment
(CR) and average fragment size (μF L) (Supplementary Table
S1). We used Supernova2 for assembly, limiting the depth
by subsampling to include 1200 M reads, corresponding
to ∼56-fold sequence coverage (subsampled libraries from
R1 to R6 in Table 1). The contigs from the six assemblies
were aligned against the human reference genome (hg38)
to identify SNVs, and indels of 50 bp or greater (Materi-
als and Methods section). We quantified the assembly qual-
ities of libraries constructed and sequenced with different
parameters (Table 1). CF between 800× and 1000× achieved
the best contig N50 without sacrificing the fraction of the
genome that was diploid, which suggested that the CF rec-
ommended by 10× Genomics is not always the optimal met-
ric for 10× linked-read assembly. Furthermore, our assem-
blies suggested the optimal WμF L should be around 50–150
kb.

Concordance and accuracy of assembly based SNV calls

We first analysed SNV calls from the pairwise alignments
in order to assess the overall feasibility of assembly based
variant calling. The number of SNV calls from five libraries
(R2 to R5) was comparable, around 3 000 000 (Supplemen-
tary Table S2). By contrast, R1 covered the lowest percent-
age of diploid regions (58.9%) and generated the small-
est SNV set (2 635 173; Table 1 and Supplementary Ta-
ble S2). The assemblies of the libraries from the same in-
dividual shared >92% of SNVs with another, and 2–2.4
× 106 SNVs were shared by all the three (Supplementary
Tables S3 and S4). Genotype concordances were high for
those SNVs shared by all three assemblies of the same indi-
vidual, >99.9% (Supplementary Table S5). These assembly
based calls cover 92.4–93.6% (NA12878) and 95.1–96.5%
(NA24385) of SNVs called by barcode-aware, mapping-
based calls. Genotype concordance between assembly and
mapping-based calls was high for all the libraries, around
99.8% (Supplementary Table S6). Furthermore, we com-
pared assembly based calls with the ‘gold standard’ GIAB
call set (53). We only evaluated the ‘gold standard’ SNVs
that fell within the overlap of diploid regions of our assem-
blies and of high confidence regions from GIAB (Materi-
als and Methods section). Around 93–97% of these SNVs
could be detected by assembly based calls (Supplementary
Tables S7–S12).

We also investigated whether the parameters of library
preparation and sequencing might explain some of the dif-
ferences in SNVs detection between libraries (Supplemen-
tary Table S1). For NA12878 and NA24385, the two li-
braries with the lowest physical coverages of R2 and R5 (CF
= 123× and 208×) had the worst performance (highest false
negative rates and lowest genotype concordance). Substan-
tially greater CF had much better performance (Supplemen-
tary Table S13). We did not observe much difference be-

ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/NA12878/NA12878_PacBio_MtSinai/
ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/AshkenazimTrio/HG002_NA24385_son/PacBio_MtSinai_NIST/
https://support.10xgenomics.com/genome-exome/software/pipelines/latest/what-is-long-ranger
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Table 1. Summary of the assemblies of the six libraries from NA12878 and NA24385

Library Sample Contig N50/NA50 (kb) Scaffold N50/NA50 (Mb) Coverage (%) Diploid regions (%) Haploid regions (%)

R1 NA12878 141.2/116.8 27.86/13.43 91.9 58.9 27.7
R2 NA12878 114.9/100.4 17.22/6.96 91.1 73.3 11.3
R3 NA12878 99.4/86.3 7.93/4.77 91.7 77.2 9.2
R4 NA24385 101.2/89.2 8.76/4.66 91.3 73.4 12.2
R5 NA24385 58.4/54.2 2.85/1.94 91.7 79.2 5.8
R6 NA24385 129.2/110.3 48.66/12.57 91.7 78.1 7.9

Contigs are aligned to human reference genome (hg38) to calculate the overall genomic coverage and the genomic regions in diploid and haploid states.

tween R4 and R6, suggesting the performance of SNV calls
would not dramatically change if the physical coverage was
sufficiently high (CF = 803×). The most common assembly
based genotyping errors were heterozygous SNVs miscalled
as homozygosity (Supplementary Table S13).

SV calls from diploid contigs

We inferred large and mid-size indels (≥50 bp) from the
same contig-to-reference alignments that were used for
SNV calling (Materials and Methods section). Two to three
times more deletions than insertions were detected in the
six assemblies (Supplementary Table S2). The size distri-
butions of different libraries were comparable, with a peak
near 300 bp. Most of the SVs in that peak are Alu sequences
(Materials and Methods section and Figure 1; Supplemen-
tary Figures S2 and S3). We also observed peaks around
6 kb in deletions, corresponding to LINE1s (L1s) (Materi-
als and Methods section and Figure 1; Supplementary Fig-
ures S2 and S3). SV calls in the three assemblies from the
same individual differ somewhat with each assembly hav-
ing around 30–40% unique calls, and overlapping calls also
constitute similar proportion for each library (Supplemen-
tary Figure S4 and Supplementary Tables S14–S17).

Comparison between Supernova-based and other SV calls

We compared the overlap in SVs between 10×-based calls
from barcode-aware read mapping by Long ranger with our
Supernova assemblies, using the same data from the six li-
braries. In order to compare to published work, we repli-
cated a pipeline that had been used previously (Materials
and Methods section) to highlight the potential of 10x-
based SV calling (54). Regardless of library, Supernova as-
semblies generated more than twice the number of calls than
mapping-based calls; a majority of the mapping-based calls
were covered by the Supernova calls, and many calls were
unique to the Supernova call set (Supplementary Tables S18
and S19).

We also compared our calls from NA12878 with callsets
we generated from recently released assemblies of ONT (55)
and 10×/Bionano data (14) (Materials and Methods sec-
tion). Our Supernova-based SV calls had more overlap with
the ones from ONT than 10x/Bionano (Supplementary Ta-
bles S20–S23). The SVs shared by at least two of our li-
braries were more likely to also be called by the other tech-
nology.

During preparation of our manuscript, the GIAB consor-
tium released a preliminary callset of SVs in NA24385, v0.6
(50). We focused on Tier1, the most specific of the GIAB

Figure 1. Deletion and Insertion size distributions of NA12878 for R1 (A,
B, G and H), R2 (C, D, I and G) and R3 (E, F, K and I).

callsets. Overall, precision of the Supernova-based calls was
∼0.5 depending on the library, with recall being lower (Sup-
plementary Table S24). Excluding tandem repeats increased
precision to almost 80%, with recall below 0.2 (Supplemen-
tary Table S25).
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Figure 2. Three SV evaluation approaches: (i) overlap between NA12878 and NA24385 (both individuals, green), (ii) supported by any ape genome (Ape,
blue), (iii) supported by PacBio reads (PacBio, red). Numbers are SV counts.

SV set evaluation

For additional insight into the details of SV calling on the
basis of Supernova assemblies, we designed three criteria to
further evaluate our calls: supporting evidence from PacBio
reads analyzed by svviz2 (49); overlap between the two in-
dividuals; and finally, by alignment to two ape genomes
(chimp and orang; Materials and Methods section; Supple-
mentary Figure S5). For these analyses, we pooled the non-
redundant calls from the three libraries from each individ-
ual. This inflates the false positive rate but allows for a more
comprehensible analysis. By using the union of the above-
mentioned three criteria, we could validate roughly half of
the deletions (51.3% for NA12878 and 50.7% for NA24385)
and almost 80% of the insertions (78.5% for NA12878 and
78.3% for NA24385; Figure 2).

Overlaps of calls between the two individuals or between
one individual and an ape are likely to be highly specific, but
not sensitive: specific because it is extraordinarily unlikely
to produce the same SV twice in two independent hominid
lineages; not sensitive because the two individuals do not
share all variants, but rather a fraction that depends on pop-
ulation genetic parameters and stochasticity. The PacBio
reads, by contrast, are derived from the same individual and
are therefore expected to be both sensitive and specific. In-
deed, PacBio reads validated the largest fraction of our SV
calls compared to the other methods (Figure 2). However,
∼20% of deletions with support from apes, and ∼18% of

deletions with support from the other individual, were not
validated by PacBio reads. This suggests that validation by
PacBio is not fully sensitive either, and that some of the un-
validated deletion calls are in fact true positives. For inser-
tions, the fraction of calls validated by the other individ-
ual but not by PacBio is considerably lower (∼4%), which is
consistent with the idea that insertion calls are more specific
than deletion calls, as also suggested by their lower number.

We next investigated whether the type of sequence influ-
enced the validation rate. Classification of insertions and
deletions into Alu, non-Alu repetitive, and non-repetitive
sequences revealed considerably higher validation rates of
Alu insertions than for the other two classes (Figure 3; Sup-
plementary Figures S6 and S7). This is presumably because
the assembly process is unlikely to produce a full-length Alu
sequence erroneously, and so any insertion whose sequence
matches an Alu is highly likely to be correct. Conversely,
the fact that different assemblies produce a large number of
unique Alu insertion calls that are likely correct again un-
derscores that sensitivity of insertion detection is low, but
specificity is high.

Finally, we examined whether the validation rate differed
between SV calls unique or shared among the assemblies for
each individual. As expected, the overall validation rate of
SVs shared by all three libraries was >95%, whereas unique
SVs reached ∼30% for deletions and ∼50% for all insertions
(Figure 3).
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Figure 3. Sensitivities of deletions (A, B, C and D) and insertions (E, F,
G and H) for the three libraries of NA12878. Percentages denote the pro-
portion of SVs from assembly based calls validated by any of the three
evaluation approaches.

SV call genotype accuracy and breakpoint precision

To further evaluate assembly based SV calls, we also as-
sessed the accuracies of genotypes. As before, we validated
unique and shared SV calls among the three libraries for
each individual using PacBio reads. Overall, shared dele-
tions reached above 68% genotype accuracy, with the sub-
set that comprises Alus achieving 84%. Unique deletions
reached above 40% accuracy. For insertions, accuracies for
both shared and unique ones were significantly higher,
above 92% and 75%, respectively. Shared Alu insertions

achieved perfect accuracy (100%) (Supplementary Figures
S8–S11).

Finally, to assess the base-pair level accuracy of the SV
breakpoints we binned the SVs shared by both individu-
als based on their size differences between the two calls
and evaluated their validation rates by PacBio reads and
the alignments to ape genomes. If the SVs were validated
in both of the individuals, >80% of the deletions and 70%
of the insertions had size differences <2 bp. The rates were
lower for calls not validated (60% for deletions, 40% for in-
sertions; Supplementary Figure S12).

SV call versus actual molecular mechanism

SVs are called ‘insertions’ or ‘deletions’ by comparison to
the reference sequence, but that call does not necessarily re-
flect the actual molecular mechanism that gave rise to the
SV: if the reference sequence carries the derived allele and
our sequenced individual carries the ancestral state, the call
is the opposite of the molecular mechanism. For 12,537 SVs,
1 kb of flanking sequence (500 bp on either side) could be
aligned to at least one of their ape orthologs (Materials and
Methods section). On the basis of these alignments, assum-
ing that the ape sequence represents the ancestral state, we
thus classified each such SVs as either a true insertion or a
true deletion (Figure 4A). As expected from population ge-
netic principles, a large fraction (37%) of deletion calls were
in fact derived insertions, and half of called insertions were
in fact deletions.

Evidence that the derived allele actually reflects the
molecular mechanism that initially generated the variant
can be found in the size distribution of the events. Insertions
(Figure 4B) follow an exponential dropoff in frequency as
a function of size, with the major exception being a peak
at 310–330 base pairs, in which 96% of insertions are full-
length Alu sequence. By contrast, the deletion size distri-
bution (Figure 4C) exhibits two regions of deviation from
an exponential distribution, from ∼110 to 150 bp and from
290 to 330 bp; the latter is somewhat enriched for Alu se-
quence, reflecting either (i) that we do not classify all called
insertions correctly or (ii) that there is some propensity for
Alu elements to be deleted across their full length. We also
note that the vast majority of detected polymorphic L1 in-
sertions were called as deletions in the assembled individ-
ual (i.e. the reference sequence carries the derived insertion
allele), suggesting that SusperNova2 has a hard time as-
sembling through young L1s that have not yet accumulated
SNVs or other small variants.

Ancient SVs

For 5167 SVs, the two human sequences (reference and al-
ternate allele plus 1 kb flanking sequence as above) could be
aligned to both orang and chimp orthologs. The vast ma-
jority of alignments were consistent between the two apes,
supporting either the reference allele or the alternate allele
as being ancestral. However, there were 225 events for which
the chimp aligned to one allele, and the orang to the other
(Figure 5A). Such inconsistencies can only be explained by
two possibilities: (i) two independent insertions or deletions,
one having occurred in one of the ape lineages, and another
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Figure 4. Classification of insertion and deletion calls into ancestral and derived state and inference of the originating molecular mechanism by comparison
against ape genomes. (A) Inference of derived allele and molecular mechanism by alignment to ape sequences; colored circle on tree denotes the lineage in
which the mutation occurred. (B) Derived allele insertion size distribution. (C) Derived allele deletion size distribution.

of the same sequence and coordinates generating the human
derived allele or (ii) an ancient polymorphism that arose
before our last common ancestor with chimp and that has
been maintained in the human population since.

To distinguish between these two possibilities, we pro-
ceeded as follows. SVs in our data sets that aligned to
both chimp and orang occur approximately once per half-
megabase (5167/length of genome covered in diploid con-
tigs), and they are not clustered anywhere in the genome.
The evolutionary distance between the apes and human
is quite close, and while no models exist from which the
probability of a hypothetical co-occurrence of SVs could
be predicted, the proportion of such events in our data set
(225/5167 = 4%) seems quite high. We constructed multi-
ple sequence alignments among the four sequences and vi-
sually inspected each of them. For 214 events, we verified
that the ape and human breakpoints precisely aligned and
that the sequence of the ape SV was identical (excepting an
occasional SNV or small indel) to that of the human allele.
Size, sequence and breakpoint locations of overlapping par-
allel events, by contrast, would be expected to vary indepen-
dently in humans and apes. We did not observe any such

variance for the vast majority of the shared events, strongly
suggesting that each SV has a single evolutionary origin
and represents an ancient polymorphism maintained in our
population since our last common ancestor with chimp.

Assuming that the orang sequence represents the an-
cestral state, we classified the SVs according to molecular
mechanism, yielding 182 derived insertions and 32 derived
deletions (Figure 5A and B). This represents a highly sig-
nificant (Chi-square test, P < 10E-24) deviation from ex-
pectation (108 deletions, 106 insertions, based on their pro-
portion in the set of 5167 SVs that could be aligned to both
apes). This deviation is consistent with the idea that inser-
tion sequence is more likely than a deletion to produce evo-
lutionary novelty and may be selected for. This finding rep-
resents indirect evidence for the selection (positive or bal-
ancing) that would be necessary to maintain these polymor-
phisms for such a long time.

Finally, the multiple alignments provided further oppor-
tunity to test the ancient polymorphism hypothesis by anal-
ysis of linked SNVs (Figure 5C). About 129 alignments had
at least one SNP in the 1 kb of sequence surrounding the
SVs; 94 of them were not informative, that is, both ape se-
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Figure 5. Ancient origin of SVs. (A) The four cases in which orang matches
one human allele and chimp the other, and their count in our dataset. (B)
Size distributions of the inferred 32 deletions and 182 insertions. Venn dia-
gram indicates how many are shared between the two individuals and how
many are unique to one of them. (C) Phasing the SVs with closely linked
SNVs; counts in Venn diagram indicate the number of each configuration.

quences had the same base, shared with either the reference
or the individual. About 25 alignments had at least one
SNV that was in phase with the SV; 13 alignments had 5
or more phased SNVs. Curiously, 15 alignments had SNVs
that were out of phase with the SV, and 5 of these also had
at least one SNV that was in phase. Four of these 5 were ar-
ranged such that the SNVs with consistent phase were closer
to the SV and the SNV with inconsistent phase was further
away, suggesting that these four alignments capture not only
ancient polymorphisms (SVs and SNVs) but also ancient re-
combination events between the consistent and the incon-
sistent SNVs. The considerable fraction of alignments that
contain phased SNVs in the immediate vicinity of an SV is

perhaps the strongest evidence in favor of the ancient poly-
morphism hypothesis.

DISCUSSION

SVs are abundant and important but require long-range in-
formation for their detection; thus, they are not easily iden-
tified by standard (short-fragment) sequencing. We here ex-
plored the utility of assembly based approaches for SV de-
tection, specifically by using de novo assembly on the basis
of 10× Genomics data. Our study demonstrates the promis-
ing future of assembly based approaches to detect SVs in
personal genomes, with reasonable sensitivity and geno-
type accuracy. Importantly, our pairwise-alignment based
SV calls had remarkable breakpoint consistency and accu-
racy as evaluated by comparisons between the two individ-
uals and with ape sequences.

Diploid assembly and variant detection

In the context of diploid assembly, which is the natural ap-
proach for assembly of genomes that harbor heterozygosity,
the diploid fraction of the assembly is an important met-
ric: it directly impacts variant discovery and genotyping, in
that erroneously haploid regions will be missing all of their
heterozygosity. The short input fragment length (μF L or
WμF L) of R1 resulted in roughly 20% less of the genome in
a diploid state (Table 1 and Supplementary Table S1, <60%
versus <80%) compared to the other libraries of the same
individual. As a consequence, there were fewer SNV and SV
calls in the analyses involving R1 (Supplementary Table S2).

Sensitivity of SNV detection is naturally limited by the
fraction of the genome that is covered by the assembly;
genotype accuracy evaluation is limited to the fraction of
the assembly that is in a diploid state. Overall sensitivity
of assembly based calls is ∼90% of that of mapping-based
SNV calls and incorrect call rates in high-confidence regions
of GIAB are also higher than with mapping-based calls. We
conclude that at this point, assembly based SNV calls from
Supernova2 are not competitive with barcode-aware read-
mapping approaches. However, we note that this is not a
compromise as exactly the same sequence data can be used
for SNV detection (via barcode-aware mapping) and SV de-
tection (via assembly). We estimate that the cost increase
over standard Illumina sequencing is about 2×, given the
10× prep cost and the higher level of sequence coverage
required. There may be many applications for which this
combination of excellent SNV detection (via barcode-aware
read-mapping) and highly precise SV discovery (via assem-
bly), achieved by the same data set, is worth the cost.

Importance for de novo assembly based SV detection

Our study highlights two concepts that are important for
SV science. First, the variation call that is based on com-
parison to reference is not the same as the allelic origin of
the variant. Molecularly, that allelic origin is also the mech-
anism that gave rise to the variant as the initial single muta-
tion that arose in an ancestral individual’s germline. In our
individuals, very large fractions of deletion calls were actu-
ally insertions, and vice versa, as expected and as illustrated
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with hundreds of Alu insertions. The second concept is that
there may be many more regions than previously thought
in which heterozygosity has been maintained in our lineage
since before our last common ancestor with chimp. Our re-
sults in this regard support the idea that there is distinct
value in assembly based approaches for determining SVs in
large numbers of individuals for population genetic ques-
tions as well.
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