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            Abstract
A key goal of whole-genome sequencing for studies of human genetics is to interrogate all forms of variation, including single-nucleotide variants, small insertion or deletion (indel) variants and structural variants. However, tools and resources for the study of structural variants have lagged behind those for smaller variants. Here we used a scalable pipeline1 to map and characterize structural variants in 17,795 deeply sequenced human genomes. We publicly release site-frequency data to create the largest, to our knowledge, whole-genome-sequencing-based structural variant resource so far. On average, individuals carry 2.9 rare structural variants that alter coding regions; these variants affect the dosage or structure of 4.2 genes and account for 4.0â€“11.2% of rare high-impact coding alleles. Using a computational model, we estimate that structural variants account for 17.2% of rare alleles genome-wide, with predicted deleterious effects that are equivalent to loss-of-function coding alleles; approximately 90% of such structural variants are noncoding deletions (mean 19.1 per genome). We report 158,991 ultra-rare structural variants and show that 2% of individuals carry ultra-rare megabase-scale structural variants, nearly half of which are balanced or complex rearrangements. Finally, we infer the dosage sensitivity of genes and noncoding elements, and reveal trends that relate to element class and conservation. This work will help to guide the analysis and interpretation of structural variants in the era of whole-genome sequencing.
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                    Fig. 1: The public version of the B38 callset derived from 14,623 samples.[image: ]


Fig. 2: Burden of rare gene-altering SVs.[image: ]


Fig. 3: Estimation of genome-wide burden of high-impact functional alleles.[image: ]


Fig. 4: Dosage sensitivity of functional annotations.[image: ]
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                Data availability

              
              The sequencing data can be accessed through dbGaP (https://www.ncbi.nlm.nih.gov/gap) under the accession numbers provided in Supplementary Table 7. PacBio long-read data used for SV validation can be accessed through the Sequence Read Archive (SRA), under the accession numbers provided in Supplementary Table 2. The set of high-confidence HGSVC long-read-derived SV calls, validated by our independent PacBio data and used as a truth set, can be found in Supplementary File 3. Supplementary FilesÂ 1â€“4 can be found at https://github.com/hall-lab/sv_paper_042020.

            

Code availability

              
              Custom code used in the long-read validation can be found here: https://github.com/abelhj/long-read-validation/tree/master.
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Extended data figures and tables

Extended Data Fig. 1 SV mapping pipeline.
SVs are detected within each sample using LUMPY. Breakpoint probability distributions are used to merge and refine the position of detected SVs within a cohort, followed by parallelized re-genotyping and copy-number annotation. Samples are merged into a single cohort-level VCF file, variant types reclassified and genotypes refined with svtools using the combined breakpoint genotype and read-depth information. Finally, sample-level quality control (QC) and variant confidence scoring is conducted to produce the final callset.


Extended Data Fig. 2 The B37 callset.
a, Variant counts (yÂ axis) for each sample (xÂ axis) in the callset, ordered by cohort. Large (>1Â kb) variants are shown in dark shades and smaller variants in light shades. b, Variant counts per sample, ordered by self-reported ancestry according to the colour scheme on the right. Abbreviations as in Fig. 1a. Note that African-ancestry samples show more variant calls, as expected. c, Table showing the number of variant calls by variant type and frequency class, and Mendelian error rate by variant type. d, Histogram of allele count for each variant class, showing alleles with countsÂ â‰¤Â 100. e, Linkage disequilibrium of each variant class as represented by maximum R2 value to nearby SNVs, for nÂ =Â 1,581 samples. Note that these distributions mirror those from our previous SV callset for GTEx4, which was characterized extensively in the context of expression quantitative trait loci.


Extended Data Fig. 3 The B38 callset.
a, Variant counts (yÂ axis) for each sample (xÂ axis) in the callset, ordered by cohort. Large (>1Â kb) variants are shown in dark shades and smaller variants in light shades. b, Variant counts per sample, ordered by self-reported ancestry according to the colour scheme on the right. Abbreviations as in Fig. 1a. Note that African-ancestry samples show more variant calls, as expected. Note also that there is some residual variability in variant counts owing to differences in data from each sequencing centre, but that this is mainly limited to small tandem duplications (see a), primarily at STRs. c, SV length distribution by variant class. d, Distribution of the number of singleton SVs detected in samples from different ancestry groups. Only groups withÂ â‰¥1,000 samples in the B38 callset are shown, and each group was subsampled down to 1,000 individuals before recalculation of the allele frequency. e, Histogram showing the resolution of SV breakpoint calls, as defined by the length of the 95% confidence interval of the breakpoint-containing region defined by LUMPY, after cross-sample merging and refinement using svtools. Data are from nÂ =Â 360,614 breakpoints, 2 per variant. f, Distribution of the number of SVs detected per sample in WGS data from each sequencing centre (xÂ axis) for African and non-African (non-AFR) samples, showing all variants (left), and those larger (middle) and smaller (right) than 1Â kb in size. Per-centre counts are as follows: centre A, 1,527 AFR, 2,080 non-AFR; centre B, 408 AFR, 2,745 non-AFR; centre C, 2,953 AFR, 2226 non-AFR; centre D, 150 AFR, 2,534 non-AFR. g, Plots of Mendelian error (ME) rate (yÂ axis) by MSQ for each variant class. Dot size is determined by point density (right) and the threshold used to determine high and low confidence SVs are shown by the vertical lines. All box plots in indicate the median (centre line) and the first and third quartiles (box limits); whiskers extend 1.5 Ã— IQR.


Extended Data Fig. 4 PCA for the B37 callset.
PCA was performed using a linkage disequilibrium-pruned subset of high-confidence DEL and MEI variants, with MAFÂ >Â 1%. Self-reported ancestry is shown using the colour scheme on the right, with abbreviations as in Fig. 1a.


Extended Data Fig. 5 Validation of SV calls by PacBio long reads in nine control samples.
nÂ =Â 9,905 variants. a, Validation rates in variant carriers (yÂ axis) versus validation rates in non-carriers (that is, false validations; xÂ axis) for each method of determining variant overlap, for a range of supporting-read-count thresholds. Ultra-rare variants (nÂ =Â 133) are shown separately on the right. For each variant overlap method, each data point represents a distinct read-count threshold (â‰¥1, 2, 3, 5, 10, 15 or 20 PacBio reads) that was used to determine validation of SV calls by long-read alignments. Two methods were used for determining overlap between SV coordinates and long-read alignments while accounting for positional uncertainty: (1) BEDTools pairtopair, requiring overlap between the pair of breakpoint intervals predicted by short-read SV mapping and the pair of breakpoint intervals predicted by long-read alignment, allowing 100 bp or 200 bp of â€˜slopâ€™; and (2) BEDTools intersect, requiring 90% or 95% reciprocal overlap between the coordinates spanned by the SV predicted by short-read SV mapping and the SV predicted by long-read alignment. Here, we plot the first criteria by themselves, and in pairwise combination with the latter (see key on the right of the figure). Note that Supplementary Table 3 is based on the â€˜100 bp slop or 90% reciprocal overlapâ€™ method, requiring at least two PacBio reads. b, Validation rates by frequency class for variant carriers and non-carriers with increasing PacBio supporting-read thresholds, shown using the same overlap method as in Supplementary Table 3. Variant counts per frequency class are as follows: ultra-rare, nÂ =Â 133; rare, nÂ =Â 734; low frequency, nÂ =Â 1,361; common, nÂ =Â 7,677.


Extended Data Fig. 6 Mendelian inheritance analysis in a set of three-generation CEPH pedigrees comprising 409 parentâ€“offspring trios.
a, Example structure of a single CEPH pedigree indicating nomenclature of the parental (P0), first (F1) and second (F2) generations. b, Transmission rate of SVs from different allele-frequency classes including SVs that are unique to a single family (ultra-rare), rare (<1%), low frequency (â€˜lowâ€™; 1â€“5%) and common (>5%). c, Table showing the number and rate of Mendelian errors by allele-frequency class. d, Table showing the number and rate of Mendelian errors for SVs that are unique to a single family, for each SV type.


Extended Data Fig. 7 Comparison of SV calls and genotypes to the 1KG phase 3 callset.
a, Number of known and novel SVs in the B37 (left) and B38 (right) callsets, shown by frequency class. b, Table showing the genotypes (GT) reported in our B38 callset5 (rows) versus the 1KG callset (columns) at SVs identified by both studies among the five samples included in both callsets. c, Table showing genotype concordance by SV type including the fraction of concordant calls and Cohenâ€™s Îº coefficient. d, Distribution of correlation (R2) between genotype information determined by breakpoint-spanning reads and estimates of copy number (CN) determined by read-depth analysis for the SVs shown in b, c when genotype information between the B38 and the 1KG callset is concordant (left) or discordant (middle, right). At sites with discordant genotypes, correlation with copy-number information is typically higher for genotypes from the B38 callset (middle) than the 1KG callset (right).


Extended Data Fig. 8 Ultra-rare SVs in the B38 callset.
nÂ =Â 14,623. a, Histogram showing the number of ultra-rare SVs per individual (ultra-rare is defined as singleton variants private to a single individual or nuclear family). b, Histogram showing the number of genes affected by ultra-rare SVs larger than 1Â Mb in size.


Extended Data Fig. 9 Correlations between dosage sensitivity scores for CNV in the combined callset.
nÂ =Â 17,795. a, Results for deletion variants. The ExAC score is the published ExAC DEL intolerance score45; the CCDG score is similarly calculated from our data, using CCDG deletions; pLI is the published loss-of-function intolerance score from ExAC27; â€˜HI.Zâ€™ is the negative of the inverse-normal transformed haploinsufficiency score from DECIPHER46; â€˜ave.ccdg.exacâ€™ is the arithmetic mean of the CCDG and ExAC DEL intolerance scores; and â€˜ave.ccdg.hiâ€™ is the arithmetic mean of the CCDG and HI-Z scores. The correlations shown are Spearman rank correlations (rho); PÂ values are calculated by two-sided Spearman rank correlation test; and N represents the number of genes included in the test. b, Results for duplication variants, using the same naming conventions as in a.


Extended Data Table 1 Ancestry, ethnicity and continental origin of the samples analysed in this studyFull size table
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Reporting Summary

Supplementary Table 1
Description of which callset and sample subsets were used for each of the major analyses in the study. See main Supplementary Information PDF for full legend.


Supplementary Table 2
Description of PacBio long-read datasets used for SV validation analyses. See main Supplementary Information PDF for full legend.


Supplementary Table 3
SV validation rate analysis using split-read mapping with deep coverage (>60x) PacBio long-read WGS data. See main Supplementary Information PDF for full legend.


Supplementary Table 4
SV detection sensitivity analysis based on long-read SV calls from the Human Genome Structural Variation Consortium (HGSVC). See main Supplementary Information PDF for full legend.


Supplementary Table 5
Number of variants represented in Fig 2d. See main Supplementary Information PDF for full legend.


Supplementary Table 6
Number of variants for each category in Fig. 3a and 3b. See main Supplementary Information PDF for full legend.


Supplementary Table 7
Data Availability. See main Supplementary Information PDF for full legend.
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