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Reviewer Reports on the Initial Version: 

Referee #1 (Remarks to the Author): 
 
This paper, entitled “A global structural variation reference for medical and population genetics” by 
Collins et al. presented gnomAD-SV, a supplemental addition to gnomAD that includes SV 
variations of ~15,000 samples from different populations based on deep WGS sequencing. The 
authors demonstrated that gnomAD-SV correlated with SV calls from the 1000 Genomes Project 
(1KG) and also covered additional novel SVs. The authors further reaffirm that many of their 
inversion signatures correspond to complex SV events, rather than represent simple inversions, as 
others have shown previously. 
 
A few concerns arise as I read through this manuscript. First, the null distribution simulation of 
SVs, which the authors used to evaluate SV selective pressure, is, by the authors' own admission, 
imperfect. However, they don't give any indication about what other factors might be missing, or 
whether the model in its current state is of sufficient quality for the clinical applications they 
clearly are aiming for. I believe the authors need to demonstrate that this current model is of 
sufficient quality, or at least explain what this model needs for improvement, and why it is difficult 
to achieve. 
 
Second, there is a recapitulation of known disease-associated SVs in the paper, but no 
demonstration of gnomAD-SV's usefulness at identifying novel disease-associated SVs. An analysis 
of SVs predicted in gnomAD-SV, but not elsewhere, accompanied with an experimental validation, 
would be most helpful here. 
 
Third, the authors release their data as hg19 only. Given the age of the hg19 reference, and the 
fact that recent and future human genome projects will undoubtedly use more recent reference 
builds, I think the utility of gnomAD-SV will be increased if the authors also release an hg38 
version. Other publications have provided data generated against both reference builds to offer 
broad applicability of their data. 
 
Fourth, a major issue is the lack of direct experimental validation of their results, especially for 
complex variants and variants found by a single technology. Any new variants identified without 
providing any direct evidence for these SVs seriously undermines confidence in these novel SVs. 
Instead, they rely on an analysis of Mendelian concordance, and a very limited set of PacBio 
sequencing data (4 samples; 0.03% of the sample set). Also, it would be helpful if the authors 
provide detailed results in the tables/figures for their purported long-read support for up to 88.1% 
of SVs predicted from short-read WGS. 
Finally, there seems to be a lack of a defined SV calling pipeline provided by the authors that 
others in the field can use for calling SVs in similar cohorts. Their own pipeline appears to be 
unpublished and I do not believe it is currently available as a tool for other researchers. 
 
Other comments: 
In the text, the authors state that the gnomAD-SV resource will be made available without 
restrictions on reuse, and will be integrated directly into the gnomAD Browser. I wonder whether 
the authors have an estimated date for when the SV data will be publically available in the 
browser. 
 
The rate of pathogenic SVs reported in the text didn’t match what is reported in the figures. In the 



 

Summary (Line 59), Introduction (Line 105) and Results (Line 347) section, the rate was 
estimated as 0.24. However the rate was reported as 0.4% in the Figure 6C. In addition, how did 
the authors estimate this rate? I recommend the authors provide some details on the underlying 
methods. 
 
The description for the pLoF is not consistent in the text. The rare pLoF SVs were reported as “at 
least 25%” in the Summary (Line 58), “, “approximately 25%” in the Introduction (Line 105) and 
“up to 25%” in the Results (Line 246). Furthermore, it’s not clear to me how the authors came up 
with this number (25%). Following the main text, I estimated it as 21.7% (=5 rare pLoF SVs/(5 
rare pLoF SVs +18 rare pLoF SNV/Indels)). Can the authors please clarify this result and its 
underlying methods? 
 
Line 115: “the samples across population genetics and complex disease association studies”. Can 
the authors please provide more details, i.e. the numbers of patient samples and the type of 
diseases of the patient samples used in this study? 
 
Line 136: “BNDs substantially inflated the variant count, were enriched in false positives”. How do 
the authors determine whether one BND is false positive or not? 
 
Line 150: “97.8% sensitivity to detect large CNVs (>40kb) previously reported from microarrays in 
1,893 individuals (ref 25)”. The Ref 25 paper used 10,220 samples from 2,591 ASD families for 
CNV study. What the criteria the authors used to select those 1,893 samples for the comparison 
here? Also can the authors provide the exact CNV numbers to calculate 97.8%? Since the Ref 25 
was an ASD study, I would like to know whether this current study included any ASD samples and 
whether those 97.8% CNVs were enriched in the ASD samples. If no ASD samples were included in 
this study, can the authors explain why 97.8% of ASD CNVs can be detected in non-ASD samples? 
 
Line 155: The authors compared their results with 1KG and found 87.4% of SVs are novel. I would 
like to know how many SVs reported in 1KGP can be detected in your results. The precision and 
recall rate should be provided here. 
 
Lines 189-190: “Among canonical SVs, deletions were collectively more rare than other classes (P 
< 1x10-100; one-sided Wilcoxon Test; Supplementary Figure 8)”. While in Figure 1C, the authors 
clearly showed that deletions are the most abundant SV class. Can the authors please address this 
discrepancy? 
 
Line 206: Why is the mutation rate of 0.35 de novo SVs per generation in this study more than 2-
fold the rate of the 519 quartets (~0.15)? Can the authors provide the age distribution of the 
samples? 
 
Line 243: The citation to the Extended Data Figure 2e-h should be corrected as Extended Data 
Figure 3e-h 
 
Lines 309-311: “…duplications of NPHP1 at 2q13, where carrier frequencies in East Asian samples 
were 2.5-to-4.9-fold higher than other populations (Figure 5b). This finding caps the credible effect 
size of NPHP1 duplications in severe diseases,…”. What is the size of this duplication? What are the 
functional implications? Why does this duplication have a significantly high frequency in the East 
Asian population? Can the authors elaborate a bit more? 
 
Figure 3b: It would be nice if the authors can provide any mechanistic explanation on the trend of 
SVs distribution along the meta-chromosome. 
 
Figure 5a: Both number 1 and number 3 were marked twice in red and blue. Does this mean that 
2q13 and 15q11.2 have both deletions and duplications? Can the authors please clarify this? 
 



 

Figure 6e: The extremely complex SV involving at least 49 
breakpoints across seven chromosomes is interesting. The Circos plot is nice but the authors 
should clarify in the figure legend what the bold green lines between chr1, chr13 and chr14 
indicate. 
 
 
 
Referee #2 (Remarks to the Author): 
 
“A global structural variation reference for medical and population genetics” by Collins et al. is a 
cracking manuscript describing a high-quality large-scale SV resource of over 10,000 whole 
genome samples constructed from the ExAC/gnomAD resource. It provides comprehensive 
characterization of these SVs in a timely and exciting piece containing a number of transformative 
analyses. I especially enjoyed reading the enclosed analyses pertaining to clinical genomics, rare 
SVs, SV mutational mechanisms which include complex SV classes and SV formation rates. This is 
in my view a well-written and very important paper, with a high quality of presentation and with 
an SV resource that will be of great value for the research community (and is likely to be highly 
used) despite having only SV site-level information. This manuscript seems generally suitable for a 
wide audience, and presents exciting novelty and insights of interest to a large number of readers. 
The manuscript is succinctly written, and could essentially be published without too many 
modifications. 
 
* Since only site-level information with allele frequency (AF) metrics will be available to 
researchers it is of paramount importance to convince readers of the genotyping quality of this SV 
resource. The authors performed a number of analyses in this regard, which includes AF 
comparisons to 1000 Genomes and Mendelian Error Rates. The most accurate analysis for common 
SVs would be to investigate SV SNP-taggability by nearby single-nucleotide variants, stratified by 
SV class. Intensity rank sum testing to establish an FDR for deletions and duplications would be 
likewise very useful. 
 
* Depending on the downstream analysis a mendelian error rate of ~4.1% might be too high and 
the relatively large number of de novo SVs per child deserves further attention. Did the authors 
validate any de novo SV using long reads? It would be very helpful if it would be possible to filter 
the VCF based QUAL or some other QC metric to extract a high-confidence SV set with Mendelian 
error rate <1%. Would a subset of the data show considerably fewer de novo SVs per child? Are 
QUAL scores inversely correlated to Mendelian error rates? Mendelian Error Rates should be 
provided separately by SV type. 
 
* The SV size distribution in Fig. 1f shows an unexpected increase for DUPs and MCNVs at ~5kbp. 
I suppose this is because of the transition from split read to read depth based genotyping but this 
has not been discussed in the main text. I was also surprised that there was no peak at 300bp 
(representing Alu elements deleted from the reference). 
 
* There is a surprising low number of MCNVs in the callset, almost 3-fold lower compared to the 
number of MCNVs reported in 1000 Genomes phase 3. Given that gnomAD included more samples 
I rather expected the opposite. Do the authors have an explanation for this? Is this related to 
previous merging issues in 1000 Genomes? 
 
* Given the small size of the dispersed duplications I assume that the majority of these events has 
been called using paired ends. What is the average distance between inserted copies and source 
loci and are these copied loci derived from mobile elements (copy-paste mechanism)? 
 
* Is there any known DNA repair defect in the sample presented in Fig. 6e, with the SV involving 
at least 49 breakpoints? 
 



 

Minor comments: 
 
* For a handful of SVs of type INS and CPX the END coordinate is occasionally smaller than POS 
(SV start). Why? 
 
* The manuscript misses an evaluation of breakpoint accuracy by SV size, class and allele 
frequency. It would be very helpful if this could be included based on long-read data. 
 
* At present, all the analyses presented in the manuscript are based on a confident subset of 
382,610 SVs. This is on its own an impressive number of SV sites compared to prior studies. I 
don't see a need to inflate that number in the abstract by adding (low-confident) BND variants, or 
variants with the filter type FAIL. 
 
 
 
 
Referee #3 (Remarks to the Author): 
 
 
Ample data indicate that structural varation of the genome (SV) is an important source of 
phenotypic variation in humans, especially as a cause of rare disease. Population-scale databases 
of exome sequencing data have revolutionized the way human geneticists interpret single 
nucleotide changes or small indels in coding regions, but similar databases for SV have lagged 
behind owing to the poor power of exome sequencing to detect SV and resolve their breakpoints. 
In this manuscript, Collins, Brand, et al. introduce a SV database derived from whole genome 
sequencing of 14,891 individuals compiled under the auspices of the gnomAD Consortium. This 
new resource is a welcome addition to the human genetics toolkit and is likely to accelerate the 
identification of pathogenic variation in a clinical context, as well as broaden our understanding of 
SV biology. The documentation of the computational methods is exemplary, including full code 
availability empowering others to reuse the pipeline. The analyses presented and corresponding 
conclusions are, in general, measured. I will limit my comments to the following objectives : 1) to 
improve the clarity and accuracy of claims, 2) to improve the usefulness of the data and related 
analyses. 
 
 
1. While the authors have done a nice job of contextualizing gnomAD-SV by comparison with other 
well known SV callsets, analysis of published case-control data, etc. I am surprised by the lack of 
comparison with the ExAC CNV map and lack of integration with the gnomAD SV/indel callset. The 
authors spend quite a bit of time characterizing pLoF mutations in this manuscript, and have 
specifically described the number of genes with homozygous pLoF due to SV (this can also be 
gleaned from the VCF annotation). One integrative analysis that would be very good to see is a 
tabulation of the genes that are biallelic pLoF due to compound heterozygosity of one pLoF SNV 
and on pLoF SV. It would be most helpful for this to be included as a supplementary table. The 
authors are the only ones that can perform this analysis, as the individual-level genotype data will 
not be released to the public. 
 
2. The section on “Relevance to disease association and clinical genetics” is most important as it 
addresses the potential for gnomAD-SV to enhance human genetic of disease across the world. 
However, I had the most trouble with the clarity of the writing and conclusions in this section. 
First, the authors present case-control analyses of 4 disease cohorts, with various levels of filtering 
on gnomAD-SV a priori. This doesn’t seem like a great idea, and certainly not something done as 
casually as presented here, as differences in the geographic ancestry among the cases, the 
controls, and the gnomAD samples could easily produce spurious associations. It’s probably 
important to point out that the quantitative filtering performance reported in these analyses (i.e. 
what’s in Extended Data Figure 6) is highly dependent on the platform being used for the 



 

case/control (tumor/normal) data - results will differ with WGS data. 
 
4. Next, the authors dive into a detailed analysis of pathogenic allele frequencies at 51 genomic 
disorder loci. The estimated genotyping error rate for the entire gnomAD-SV resource is in the 
range of 4-10%. I expect there is some heterogeneity in this rate depending sequence context, SV 
type, etc. Given the detailed analysis and interpretation provided for these 51 sites, it would seem 
useful to have a better sense of the quality of genotyping specifically at these loci. Have the 
authors carefully inspected the genotyping accuracy for all 51 of these GD regions, e.g. by 
assessing the raw data underlying these calls? 
 
5. The authors state that the observed NPHP1 duplication frequency in EAS “caps the credible 
effect size of NPHP1 duplications in severe diseases, and underscores the value of characterizing 
putatively disease-associated SVs across diverse populations.” This statement is facile and needs 
further explanation. Have they excluded genotyping error as an explanation for the high frequency 
NPHP1 duplications in EAS? How do the authors know this (these) NPHP1 allele(s) in EAS is (are) 
equivalent to those in other populations? What is the cap on the credible effect sizes of NPHP1 
duplications dictated by this observation? Have the authors ruled out alternate explanations for 
this observation that accommodate existing estimates of the effect size of NPHP1 duplications? 
 
 
Minor comments: 
 
Supp Fig 12- Would have liked to see more integration with SNV - how many sites in gnomAD 
appear to be het loF on the basis of SNV data but are actually compound-het LoF when integrated 
with SV data. Would be even better to annotate this somehow in gnomAD browser. 
 
Supplemental information, pg 23 “Due to the availability of GRCh37-aligned WGS BAM files …” 
please reword this sentence. Were the BAMS analyzed by Karczewski et al 2019 aligned to a 
different reference? I would find that surprising since the gnomAD website states “All data are 
based on GRCh37/hg19.” 
 
Line 140 - it would be useful to mention the sequencing depth of gnomAD samples for comparison 
with 1KG and GTEx. 
 
Line 210- here is another reason that this mutation rate estimate is likely to be biased: the 
Watterson estimator is based on the assumption of a neutrally evolving population (i.e. the 
standard neutral Wright-Fisher model), which clearly does not obtain for SVs observed in a mixture 
of chromosomes from the diverse populations in gnomAD. 
 
Line 315- “These data estimate that roughly 0.05%…” please rephrase; the humans are doing the 
estimation here. 
 
Line 340 - “filtering all SVs found in an individual genome versus gnomAD-SV dramatically reduced 
the number of singleton SVs in that genome to a median of 13”. Can the authors please clarify in 
the text the samples being used here? Are these results based on a “leave one out” type of 
analysis, where one gnomAD sample is removed from the cohort, SV AFs are re-estimated, and 
filtering is applied to this one sample? If so, this is probably not a realistic example of how 
gnomAD-SV will be used. What is more likely is that the clinical case genome will be processed 
with a different SV calling method, and the false positive rate in the resulting callset will be higher, 
as the analysis will not benefit from the rigorous QC performed here, with >14K samples of 
background for setting baselines. Does gnomAD-SV provide an advantage in filtering benign CNVs 
that overlap protein-coding exons, compared to the existing ExAC CNV map, which is based on a 
large sample set? 
 
Figure 4a - it’s probably incorrect to state that the predicted effect of whole-gene inversion is “No 



 

effect”, especially given that the singleton proportion for that class could indicate that they are 
more deletions than pLoF deletions. Possible effects of a whole gene inversion include disruption of 
cis- and trans-regulation of the gene, leading to ectopic expression or abnormal expression levels 
across the normal expression program. 
 
Figure 4d - I noticed this reference to Supplementary Figure 10 is incorrect; it should be Supp Fig 
11. I haven’t systematically checked the accuracy of the other figure references. 
 
Figure 5 - panel(C) what do the horizontal dashed lines represent? . panel (D) The authors state 
that they have “re-estimated ORs for each fo the 51 GDs by comparing to the 29,085 DD cases 
from (c)”. First I don’t think this statement is coherent, as there appear to be no DD cases 
explicitly shown in (c) or cited in the caption for (c). Second, the authors should clarify the 
annotation on the right side -the GD loci within the “0.05%” have a cumulative carrier frequency 
of 0.05%, I believe, but that is not at all obvious from the diagram or caption. 
 
Supplement, pg 44 - section “Estimating SV mutation rates” - the mathematical symbols didn’t 
render properly in the PDF, for instance, one line says: “Where was the number of SV sites 
observed per population for a given SV class and was the total number of chromosomes analyzed 
in each population”. Clearly “K” and “n” are missing here. 
 
 
#### Data sharing: 
The gnomAD-SV downloads (the VCF and bed files) available from the gnomAD website could 
really benefit from a README. 
 
Could the authors provide the revised GD OR estimates shown in 5D as a supplemental table? 

  



 

Author Rebuttals to Initial Comments: 

  









































































 

Reviewer Reports on the First Revision: 

Referee #1: 
 
In the revised version of the manuscript “An open resource of structural variation for medical and 
population genetics”, the authors have addressed most of my concerns and I believe that their 
computational results are reliable. 
 
My additional comments are listed below: 
 
The authors introduced an improved method (Adjusted Proportion of Singletons; APS) to uniformly 
quantify selection on SVs in a manner that is similar to the MAPS metrics used for SNVs. This 
concept is intriguing since MAPS for SNVs is a good metric to evaluate selection of SNVs, which is 
better-understood than selection on SVs. 
 
Nevertheless, I question how precise APS is in quantifying selection. For example, from Figure 2, 
APS of paired-duplications-inversions and of insertion-with-insertions-site-deletions are higher 
than that seen for simpler SVs, such as dispersed duplications. This is strange. Is SV complexity 
one of the factors for APS calculation? Would an analysis and discussion of SV mechanisms help 
explain and justify the APS results better? 
 
The authors indicated that “57% of the SVs reported by the 1000 Genomes Project were captured 
by gnomAD-SV and 14% of SVs reported by gnomAD-SV were also captured in the 1000 Genome 
Project”. I suspect that the main difference would be from rare SVs captured by the gnomAD-SV 
analysis. It makes me wonder what proportion of the common SVs (Allele Frequencies > 1%) 
would overlap with the previously reported SVs, if we only consider common SVs (AF > 1%). This 
may support the reliability of gnomAD-SV results. 
 
So in summary, this paper represents a lot of work and is well-written. However, the results are 
somewhat expected, isn't it? What is really new and/or unexpected in the findings? What is the 
impact to the general reader in Nature. I am having difficulties understanding this. 
 
 
Referee #2: 
 
The authors have revised and improved their manuscript substantially. The quality of the SV 
resource was substantiated using additional SV-SNP LD analysis for common SVs, inspection of the 
population distribution of doubleton SVs and using additional benchmarking exercises using the 
available trio and long-read data sets. The authors could also convincingly show that the VCF 
variant quality scores are well-calibrated and can be used for post hoc filtering for extracting a 
high-quality subset of SVs with improved SNP-taggability, long-read confirmation rates and 
reduced de novo SV fractions. SV breakpoint accuracy was evaluated as suggested. The proposed 
SV resource is in our view of adequate quality and will have broad applications for population 
genetics and disease studies. 
 
 
Referee #3: 
 
I have read carefully through the rebuttal and have no further comments. 

  



 

Author Rebuttals to First Revision: 

 






