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ABSTRACT

Structural variations (SVs) play important roles in hu-
man evolution and diseases, but there is a lack of
data resources concerning representative samples,
especially for East Asians. Taking advantage of both
next-generation sequencing and third-generation se-
quencing data at the whole-genome level, we de-
veloped the database PGG.SV to provide a practi-
cal platform for both regionally and globally repre-
sentative structural variants. In its current version,
PGG.SV archives 584 277 SVs obtained from whole-
genome sequencing data of 6048 samples, includ-
ing 1030 long-read sequencing genomes represent-
ing 177 global populations. PGG.SV provides (i) high-
quality SVs with fine-scale and precise genomic lo-
cations in both GRCh37 and GRCh38, covering un-
derrepresented SVs in existing sequencing and mi-
croarray data; (ii) hierarchical estimation of SV preva-
lence in geographical populations; (iii) informative
annotations of SV-related genes, potential functions
and clinical effects; (iv) an analysis platform to fa-
cilitate SV-based case-control association studies
and (v) various visualization tools for understand-
ing the SV structures in the human genome. Taken
together, PGG.SV provides a user-friendly online in-

terface, easy-to-use analysis tools and a detailed pre-
sentation of results. PGG.SV is freely accessible via
https://www.biosino.org/pggsv.

INTRODUCTION

Structural variations have attracted remarkable attention
in both evolutionary and medical studies over the last two
decades. Many important genetic diseases, including can-
cer (1,2), autism (3–6), Alzheimer’s disease (7), Parkinson’s
disease (8), amyotrophic lateral sclerosis (9), heart failure
(10), neurodevelopmental disorders (11) and autoimmune
diseases (12) were found to be associated with SVs. SVs have
also played an increasingly important role in aiding clini-
cal diagnoses, such as in the diagnosis of retinopathy (13),
identifying protective variants against malaria (14) and pre-
dicting deleterious mutations (15–17). Several large-scale
projects have addressed the issues of population stratifica-
tion, local population characteristics, and adaptation us-
ing SVs (18,19), including a study on the enrichment of
SVs associated with cardiometabolic disease in Finns (20).
However, due to the complex structure and unclear pheno-
typic effects of SVs, current studies generally pay attention
to screening enriched SVs from patient samples, making
the representative sample control very important. Further-
more, the prediction of the functions of SVs is expected to
effectively narrow the scope of pathogenic mutations, and
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this has also become another hot topic in the field of ge-
nomics.

Several projects focusing on the human genome have re-
leased SV datasets, including the Simons Genome Diver-
sity Project (SGDP) (21), the Human Genetic Diversity
Project (HGDP) (22) and the 1000 Genomes Project (1kGP)
(23). Several SV-oriented databases have also been released,
including dbVar (24), the Database of Genomic Variants
(DGV) (25), and the Genome Aggregation Database (gno-
mAD) (26). These datasets and databases provide a good
grounding for large-scale SV studies, but some issues re-
mained to be solved, such as the lack of East Asian sam-
ples (47 in SGDP, 220 in HGDP and 503 in 1kGP); some
databases, such as gnomAD, not using the coordinates
based on the GRCh38 reference genome, and limitations
in data generation and SV detection. Currently, microarray
and next-generation sequencing (NGS) data are the basis
for large-scale SV database construction. However, recently
long-read sequencing data have been demonstrated to be
advantageous in the detection of SVs, but no database has
as yet archived SVs based on long-read sequencing, which
has led to a considerable number of under-represented SVs
in the available databases (27–31). In addition, SV results
released from various datasets have difficulty being used in
an integrated context due to the inconsistent workflows of
SV calling, making it difficult to maximize the utility of
high-quality local datasets in studies targeting global pop-
ulations.

Here, we developed an SV database, PGG.SV, and we
constructed a reference dataset consisting of 6048 repre-
sentative samples, of which 1030 were generated by long-
read sequencing (Supplementary Table S1). We published
a total of 684 047 SV entries available in both GRCh37
and GRCh38. Removing duplicates in different reference
genomes, we provided a total of 584 277 independent SV en-
tries (Supplementary Table S2). PGG.SV has integrated ac-
cessible public data and newly-generated data based on the
same workflow. The data complement the East Asian popu-
lation samples and allow for greater comparability between
global ethnic groups (Supplementary Table S3). PGG.SV
has many valuable applications, including the prediction of
SV-associated genes, annotation of potential functions of
SVs, and analysis of SVs in natural populations as the con-
trol in disease studies. PGG.SV also provides visualization
tools for human genomic SVs as well as user-friendly SV
comparison, filtering and download functions to help users
apply SV data to medical and genetic research.

DATA PROCESSING

Variant calling

Detecting SVs from the raw reads is the first step in data
processing (Figure 1). For NGS data, the joint use of multi-
ple methods is effective in improving the quality of SV call-
ing (32,33). We used BWA’s mem algorithm to map fastq
format data to the human reference genomes GRCh37 and
GRCh38 (34). The MarkDuplicates function of GATK was
used to process the mapped data (35). We then used a variety
of SV calling software, including Breakdancer (36), Break-
seq2 (37), CNVnator (38), Pindel (39), Lumpy (40) and
Manta (41), covering the three main NGS-based SV calling

algorithms: read-pair, read-depth, and split-read (42). Main
SV types include Deletion (DEL), Duplication (DUP), In-
sertion (INS), Inversion (INV), multiallelic copy number
variation (mCNV) and Translocation (TRA) with their re-
spective length distributions. We filtered the results accord-
ing to the type and length of SV that each software spe-
cializes in, including using Manta’s INS results to take ad-
vantage of its strength in detecting INS as well as utilizing
the property that the read-depth algorithm performs well
for detecting large CNVs, thus retaining the results for CN-
Vnator greater than 10 kb. SVs longer than 10 Mb were
not considered. For other SV types and those of various
lengths, we required them to be validated by at least two pro-
grams. Next, we integrated the above results with MetaSV
(43) and an in-house pipeline, PGGSVpipeline to obtain
individual-level SV results in vcf format. For long-read se-
quencing data, we used NGMLR to map fastq data to the
reference genome and used Sniffles for SV calling (44). In
all, 993 samples based on long-read sequencing had cor-
responding NGS data, and the results were integrated and
carefully compared to improve the quality of the data (45).
For conflicting results, we gave priority to the SVs obtained
from long-read sequencing data.

Data integration

Unlike the variant positions recorded by SNPs, SVs in each
individual are stored as regions with start and endpoints.
This leads to the possibility that SVs may be assigned to dif-
ferent locations in the genome for samples due to differences
in genetic composition and sequencing quality, even though
they were inherited from the same SV event. To solve this
problem, an integration algorithm was developed and ap-
plied to the data for PGG.SV (Supplementary Figure S1).
We used vcf files under the same reference genome as in-
put, extracted SVs of all individuals into an SV list, and
merged clusters of SVs that were close to each other into
a single SV event. At each iteration, we merged the closest
SVs and repeated the process until no SV could be merged
(the threshold was 50% reciprocal overlap). For the integra-
tion of INSs, we require the positions of INS to be located
within 50 bp from each other and the length difference of in-
serted sequences to be less than 30%. Then for the merged
SVs, we calculated the starting and ending positions based
on the average of all samples carrying the current SV; this
can avoid the influence of extreme values of the samples on
the combined results. The final output SV list is a set of in-
dependent SV data sets that can represent all of the input
sample individuals.

Quality control

Since our samples contain multiple independently acquired
populations and multiple public data sets (Supplementary
Table S1), a quality control process was applied to the in-
tegrated SV data set to control for batch effects. We first
performed a genotyping process to determine the reliability
of the SV results. Multiple graph genome-based SV geno-
typing methods have been shown to work well (46–48), and
thus we used the graph-based SV genotyper Paragraph (49)
to perform genotyping for DEL/DUP/CNV less than 200
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Figure 1. The analytical framework for data collection, processing, integration and quality control. Numbering indicates the order of steps.

bp as well as all INSs. For DEL/DUP/CNV above 200
bp, CNVnator was used to obtain better genotyping results
(38). For INV, we used SVtyper for genotyping (50). All of
the genotyping results were used only to correct for the pres-
ence and copy numbers of SVs (Figure 1).

Additional procedures for quality control included filter-
ing SVs in the Gap region of the genome (cumulative gap
length over 50%) and filtering SVs with a missing data rate
>40% in the samples. In the data with the reference genome
of GRCh37, we found that DEL/DUP/CNV of lengths up
to 300 bp constituted a major part of the low-quality data.
We added filtering for this part of the SV, including the re-
quirement that the mappability of the SV region was ≥60%
and that the SV was not located in a simple repeat region
(>50% cumulative length). Meanwhile, we required SVs to
have the same copy number in paired sequencing of seven
identical samples in our data. These data–after the above
measures–were further examined using principal compo-
nent analysis, and no significant batch effects were found
(Supplementary Figure S2).

Summary

We performed SV calling, integration, and quality control
processes on 2095 and 4515 samples (Supplementary Table
S3) using GRCh37 and GRCh38 as reference genomes and
obtained 202 721 and 481 326 SVs, respectively (Supple-
mentary Table S2). To make evaluations and facilitate appli-
cations of SV query in a more flexible way, SV calling were
performed in 562 samples with sequence reads mapped to
both GRCh37 and GRCh38. After positional transforma-
tion using CrossMap (51), nearly half of the SVs in GRCh37
can be found in GRCh38, indicating a higher frequency
of common variants, while the other unmatched SVs were
more likely rare variants at a lower frequency (Supplemen-
tary Figure S3). For GRCh38, as the sample size increased,
a greater number of low-frequency variants were identi-
fied. Notably, SVs detected only in long-read sequencing
data accounted for 33.3% of the GRCh38-specific SVs, re-

flecting the advantage of long-read sequencing data in SV
detection.

DATABASE CONTENT

Overview

PGG.SV provides three query strategies: (i) query by ge-
nomic location, including GRCh37 and GRCh38; (ii) query
by gene name and (iii) query by SV ID. We provide filtering
to facilitate finding SV results that match expectations in
terms of SV length, type, function, frequency and genetic
distribution as well as the downloadable and visual presen-
tation of results (Figure 2).

Database construction

The PGG.SV web server was built with a backend for
frontend (BFF) architecture to enhance and improve the
user experience. The backend was developed using Spring
boot (https://spring.io/) to view the applications, make
checks, and provides standard configurations, while the
frontend was built using Vue.js (https://vuejs.org/), which
is a lightweight JavaScript framework for building respon-
sive user interfaces. The structure variation data and the
associated population and geographic information were
stored in MongoDB (https://www.mongodb.com/), which
is a general-purpose, document-based distributed database.
All of the modules were packaged into docker to ensure flex-
ibility in website deployment.

Genome view

To date, no dataset has considered the genomic location dif-
ferences of SVs in different populations. The locations of
SVs can directly affect gene coding and regulatory regions
(52–54) and may also affect phenotypes by altering the spa-
tial structure of the genome (55). PGG.SV collects the dis-
tributions of starting and endpoint positions for all SVs and
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Figure 2. Site map of PGG.SV. The database consists of three main functional modules: (i) multiple ways of querying the database and displaying the
results (blue box); (ii) visualization of SV details (green box) and (iii) an online analysis tool (orange box). The arrows represent the display order during
querying SV, and the online analysis tool can be used freely without login.

calculates means and 95% confidence intervals for ethnic
populations, intercontinental populations (Supplementary
Table S3), and all of the samples.

Allele frequency

The enrichment of SVs in specific populations reflects en-
vironmental adaptations in evolution (56–59). Comparison
of population SV frequencies helps us to understand natural
selection and the way these variants received their functions.
We used the copy number in SV calls and genotyping results

as the basis for frequency statistics of copy number variants
(including DEL and DUP). For other SV types, the statis-
tics were performed by the presence of variants as for SNVs.
Frequency statistics are also available in multiple units and
can be toggled for display.

SV-associated variants

Current functional studies such as GWAS consider the as-
sociation between SNVs and phenotypes, while the addition
of SVs can effectively expand the association signal between
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genomic variants and phenotypes (52,60). We performed
SV-SNV/INDEL linkage analysis with PLINK (61) to ob-
tain variants that were highly correlated with the current SV
within 1Mb. The existing annotations of other variant types
allow us to indirectly understand the function of the target
SV. Some functional SVs may be identified by association
with other surrounding SVs/SNVs/INDELs, a situation
that can help to further explain the functional mechanisms
relating these variants to the phenotype. In other cases, SVs
may play an important role in the modification of pheno-
types, but are not taken into account by the GWAS analy-
sis, resulting in some of the missing heritability (29,52,62).
Users can go directly to the corresponding SNV page in our
sister database PGG.SNV (https://www.pggsnv.org/) (63) to
obtain richer information.

Clinical effects

SVs can affect a variety of phenotypes through gene ex-
pression and regulation, where the main approaches include
direct alteration of gene coding regions and dosage effects
triggered by changes in the copy number of regulatory ele-
ments (62,64–67). In other words, an SV is expected to be
more likely to produce a potential clinical effect if it is lo-
cated in the coding or regulatory element region of a gene.
With the promoters, enhancers, and super-enhancers from
GeneHancer (68) and SEdb (69), we combed through genes
directly covered by the target SV as well as genes affected
by regulatory elements covered by the SV to suggest poten-
tial clinical functions of the focal SV. We performed GO en-
richment analyses of genes that may be affected by this SV
(70,71), and we also annotated the phenotypic and clinical
effects of these genes in the GWAS Catalog (72), ClinGen
(73) and GenCC (74).

SV sequences

PGG.SV provides downloads of SV sequences for down-
stream analysis. INS sequences were generated by Manta
and Sniffles during SV calling, and other SV types
were obtained from the corresponding regions on the
GRCh37/GRCh38 reference genome by SAMtools (75).

ONLINE TOOLS

Annotations and comparative analysis

PGG.SV provides online SV annotation and comparison
tools. Users can employ the Annotation function to search
for SV presence and related genes in PGG.SV and databases
including dbVar, DGV, and gnomAD. For case–control
analysis aimed at requirements such as disease research,
the Comparative analysis function can provide control data
for any sample size and genetic component (Supplementary
Figure S4). The results of the annotations and comparisons
will be generated in a short time for the user to download.

SV and trait browser

A table browser interface is a quick way to search, filter,
sort and export SVs. Users can intuitively select popula-
tions, variant types, variant lengths, allele frequencies, func-

tional annotations, and other characteristics of SVs; alter-
natively, they may search by specific phenotypes or diseases,
thus helping researchers to quickly locate SVs of interest
(Supplementary Figure S5).

SV structure visualization

PGG.SV provides users with a convenient tool for visualiz-
ing the SV structure. With Miropeats (76), users can gener-
ate a visual structure presentation of two DNA sequences
with different SV states online. The tool achieves a clean,
intuitive presentation for all SV types, including complex
SVs (Supplementary Figure S6). Other complex SV events
are non-tandem replication or translocation, for which we
use MUMmer (77) to help users visually identify distant SV
events that occur across the human genome. Both visualiza-
tion tools can be accessed online.

FUTURE DIRECTIONS

In the current version, we provide not only detailed SV re-
sults based on representative samples, including population
characteristics and SV function predictions, but also easy-
to-use analysis tools and a user-friendly online interface. In
our future plans, we will expand population sampling and
move forward to a more comprehensive collection of diverse
and highly accurate, complete, haplotype-phased genome
sequence assemblies. Moreover, our current workflow does
not cover well some of the SV types, for example, Translo-
cations are also an important part of SVs to be considered
in the future updates of the PGG.SV. In fact, we are mak-
ing efforts to complete the calling of Translocations from
the data in hands. We will release these results and update
the database frequently.

DATA AVAILABILITY

PGGSVpipeline is an open-source workflow for NGS-
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57. Mérot,C., Oomen,R.A., Tigano,A. and Wellenreuther,M. (2020) A
roadmap for understanding the evolutionary significance of
structural genomic variation. Trends Ecol. Evol., 35, 561–572.

58. Hollox,E.J., Zuccherato,L.W. and Tucci,S. (2022) Genome structural
variation in human evolution. Trends Genet., 38, 45–58.

59. Hsieh,P., Dang,V., Vollger,M.R., Mao,Y., Huang,T.H., Dishuck,P.C.,
Baker,C., Cantsilieris,S., Lewis,A.P., Munson,K.M. et al. (2021)
Evidence for opposing selective forces operating on human-specific
duplicated TCAF genes in neanderthals and humans. Nat. Commun.,
12, 5118.

60. Auwerx,C., Lepamets,M., Sadler,M.C., Patxot,M., Stojanov,M.,
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