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Abstract

The Genome Variation Map (GVM; https://ngdc.cncb.ac.cn/gvm) serves as a public repository for genetic variation data. This version repre-
sents a major upgrade to GVM, integrating rigorously curated high-quality DNA resequencing data from a wide range of species and delivering
significant enhancements over previous releases. Specifically, the current release encompasses ~2.14 billion standardized variants across 73
species and archives 898 genetic variation projects originating from 79 species, contributed by 180 organizations globally. Furthermore, GVM
innovatively incorporates a public variant aggregation pipeline that consolidates in-house curated datasets, usersubmitted data, and records from
the European Variation Archive to generate comprehensive reference variant sets for each organism. A new module has also been introduced
to provide deleterious variant annotations and population genetic selection signals based on population genetic analyses. Additionally, newly
implemented online tools support population-specific haplotype analysis and cross-mapping between genome assemblies, serving as integral
features of GVM. Collectively, this resource remains essential for archiving and utilizing genomic variation data and for catalyzing advancements
in evolutionary biology, disease etiology research, and agricultural genomics.
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Introduction

The analysis of genomic variation data holds paramount
significance in evolutionary and population genetics research
pertaining to human health and disease, breeding programs
for plants and animals, as well as biodiversity conservation
[1]. Since its establishment in 2017 [2], the Genome Varia-
tion Map (GVM; https://ngdc.cncb.ac.cn/gvm/) has evolved
progressively as a cornerstone resource within the National
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Genomics Data Center and China National Center for
Bioinformation [3]. Serving as a key complement to leading
international genomic variation repositories [such as the
European Variation Archive (EVA) [4] and dbSNP [5]], GVM
has emerged as an indispensable public archive [6]. Currently
serving tens of thousands of users across 110 nations and
regions, it supports data curation, research implementation,
and practical applications [7-10]. Notably, it is recognized
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through joint endorsement by Cell Press and Springer Nature
as a designated repository for genetic variation data (see
https://www.cell.com/pb-assets/journals/research/cellpress/
data/RecommendRepositories-1621989644133.pdf;  https:
/I'www.springernature.com/gp/authors/research-data-policy/
repositories-mandates/19540364)

Recent advancements in sequencing technologies, coupled
with reduced operational costs, have accelerated large-scale
population genetics studies across diverse species. Corre-
spondingly, we have implemented significant enhancements
to the GVM repository, characterized by (i) substantial data
expansion: the current iteration exhibits marked increases in
species coverage (particularly crops, primates, and viruses),
sample volumes, variant counts, and internationally submit-
ted datasets compared to the 2021 release; (ii) integrated mul-
tisource variant consolidation: variants from disparate ori-
gins, including GVM-curated entries, EVA-collected data, and
user submissions, have been systematically integrated to con-
struct comprehensive reference variant sets for designated
species; (iii) enriched functional annotations: implementation
of deleterious variant scoring for key crop populations, sup-
plemented by evolutionary selection signal inferences derived
from population genetic analyses; and (iv) novel analytical
utilities: deployment of specialized tools including a haplo-
type tool for population-specific haplotype frequency com-
putation, variant-trait association modules, and the Version-
Map genome coordinate conversion system. This enhanced
iteration of GVM is positioned to substantially empower di-
verse research domains encompassing plant/animal breeding,
human population genetics, viral evolutionary dynamics, and
translational applications.

Materials and methods

The variant data integration workflow consolidated curated
data and user-submitted data from GVM, along with vari-
ant data (RS Release 7) from the EVA. The merging process
aligned the other two types of data to the curated dataset. Ini-
tially, each batch of user-submitted datasets underwent qual-
ity control and filtering: (i) datasets containing fewer than
1000 variants were excluded, as they were considered to rep-
resent only a few genomic regions; (ii) datasets generated by
genotyping arrays were discarded if they could not be fully
aligned with the reference genome version; and (iii) variants
identified as LowQual in the VCF files, based on filtering cri-
teria (QD <2.0 || FS >60.0 || SOR =5.5 || MQ <40.0 ||
MQRankSum <—12.5 || ReadPosRankSum <—8.0), were ex-
cluded. For each user-submitted dataset, a filtered VCF file was
generated, with all samples consolidated into a single file. Sub-
sequently, the quality-controlled user data and EVA data were
converted to ensure consistency with the reference genome
version used in the curated dataset, using the EVA remapping
pipeline (https://github.com/EBIvariation/variant-remapping)
[4]. Finally, data integration for each species was performed
by updating allele information for existing curated variant
sites and assigning unique database identifiers to novel variant
sites.

To predict the functional effects of variants, variants in
the GVM were annotated using Sorting Intolerant From Tol-
erant 4G (SIFT 4G) [11]. To create the SIFT 4G annota-
tion database, UniRef90 (https://www.uniprot.org/ download
date:15 October 2024) was used as a reference protein set.
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For each species, the SIFT 4G annotation database was con-
structed by integrating the UniRef90 protein dataset with the
corresponding reference genome and GTF annotation file im-
plemented through SIFT4G_Create_Genomic_DB. Based on
these species-specific databases, variant effect prediction was
carried out using SIFT4G_Annotator.jar, which calculates a
SIFT score ranging from 0 to 1. Variants with a SIFT score
<0.05 were classified as deleterious, while those with a score
>0.05 were considered tolerated.

Selective sweep analysis was conducted to identify genomic
regions potentially affected by positive selection during do-
mestication and improvement. Three complementary popu-
lation genetic statistics—Tajima’s D [12], reduction of diver-
sity (ROD) [13], and F,; [14]—were applied to detect selec-
tion signatures. Tajima’s D was used to evaluate deviations
from neutrality within populations, ROD quantified the rela-
tive reduction in nucleotide diversity in the cultivated popu-
lation compared with the wild population, and F; was used
to assess population differentiation between cultivated and
wild groups. All analyses were performed in the GVM using
VCFtools [15]. Tajima’s D was calculated with a 20-kb win-
dow size, while ROD and F;; were computed using a sliding
window of 20 kb with a 2-kb step size. The top 5% of Fy and
ROD values and the bottom 5% of Tajima’s D values were
defined as significance thresholds. Candidate regions identi-
fied from these analyses were subsequently integrated with
gene annotation and variant effect prediction results to pin-
point loci potentially associated with agronomic and adaptive
traits.

Updates and new features

Data updates

Over recent years, GVM has achieved substantial enhance-
ments in data content, analytical capabilities, and user services
(Table 1 and Fig. 1). Regarding curated data, standardized
variant datasets were constructed through systematic retrieval
of raw resequencing data from repositories including the Se-
quence Read Archive [16], European Nucleotide Archive [17],
and Genome Sequence Archive [18], processed through a uni-
fied variant-calling framework [6]. The current release encom-
passes 73 diverse taxonomic groups—representing an 80%
expansion—spanning vertebrates, plants, and viral pathogens
(Supplementary Table S1). Notable additions include 17
newly integrated agronomically significant crops (nine staple
food sources and eight commercial cultivars), providing foun-
dational genomic variation resources to support agricultural
innovation. This release also includes five new primate species,
whose variation profiles offer a valuable comparative frame-
work for human disease genetics, as well as four human coron-
aviruses and the monkeypox virus, which provide critical data
for epidemic research and public health preparedness. The cu-
rated repository now harbors nearly twice the volume of sam-
ples and variants compared to the previous version, aggregat-
ing ~2.14 billion distinct genetic variants.

Concurrently, user-submitted data has manifested exponen-
tial augmentation, with the GVM currently hosting 95.55 ter-
abytes of data encompassing 898 distinct projects. These in-
clude genetic variants from 764 837 samples across 79 species,
contributed by 180 organizations from around the world.
The submitted datasets cover diverse research areas, includ-
ing population cohort analyses and complex disease genetics
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Figure 1. Overview of the GVM update. The sections ‘Data Curation” and 'Data Submission’ depict the growth of data volume in the data curation and
submission modules compared to the previous version. The four sections ‘Data Annotation’, 'Data Integration’, 'Download’ and ‘Tools" highlight the new
features implemented in this update.

Table 1. Statistics and comparison between the two versions of GVM

GVM (2021) GVM (updated)

Curated data and information
Species 41 73
Projects 202 437
Samples 64 819 101 967
Number of SNPs 818 769 204 1871 449 856
Number of indels 141 640 247 277 154 506
G2P knowledge 260 393 466 100
Public variant data integration =~ NA Available
Deleterious variant information NA SIFT
Population selective signal NA Fy /Tajima’

D/ROD
Tools
HapView (haplotype NA Available
calculating)
VersionMap (cross map of NA Available
assembly)
Submission data and information
Submitted species 19 79
Submitted samples 35961 764 837
Submitted projects 46 898
Submitted data volume 2.03 TB 95.55TB
Submitted organizations 31 180
Support published papers 33 252
Usage
Visitors 12119 68 800

[19-21], disease mechanism research [22, 23], plant and ani-
mal adaptive evolution and breeding [24, 25], and microbial-
host interactions [26, 27]. To date, these resources have sup-
ported 252 peer-reviewed publications.

Data integration

GVM and EVA both serve as key repositories for genomic
variation in plant and animal species. However, variant in-
formation remains fragmented due to the lack of a systematic
data exchange framework. This makes it imperative to inte-
grate comprehensive variation datasets to construct a high-
quality, unified variation atlas. To address this gap, we de-
veloped a data integration workflow that systematically com-
bines curated and user-submitted data from GVM with vari-
ant records from EVA into a consolidated reference vari-
ant resource. Building on this reference dataset, research out-
puts from multiple institutions are standardized through uni-
fied genomic coordinates and nomenclature across all variant
sites. The dataset establishes cross-referenced with RS identi-
fiers from EVA and dbSNP, thereby enhancing interoperability.
Variant credibility is further strengthened by integrating mul-
tiple independent sources of evidence. Through a unified plat-
form, all integrated information is accessible, enabling users
to retrieve comprehensive variant profiles within any genomic
region via a single query—dramatically improving retrieval ef-
ficiency. In summary, this reference variant dataset facilitates
global sharing and validation of genetic variation data among
researchers worldwide.

To date, integration across eight plant and four animal
species has yielded fold increases in aggregate variant loci
ranging from 1.02 to 7.90 (Fig. 2). Notably, Oryza sativa
(rice) and Triticum aestivum (wheat) manifested the most sig-
nificant augmentations, reflecting their importance in agricul-
tural genomics and the rapid pace of related research. These
results demonstrate that the integration strategy significantly
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Figure 2. Data integration statistics and an example. (A) Statistical summary of variant proportions after integration. (B) Example of integrated data from
rice. When a specific variant is selected and “view genotype" is clicked, EVA RS identifiers are shown in the last column (labeled as “1"), and allele
frequency information for both the curated population dataset (labeled as “2") and user-submitted datasets, if available (labeled as “3") will be displayed.

improves the comprehensiveness of variant information, fa-
cilitating downstream applications such as the assessment of
mutation load from deleterious variants.

Data annotation

Deleterious mutations and selection signals are critically im-
portant in population genetics [28-31], breeding [13, 32],
and evolutionary biology [33, 34]. To support research in
these areas, GVM provides functional annotations by pre-
dicting deleterious mutations and detecting selection signals
using population genetic analyses (see the “Materials and
methods” section). This enables researchers to identify and
utilize biologically relevant genetic variants more effectively.
Currently, GVM encompasses deleteriousness annotations for

27 species, covering 47 435 958 distinct variants (Fig. 3A).
Each variant is assigned a deleteriousness label and a quan-
titative score. In parallel, the platform systematically collates
and stratifies species population datasets to compute funda-
mental population genetic parameters—including Fg, ROD,
and Tajima’s D—thereby providing selection signal annota-
tions across eight species (Fig. 3B).

By integrating outputs from multiple statistical frame-
works, GVM delivers consolidated annotation of selective
pressures. For example, analysis of the Npp.07B002710.1
gene in Saccharum species [35] concurrently displays selec-
tion signal intensity across genomic segments along with dele-
teriousness scores of constituent variants (Fig. 3C). Candidate
regions under selection are identified by comparing popula-
tion genetic statistics with defined thresholds, and potentially
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deleterious mutations are highlighted using color-coded indi-
cators. Collectively, these functional annotations provide an
indispensable resource for identifying deleterious variants, de-
tecting constrained regions, and improving the functional in-
terpretation of genetic polymorphism.

Data download

GVM provides open access to all publicly available variants,
which are downloadable in both VCF and FASTA formats
from https://ngdc.cneb.ac.cn/gvm/download. The brief VCF
file contains genomic position, reference and alternative al-
leles, and variant quality, while the FASTA file provides 50
nt flanking sequences for each variant. The detailed VCF file
contains the genotype information for all samples, which is
more useful for users to conduct in-depth GWAS functional
analysis. In response to user feedback, we have newly added
the VEP annotation, which provides functional consequence
prediction for each variant, and the phased VCF files, which
offer filtered and phased variation data for enhanced usability.

Toolkits

To meet the growing need for online analytical capabilities,
GVM has launched a new Toolkits module. The first compo-
nent, the HapView portal, offers a modular analytical frame-
work for population-specific haplotype investigation. This
tool supports dual input sources: curated GVM repositories
or user-uploaded VCF/phenotype files. A customizable qual-
ity control framework ensures analytical reliability, permit-
ting filtration based on three critical parameters: missing data
rates, heterozygosity indices, and minor allele frequencies. Be-
yond frequency calculations, HapView conducts haplotype—
trait correlation analyses and enables comparative assess-
ments against public GVM datasets. Results are presented
through concise tabular summaries and dynamic visualization
modules, with comprehensive outputs available for down-
load, thereby expediting linkage disequilibrium analyses and
preliminary functional haplotype screening. The second tool,
VersionMap, facilitates online genomic coordinate translation
across different assembly versions. Built on validated algo-
rithms including CrossMap [36] and UCSC?s liftOver [37], it
delivers precise genomic coordinate translation for both VCF
and BED formats. This function is essential for harmonizing
multisource, temporally heterogeneous genomic datasets, sub-
stantially enhancing research reproducibility, and cross-study
comparability.

Conclusion and perspectives

In conclusion, as a vital public repository for genetic varia-
tion data, GVM continues to evolve, providing researchers
worldwide with comprehensive data submission, manage-
ment, and sharing. This latest version of GVM significantly
expands its data volume, including both curator-refined and
user-submitted data, greatly broadening species coverage and
deepening population-level insights. It has newly launched
a public variant data integration pipeline, aiming to estab-
lish more comprehensive reference variation maps for each
species. Another highlight of GVM 3.0 is the addition of new
modules focusing on deleterious mutations and population
selection signals, substantially enriching functional annota-
tions of genetic variants. Additionally, this version introduces
two practical analysis tools that support population haplotype

Genome Variation Map (GVM)  D1213

analysis and genomic coordinate conversion, enhancing effi-
ciency in data interrogation and application. These upgrades,
along with enhanced data download functionality, consider-
ably strengthen the platform’s capacity for downstream anal-
ysis and promote wider data reuse.

Looking forward, GVM remains committed to the principle
of open sharing and will continue to enhance its functional-
ity. In the era of big data in genetics, coupled with advances
in artificial intelligence (Al), there is tremendous potential to
accelerate genetic research and uncover novel biological in-
sights. In this context, the availability of Al-ready datasets
is of paramount importance. GVM plans to enhance meta-
data organization, refine data cleaning and curation strate-
gies, and establish stronger links with phenotypic data to con-
struct high-quality, Al-compatible datasets. Moreover, GVM
will strengthen its focus on functional variant annotations,
with efforts to extend bioinformatic methods to enable iden-
tification and interpretation of noncoding deleterious muta-
tions. Meanwhile, GVM will broaden the scope of functional
annotations by integrating associations with other genomic
and molecular datasets, like gene expression data from GEN
[38] and epigenomic modifications from Methbank [39], to
enhance the variant interpretation. In summary, as GVM con-
tinues to advance, it will sustain its role as an essential in-
ternational genetic resource, supporting research in precision
medicine, intelligent breeding, and public health safety.
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