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Genomic landscape of the human vaginal 
microbiome is linked to host genetics and 
population of origin
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The vaginal microbiome is essential for women’s health, yet its genomic 
diversity and interaction with the host remain incompletely characterized. 
Here we present the Global Vaginal Metagenome-assembled Genomes 
catalog, an extensive repository of vaginal microbial genomes generated 
by integrating 10,665 in-house Chinese metagenomes, with 2,967 publicly 
available metagenomes and 1,433 bacterial isolates. The catalog comprises 
65,055 genomes from 890 prokaryotes, 11 eukaryotes and 6,590 viral 
taxonomic units, many not represented in public reference databases. 
We investigate virus–bacteria interactions, revealing conserved phages–
host associations. We then identify substantial intraspecies genomic 
and functional variations displaying population-specific patterns. A 
metagenome-genome-wide association study identifies seven host genetic 
loci associated with vaginal species at study-wide significance and replicated 
in at least one independent cohort, notably connecting the gene OPRK1 with 
the potential pathogen Ureaplasma urealyticum. In summary, our research 
provides a comprehensive reference for future studies on genotype–
phenotype interplay within the human vaginal microbiome.

The vaginal microbiome, comprising bacteria, viruses and eukaryotic 
microorganisms, is critical to reproductive health and the pathogenesis 
of urogenital disease1–3. Over the past decade, 16S rRNA gene amplicon 
sequencing has become the predominant method for characterizing 
vaginal bacterial communities, revealing their correlations with host 
health status and lifestyle factors4–7. However, this approach offers 
limited taxonomic and functional resolution and excludes nonbac-
terial microorganisms8–10. Shotgun metagenomic sequencing over-
comes these limitations by enabling species-level and strain-level 

discrimination of bacteria, capturing archaea, viruses and eukary-
otes, and by allowing functional profiling through gene annotation9,11. 
Because accurate taxonomy assignment relies on reference genomes, 
continuous database expansion is essential for classification accuracy12.

Although metagenome-assembled genomes (MAGs) and 
cultivation13–15 have substantially expanded the characterization of 
both cultured and uncultured microorganisms across the gut16–20, 
oral cavity21 and skin22,23, vaginal microbiome research remains  
limited by insufficient reference data and small-scale studies24–27.  
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as bacterial vaginosis (BV), HPV infection, uterine fibroids and uterine 
prolapse (Extended Data Fig. 1b).

Construction of microbial genomes from global female  
vaginal metagenomes
We constructed the GVMG catalog by integrating 10,665 metagenomes 
from the Peacock cohort and 2,967 publicly available metagenomes 
from 11 studies across the USA (n = 1,769), France (n = 739) and seven 
other countries (Extended Data Fig. 1c and Supplementary Tables 1  
and 2). After quality control, host read removal and assembly, 
MAGs were generated using multicoverage (MetaBAT2) and three 
single-coverage binning strategies (MetaBAT2, MaxBin2 and CON-
COCT), refined with dRep to remove within-sample duplicates, yield-
ing 39,816 preliminary prokaryotic genomes (Extended Data Fig. 2).

To enhance representation, we incorporated publicly available 
vaginal microbial genomes, including 5,600 prokaryotic genomes (972 
isolates and 4,628 MAGs derived from 1,477 metagenomes compiled 
by VMGC from 20 studies, not in our metagenome list) from the VMGC 
study (up to 2023)25, 36 eukaryotic genomes (17 isolates and 19 MAGs), 
384 prokaryotic isolates cultured from 11 high-risk cervical cancer 
Peacock participants and 77 additional prokaryotic isolate genomes 
from 2023–2024 literature (Supplementary Tables 3 and 4). After 
quality filtering, 36,059 prokaryotic genomes (34,801 MAGs, 1,258 
isolates) were retained and classified into 3,810 high-quality, 20,752 
near-complete and 11,497 medium-quality genomes (mean complete-
ness = 90.97%, mean contamination = 0.71%; Extended Data Fig. 3a–e 
and Supplementary Table 5). Notably, Chinese-derived MAGs exhib-
ited superior quality compared to French and American subsamples 
(Extended Data Fig. 3f–h). In comparison to VMGC25, our catalog con-
tained 1.85 times more prokaryotic genomes, with 68.1% classified as 
near-complete genomes or high-quality genomes compared to 48.2% 
in VMGC (Fig. 2a and Extended Data Fig. 4; all comparisons P < 0.0001, 
a two-sided Wilcoxon rank-sum test).

From metagenomic contigs, we identified 28,953 passed-quality 
viral sequences, with 2,932 (10.3%) complete, 9,121 (31.5%) 
high-quality and 16,900 (58.4%) medium-quality genomes (CheckV; 
median completeness = 84.9 ± 16.9%, median size = 34.2 ± 18.7 kb; 
Extended Data Fig. 5a,b and Supplementary Table 6). For eukaryotes, 
we recovered seven fungal MAGs from 39,816 preliminary assemblies 
>3 Mb, annotated as Candida albicans (n = 3) and Nakaseomyces glabra-
tus (n = 4). Combined with the aforementioned 36 public eukaryotic 
genomes, a total of 43 eukaryotic genomes representing 11 fungal spe-
cies were obtained, with N. glabratus and C. albicans most prevalent in 
the Peacock dataset (Supplementary Table 3 and Extended Data Fig. 6).

Overall, the GVMG catalog comprises 65,055 genomes, including 
36,059 prokaryotic (55.4%), 43 eukaryotic (0.07%) and 28,953 viral 
genomes (44.5%; Fig. 1b). This represents a 1.9-fold expansion over 
VMGC25 and, to our knowledge, constitutes the most comprehensive 
genomic repository of the human vaginal microbiome to date.

Characterization and distribution of the vaginal  
prokaryotic species
From the GVMG catalog, we clustered 36,059 prokaryotic genomes 
into 890 species-level genome bins (SGBs), representing distinct 
vaginal microbial species and expanding species-level representa-
tion (Supplementary Note). Notably, 78.0% (694 of 890) contained 
at least one near-complete or high-quality MAG (Fig. 2b,c and 
Supplementary Table 7). Taxonomic assignment using Genome Tax-
onomy Database Toolkit (GTDB-Tk) identified 889 bacterial species 
(spanning 18 phyla, 23 classes, 53 orders, 107 families and 336 genera) 
and 1 archaeal species (Methanobrevibacter A smithii; Fig. 2d). Nota-
bly, 116 SGBs (13.0%) were classified as unknown SGBs (uSGBs) due to 
the absence in public databases, while 773 (87.0%) were known SGBs 
(kSGBs; Fig. 2b). Most uSGBs were assignable to known high-level taxa 
(spanning 13 phyla, 16 classes, 23 orders, 36 families and 54 genera), 

This disparity may stem from the massive proportion of human DNA 
(>90%) in vaginal samples28 and low microbial diversity, which hin-
ders genome recovery. Consequently, most reference genomes in 
existing databases are derived from gut microbiomes (for example, 
MetaPhlAn)29, constraining functional and ecological insights into the 
vaginal ecosystem. Recent efforts have begun to address this gap. Fol-
lowing the Human Microbiome Project30 metagenomic profiling, vagi-
nal genomic resources grew from an initial 60,699-gene catalog24 to the 
0.95-million-gene nonredundant gene catalog (VIRGO)26. More recent 
work has generated 1,078 MAGs from 705 samples (linking microbial 
diversity to preterm birth27) and 33,804 multikingdom genomes from 
4,472 public samples in VMGC25. Nevertheless, substantial unexplored 
diversity remains, particularly in non-Western populations.

While environmental factors predominantly shape microbi-
ome composition, host genetic effect is increasingly recognized, 
albeit largely with gut microbiome31–34. Existing vaginal microbiome 
genome-wide association studies (GWAS)35,36, which relied on 16S 
rRNA sequencing and genotyping arrays, lack the comprehensive 
resolution of shotgun metagenomics and whole-genome sequenc-
ing (WGS). Higher-resolution metagenome-GWAS (M-GWAS) are 
therefore critical to uncover more nuanced genetic associations. 
Notably, the high host DNA content (>90%) in vaginal metagenomic 
data offers an unparalleled opportunity to simultaneously extract 
host whole-genome variants and high-resolution microbial profiles 
from a single assay.

Here we present the Peacock cohort, a large non-Western data-
set of 10,665 metagenomes from Chinese individuals. By integrat-
ing these with global public metagenomes, genomes and in-house 
isolates, we constructed the Global Vaginal Metagenome-Assembled 
Genomes (GVMG) catalog. This repository captures 890 prokary-
otic species (36,059 genomes), 11 fungal species (43 genomes) and 
6,577 species-level viral operational taxonomic units (vOTUs; 28,953 
genomes). Leveraging the GVMG, we characterized the taxonomic 
and functional landscape of the vaginal microbiome at the genomic 
level, delineated high-resolution population genetics and identified 
complex host–microbiome interactions using M-GWAS. This catalog 
provides a valuable foundation poised to accelerate global vaginal 
microbiome research and to deepen our understanding of host–
microbe co-evolution.

Results
Extensive Chinese population dataset integrating 
microbiome, phenotypic and genomic information
To systematically characterize the vaginal microbiome across diverse 
Chinese populations, we initiated the Peacock Project and obtained 
10,665 qualified cervicovaginal swabs through a standardized mul-
ticenter protocol (Fig. 1). The cohort encompassed three urban 
populations—gynecological clinic attendees from Beijing (BJ-GC; 
n = 2,878; mean age = 42.4 ± 12.0 years), routine health examinees 
from Shenzhen (SZ-4D; n = 833; mean age = 31.9 ± 4.9 years) and par-
ticipants from organized cancer screening programs in Suzhou, span-
ning two periods, that is, 2018–2019 (SU-CCS2018/2019; n = 3,355; 
mean age = 48.3 ± 7.5 years) and 2021 (SU-CCS2021; n = 3,527; mean 
age = 50.8 ± 7.7 years; mean ± s.d.; Fig. 1a, Extended Data Fig. 1a and 
Supplementary Tables 1 and 2). Additionally, 72 samples were col-
lected from other regions. Sequencing depth varied across centers—
SU-CCS2018/2019 (190.1 ± 99.6 million reads), SU-CCS2021 (322.0 ± 51.1 
million reads), SZ-4D (161.2 ± 35.2 million reads) and most BJ-GC sam-
ples (n = 2,372; 184.9 ± 59.9 million reads); thus, 506 BJ-GC samples 
were sequenced at higher depth (578.4 ± 105.5 million reads; Fig. 1a). 
In total, 2.5 T raw paired-end sequencing reads were generated (100 of 
150 bp; Supplementary Table 2). Owing to >90% host DNA in vaginal 
metagenomes, host coverage reached 8.4 ± 5.7×, varying by sequenc-
ing depth (Supplementary Table 2). Extensive phenotypic data were 
collected, covering healthy individuals and those with conditions such 
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except for 9 uSGBs that could be grouped into 9 new genera and 1 new 
family (Supplementary Table 7). The uSGBs were widely distributed, 
comprising 8–13% SGBs in the dominant phyla (Bacillota A, Actino-
mycetota and Bacteroidota), reaching peak prevalence (48–57%) in 
Campylobacterota, Patescibacteria and Spirochaetota (Fig. 2e). In 
Campylobacterota, all uSGBs belonged to Campylobacter, associated 
with campylobacteriosis37. In Spirochaetota, most uSGBs belong to 

Treponema genus, including pathogens like T. pallidum38 (Fig. 2e). 
Furthermore, GVMG contained 344 additional SGBs absent from 
VMGC (Fig. 2f).

Phylogenetic analysis of Bifidobacterium genus revealed two clus-
ters (Fig. 2g)—one containing typical gut-associated species (Bifidobac-
terium breve, Bifidobacterium longum and Bifidobacterium bifidum)39–42 
and another reclassified from Gardnerella39,40. While Gardnerella 
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Fig. 1 | Schematic overview of the study design. a, The Peacock dataset featuring 
metagenomic sequencing of vaginal samples from 10,665 Chinese individuals 
from three different cities. Samples from women in Suzhou were categorized 
based on the year of collection, designated as the SU-CCS2018/2019 collection 
and the SU-CCS2021 collection. Additionally, collections from BJ-GC and SZ-4D 
were included. The distribution of raw sequencing reads and microbiome reads 
across the four collections of the Peacock cohort is visualized using density 
plots, with the area under each curve normalized to 1 and the y axis representing 
probability density, while a pie chart illustrates the distribution of sample 
numbers across these collections. b, The GVMG catalog, integrating 10,665 
in-house Chinese metagenomes with 2,967 publicly available metagenomes, 
4,628 MAGs and 1,433 bacterial isolates, generating a collection of 65,055 

genomes from prokaryotes, eukaryotes and viruses. Leveraging established 
databases, gene functions within these genomes were annotated, establishing 
a detailed functional repertoire that enables precise mapping of genomic 
pathways for biochemical synthesis and their linkage to specific microbial hosts. 
c, Identification of population-specific signatures in species, intraspecies and 
functional diversity, comparing different populations. d, Exploration of the 
links between host genetic variants and the vaginal microbiome using M-GWAS, 
incorporating a discovery cohort and two validation cohorts. All statistically 
significant P values for microbial taxa, rather than only the most significant P 
value per taxon, are displayed. Data underlying the plots are provided. M, million; 
CAZymes, carbohydrate-active enzymes; E. coagulans, Ezakiella coagulans.
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Fig. 2 | Prokaryotic genomes derived from global female vaginal metagenomes 
form the prokaryotic component of the GVMG catalog. a, Distribution of 
prokaryotic genomes quality in the GVMG catalog (including China, France and 
the USA) compared to the VMGC catalog. The number above each bar shows 
the total number of genomes counts and the percentage in brackets shows the 
proportion of high-quality and near-complete genomes in total. b, Detailed 
taxonomic composition of 890 total prokaryotic SGBs and uSGBs showing  
the number of taxa at various levels. Left: the quantity of bacteria before the  
dash, and the quantity of archaea after the dash. Right: the quantity of uSGBs.  
c, A phylogenetic tree constructed using 889 bacterial representative genomes, 
each from a distinct SGB. d, Number of MAGs within each SGB, highlighting the 

58 SGBs with over 100 genomes. e, Distribution of kSGBs and uSGBs across  
phyla, with percentages to the right of each bar representing the proportion of 
uSGBs within the corresponding taxa. f, Comparative analysis of prokaryotic 
species overlaps between the GVMG catalog and VMGC catalog. Species  
from the two catalogs with ANI >95% are considered to be the same species.  
g, The Bifidobacterium genus is phylogenetically divided into two clusters.  
The lower cluster, originally classified under the Gardnerella genus, was recently 
reclassified into Bifidobacterium and designated as B. vaginale genomospecies. 
This cluster contains 23 SGBs, of which 6 uSGBs are highlighted in blue. Data 
underlying the plots are provided.
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vaginalis was long considered the sole Gardnerella species39,40, our 
findings revealed 23 SGBs (17 kSGBs and 6 uSGBs) in this second cluster, 
including 8 subtypes of Bifidobacterium vaginale, Bifidobacterium 
piotii, Bifidobacterium swidsinskii and Bifidobacterium spp., reflect-
ing known genetic heterogeneity among Gardnerella members40–42. 
We unified this cluster as B. vaginale genomospecies (Fig. 2g and 
Extended Data Fig. 7) and demonstrated their association with BV 
(Supplementary Note).

At the species level, 58 SGBs contained >100 genomes (Fig. 2d and 
Supplementary Table 7). Lactobacillus iners and Lactobacillus crispatus 
were the two with the highest number of genomes, constituting 14.2% 
and 8.1% prokaryotic genomes, respectively. Several reproductive tract 
diseases-associated species43 were also prevalent, including seven  
B. vaginale genomospecies (for example, B. vaginale, B. swidsinskii and 
B. piotii), Fannyhessea vaginae, Megasphaera C lornae, Prevotella spp. 
(for example, Prevotella amnii, Prevotella timonensis and Prevotella 
bivia), BVAB1 (Lachnospiraceae-UBA629 sp005465875 (ref. 44)) and 
BVAB3 (Mageeibacillus indolicus45), and less-characterized species 
like Fastidiosipilaceae-KA00274 sp902373515 (905 MAGs) and Egg-
erthellaceae–Berryella sp001552935 (857 MAGs). Taxonomic abun-
dance profiles identified 12 vaginal community state types (CSTs46; 
Extended Data Fig. 8), among which 5 were predominantly character-
ized by distinct B. vaginale genomospecies (B. vaginale, B. swidsinskii, 
B. piotii, B. vaginale with co-occurring B. swidsinskii, and B. vaginale E 
with co-occurring B. vaginale). This refined classification contrasts 
with prior studies that did not differentiate B. vaginale into distinct 
genomospecies7,47. Notably, the BVAB1-dominated CST exhibited the 
highest Shannon diversity. Its prevalence was markedly lower in the Chi-
nese cohorts (0.46%) compared to the USA cohort (12.38%; P < 0.001; 
Extended Data Fig. 8), suggesting potential geographic influences that 
warrant further investigation.

Taxonomic landscape of vaginal virus species
In investigating the vaginal virome, we classified 28,953 viral sequences 
into 6,577 vOTUs (Supplementary Table 8; Methods). Our catalog con-
tained 2.04 times more genomes than VMGC25. However, 66.0% vOTUs 
comprised a single genome, mirroring the VMGC and suggesting that, 
although multigenome vOTUs were nearing saturation, the overall 
accumulation curve has not yet plateaued (Extended Data Fig. 5c). 
Cross-referencing with VMGC25 and five large-scale nonvaginal virome 
databases, including NCBI RefSeq, human gut (GVD, GPD, MGV)48–50 
and oral (OVD) database51, 56.5% GVMG vOTUs were unique, mark-
edly expanding known viral diversity (Fig. 3a). While the composite 
nonvaginal database contained 29.0 times more vOTUs, only 16.2% 
overlapped with the GVMG. Furthermore, our GVMG captured 52.0% 
VMGC vOTUs, while the remainder were excluded due to stringent qual-
ity filters and the inclusion of only 66.3% VMGC samples, highlighting 
considerable interindividual viral heterogeneity50. Taxonomic annota-
tion identified 195 vOTUs across 20 prokaryotic viral families and 87 
vOTUs across 11 eukaryotic viral families (Supplementary Table 8). 
Notably, 79.0% vOTUs lacked family-level annotations, highlighting 
gaps in current vaginal virome taxonomy (Fig. 3b). Among these, 12.6% 
were annotated to Aliceevansviridae, followed by Microviridae (2.2%) 

and Papillomaviridae (1.0%; Fig. 3b,c). Of the 87 eukaryotic vOTUs, we 
focused on 64 clinically relevant Papillomaviridae (HPV) vOTUs (Fig. 3d 
and Supplementary Table 9). Using the major structural L1 open reading 
frame52, these comprised 58 known HPV types, 4 unclassified types and 
2 potentially new HPV homologs. Among the four most prevalent types, 
HPV52 exhibited the strongest population stratification in genomic 
evolution (Fig. 3e).

Viral-prokaryotic co-occurrence networks confirmed that 
most viruses correlated with their predicted bacterial hosts (Fig. 3f, 
Extended Data Fig. 5d and Supplementary Note). The three most abun-
dant vOTUs aligned with dominant prokaryotes—vOTU0198 and 
vOTU0488 correlated positively with L. iners, while vOTU0627 cor-
related with L. crispatus (Fig. 3f and Supplementary Fig. 3). Assessing 
associations between viral profiles and phenotypes (HPV infection, BV 
and menopause) in the SU-CCS cohort revealed that vOTUs negatively 
correlated with these phenotypes were predominantly predicted to 
infect Lactobacillus (menopause = 73.8%, HPV = 75.0%, BV = 100%). 
Specifically, vOTU0627, vOTU0193 and vOTU0512 consistently ranked 
as the top vOTUs targeting Lactobacillus species across all three pheno-
types, exhibiting the strongest correlations with L. crispatus in healthy 
reproductive-age women. HPV infection correlated positively with 27 
HPV vOTUs, particularly HPV52, HPV58 and HPV16. Notably, HPV52 
was also significantly correlated with menopause (Padj < 0.05, Fig. 3g 
and Supplementary Table 10). Here vOTU0023 (phage targeting Meta-
mycoplasma hominis) was strongly positively correlated with all three 
phenotypes (Padj < 10−11, coefficient = 0.20–0.34). A consistent pattern 
emerged—disease-associated phages avoided Lactobacillus but selec-
tively targeted pathobionts dominating in specific states. For instance, 
BV-associated phages preferentially targeted B. vaginale genomospe-
cies (33.3%) and Dialister species (20.0%), menopause-associated 
phages predominantly targeted Prevotella (50%) and HPV-associated 
phages targeted Prevotella (26.3%) and B. vaginale genomospecies 
(15.8%). These findings suggest that phages may adapt to the altered 
microbial environment in different pathological conditions.

Functional repertoire of the female vaginal microbiome
To elucidate functional potential, we annotated genes in prokaryotic 
and viral genomes. Among 312,189 viral genes, 41.2% were assigned to 
Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs, primar-
ily involving genetic information processing (44.1%), environmental 
information processing (25.0%) and viral auxiliary metabolic genes 
(14.3%) linked to peptidases and inhibitors, nucleotide and peptidogly-
can metabolism (Extended Data Fig. 9a,b). For prokaryotes, 59.4% 
protein-coding genes mapped to the KEGG database53, and 2.15% to 
the carbohydrate-active enzymes database54. Smaller subsets encoded 
virulence factors (0.79%), antibiotic resistance (0.11%) and antimicro-
bial peptides (0.05%), demonstrating functional diversity.

To delineate the functional landscape of BV, we analyzed key 
enzymatic activities (for example, sialidases and cytolysin), along 
with metabolic pathways involved in biogenic amines and short-chain 
fatty acids (for example, lactate, succinate and butyrate metabolism; 
Fig. 4a) categorized using VMGC25 as a reference. L. crispatus was char-
acterized by high prevalence of lactate production genes but minimal 

Fig. 3 | Features of viral communities in the GVMG. a, Overlap of the viral 
species among GVMG, VMGC and integrated data from five large-scale 
nonvaginal virome databases. b, Distribution of host phyla for 6,577 vOTUs. The 
bar plot shows the distribution of host phyla for different viral families, with 
the eukaryotic viral families colored red. c, Tree illustrating the phylogenetic 
relationships among 6,577 vOTUs. d, Number of genomes for different HPV types 
among 64 vOTUs annotated as Papillomaviridae. e, Phylogenetic trees of the top 
four HPV types in the GVMG, revealing distinct population stratification. f, Co-
occurrence heatmap constructed to evaluate correlations between prokaryotic 
SGBs and vOTUs in the SU-CCS2021 (Peacock, n = 3,527 samples) cohort with 
SparCC, with 1,000 iterations of permutation testing. Row labels indicate the 

genus of each SGB, while column labels and text denote the predicted host for 
each vOTU. Each cell color indicates the magnitude and direction of the SparCC 
correlation. Asterisks indicate a significant correlation with two-sided FDR 
Padj < 0.05 (BH-adjusted method). g, Volcano plots illustrating the relationships 
between viral profiles and phenotypes (including clinically diagnosed HPV 
infection (cases, n = 861; controls, n = 4,579), menopause (cases, n = 2,053; 
controls, n = 3,055) and BV (cases, n = 360; controls, n = 5,031)) within the SU-CCS 
cohort, analyzed using the Generalized Linear Model method. The dots above 
the red dashed lines indicate significant vOTUs with two-sided BH Padj < 0.05, 
the color of the dots and corresponding vOTU IDs matching the predicted host 
genera in f. Data underlying the plots are provided. BH, Benjamini–Hochberg.
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sialidase and cytolysin genes; these enzymes disrupt the vaginal epithe-
lium, with sialidase degrading mucin glycosylation chains to facilitate 
cytolysin-mediated host cell lysis and resources mobilization55. These 
findings suggest that L. crispatus does not compromise the protective 
mucus barrier. Conversely, 96.1% L. iners genomes harbored cytolysin 
genes, consistent with its higher expression in diverse communities 
at low-to-moderate abundances56. Notably, B. vaginale genomospe-
cies and Prevotella species exhibited generally higher prevalence in 
genes encoding sialidases and cytolysins, with substantial inter-SGB 
variation (Fig. 4b). Over 90% genomes in B. vaginale H and Prevotella 
species (P. bivia, Prevotella sp946999045 and Prevotella sp946998205) 
harbored genes encoded with both enzymes. In contrast, B. swidsin-
skii, B. vaginale A, B. vaginale D, Bifidobacterium sp947292085 and 
Prevotella sp946998295 predominantly exhibited high prevalence 
of cytolysin genes (>90%) but minimal sialidase (<1%), whereas spe-
cies like Prevotella sp001553265, P. amnii, B. vaginale B, B. breve and 
B. bifidum were contained high prevalence of sialidase genes. Similar 
patterns were observed in Mobiluncus curtisii, Gemella asaccharo-
lytica, Streptococcus agalactiae, Winkia anitrata and Porphyromonas 
gingivalis (Fig. 4b), indicating complex interspecies interactions in 
sialidase-mediated and cytolysin-mediated vaginal pathology. We also 
evaluated BV-associated biogenic amine metabolism and antibiotic 
resistance (Supplementary Note).

Exploring prokaryotic biosynthetic gene clusters (BGCs), 
we annotated 2,211 nonredundant gene cluster families (GCFs; 
Extended Data Fig. 9c and Supplementary Table 11). After Escherichia 
coli, Prevotella species (P. timonensis, Prevotella sp946998205 and 
P. amnii) exhibited the highest GCFs counts and were particularly 
enriched for genes encoding enzymes with the potential to synthesize 
arylpolyene and resorcinol (Extended Data Fig. 9d,e). Next, evaluating 
intraspecies BGC variation between the Chinese and American popu-
lations (Fig. 4c), BVAB1 exhibited the most pronounced population 
divergence. Specifically, BGCs were significantly elevated in the Ameri-
can cohort—LAP (BGC0031/0281/0134), RiPP-like (BGC0122/0034) 
and ranthipeptide (BGC0381) (Wilcoxon rank-sum test, Padj < 0.05). 
Integrating BGCs with KEGG ortholog annotations identified the fol-
lowing four key pathogenicity-related functional modules in BVAB1: 
(1) a toxin production—erythrogenic toxin A gene arginine decar-
boxylase (speA; K01585 from BGC003) related to scarlet fever rash57, 
membrane-damaging toxin TlyC (K03699 from BGC0031) and the 
sagBCD protoxin formation gene cluster (BGC0031/0134/0281)58,59; (2) 
antibacterial defense mechanisms featuring enterocin A immunity and 
class II bacteriocin production (BGC0034/0122); (3) adhesion enhance-
ment—alcohol dehydrogenase encoded by aldehyde-alcohol dehydro-
genase (adhE; K04072 from BGC0031) mediating flagella expression60, 
the ScfAB membrane protein complex (BGC0031)61; and (4) stress 
adaptation—the DinJ–yafQ toxin-antitoxin module (K07473 from 
BGC0031 (ref. 62) and Supplementary Table 11). These findings high-
light population-specific variations in BVAB1’s pathogenic potential.

Intraspecies phylogenetic analysis highlights population 
genetic diversification
Using patristic distances inferred from the core-gene phylogenetic 
trees within each SGB, we analyzed the influence of geography on 
species phylogeny. Among 75 SGBs containing over 50 genomes, 62 
exhibited significant geographic genetic variation (PERMANOVA, 
Padj < 0.05). Geography exerted the strongest explanatory power on 
non-Lactobacillus species, primarily Arcanobacterium A sp000758825, 
B. vaginale D, Fannyhessea massiliensis, BVAB1, B. breve and BVAB3. 
Among six Lactobacillus species, geographic factors most strongly 
influenced Lactobacillus jensenii and Lactobacillus mulieris, followed 
by L. iners, while L. crispatus was least affected, indicating substantial 
genomic conservation in L. crispatus compared to the other Lacto-
bacillus species (Fig. 5a–d and Supplementary Table 12). Notably, 
genomes from the same region clustered together regardless of their 

study cohort or sequencing platform, confirming that true geographic 
divergence supersedes technical batch effects at the intraspecies level 
(Fig. 5b–d and Supplementary Fig. 5).

Pronounced single-nucleotide polymorphism (SNP) disparities 
further highlighted this population divergence. In BVAB1, we identified 
39,052 population-differential SNPs from 1,066 genes between Chinese 
and USA populations (Fig. 5e and Supplementary Table 13; chi-squared 
test). Notably, 694 of these genes (harboring 1–350 SNPs each) car-
ried specific functional annotations. Abundantly mutated genes in 
prokaryotes were heavily enriched in key metabolic pathways, includ-
ing DNA replication genes such as DNA polymerase III subunit α (dnaE), 
DNA polymerase III PolC-type (polC) and DNA polymerase I (polA)63; 
DNA damage response and repair genes including UvrABC system 
protein A (uvrA)64, DNA mismatch repair protein MutL (mutL)65, DNA 
repair protein RadA (radA)66 and transcription-repair-coupling factor 
(mfd)67; glycogen metabolism genes including glycogen debranching 
enzyme (glgX)68 and PTS system fructose-specific EIIABC component 
(fruA); tRNA ligase genes valine–tRNA ligase (valS) and alanine–tRNA 
ligase (alaS_2); and the protease gene ATP-dependent Clp protease 
proteolytic subunit (clpP)69 in prokaryotic cells. Significant variations 
(Bonferroni-corrected P ≤ 0.05/(number of SNPs tested)) also emerged 
in antibiotic resistance genes, including penicillin-binding protein 1A 
(mrcA) and penicillin-binding protein 4 (pbpD) associated with peni-
cillin resistance70, mupirocin-resistant isoleucine–tRNA ligase MupB 
(mupB)71 and DNA-directed RNA polymerase subunit β that confers 
rifampin resistance (rpoB)72. Variation was further detected in key 
regulatory or virulence-associated genes, including speA associated 
with erythrogenic toxin A, adhE expressing acetate-stimulated fla-
gella, flagellar hook-associated protein 2 (fliD) associated with mucin 
adhesion73 and serine/threonine-protein kinase PrkC (prkC) regulating 
spore germination and biofilm formation74,75. Similarly, L. iners and  
L. crispatus also exhibited significant population-specific differences 
(Supplementary Note). Together, these findings indicate profound 
variability in geographic strain, underscoring the GVMG as a robust 
resource for high-resolution intraspecies exploration.

Host genetics strongly associated with vaginal bacteria
We assessed host genetic influence on the vaginal microbiome 
through M-GWAS in a discovery cohort (SU-CCS2021, n = 3,137; 
average = 32.3 Gb) and two validation cohorts (SU-CCS2018/2019, 
n = 3,227, 18.2 Gb; BJ-GC, n = 506, 86.7 Gb; Extended Data Fig. 10). The 
high reliability of metagenome-derived host genotypes was evalu-
ated (Supplementary Note). We tested 5.46 million human genetic 
variants (minor allele frequency ≥ 5%) against 54 vaginal microbial 
species meeting prevalence >10% and mean relative abundance >1 × 10−4 
(Supplementary Table 14). We identified 18 independent loci (linkage 
disequilibrium of r2 < 0.1 within 1 Mb) showing genome-wide signifi-
cance (P < 5 × 10−8; Fig. 6a and Supplementary Table 15). Seven genomic 
loci reached the study-wide significance (P < 9.26 × 10−10 after adjusting 
for 54 M-GWAS tests) in the discovery cohort and were robustly repli-
cated in at least one validation cohort with consistent effect direction 
(P < 0.0028 after correcting for 18 lead loci).

The strongest and replicated association was between OPRK1 and 
Ureaplasma urealyticum (chr8: 53,244,232, β = 1.24, P = 1.50 × 10−55; 
Fig. 6b and Supplementary Fig. 10). The lead variant is associated 
with OPRK1 expression levels in the brain cerebellum and cerebellar 
hemisphere (Supplementary Table 16), aligning with prior evidence 
implicating OPRK1 in stress responses modulation, stress-induced 
craving and relapse susceptibility in cocaine dependence76. The vari-
ant has also been associated with elevated IgE levels in asthmatic indi-
viduals77 (Supplementary Table 17), increased cervical cancer risk 
(β = 0.16, P = 0.01) in the BioBank Japan Project cohort and positive 
association with blood lymphocyte, monocyte and progesterone lev-
els in the Chinese 4D-SZ cohort31,34. Summary-data-based Mendelian 
randomization (SMR) analysis further indicated epigenetic regulation 
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Fig. 4 | Functional characteristics of 889 bacterial SGBs in the GVMG.  
a, Distribution of various BV functional modules and antibiotic resistance 
modules across SGBs from vaginal samples. The heatmap represents the 
prevalence, expressed as the percentage of MAGs containing the genes of the 
corresponding modules, for each SGB with a minimum of 30 genomes. b, Gene 
prevalence of SGBs encoding sialidases and cytolysins. We collected all high-
quality and near-complete MAGs associated with a given SGB. The prevalence 
of these MAGs harboring only genes encoding either sialidase or cytolysin, 
both or none were calculated, labeled by color. c, Association of bacterial 
GCFs with the host origin. Bar plot illustrating the disparity in GCF prevalence 

across countries (BH Padj < 1 × 10−10, two-sided Pearson’s chi-squared test; USA, 
n = 1,769 individuals; China, n = 10,385 individuals), while the box plot depicts 
the differences in GCF relative abundance between countries (BH Padj < 1 × 10−10, 
two-sided Wilcoxon rank-sum test; USA, n = 1,769; China, n = 10,385). Relative 
abundance values are log10-transformed after an increment of 1 × 10−10. GCFs from 
UBA629 sp005465875 (BVAB1) with notable toxicological features highlighted 
in red. The box plots show the median (gray line) and the IQR (yellow box), and 
whiskers extend to the values no larger than 1.5× the IQR (upper whisker) or 
smaller than 1.5× the IQR (lower whisker). Outliers are omitted. Data underlying 
the plots are provided.
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of OPRK1 (Supplementary Table 18). These findings corroborate the 
established role of U. urealyticum in urogenital infections78–81 and 
cervical carcinogenesis82–84.

The second strongest and replicated association was between 
ADAP1 and L. mulieris (chr7: 912,256, β = −0.95, P = 7.63 × 10−26; Fig. 6b 
and Supplementary Fig. 10). This SNP modulated ADAP1 expres-
sion in multiple tissues and represented a strong expression-based 
SMR association with L. mulieris (Supplementary Tables 16 and 18). 
Additionally, this significant SNP was associated with neutrophil and 
lymphocyte counts in the GWAS Catalog (Supplementary Table 17) 

and vitamin E and mercury levels in 4D-SZ cohort31,34. Notably, ADAP1 
has previously been implicated in Alzheimer’s disease pathogen-
esis, cancer progression and human immunodeficiency virus 
(HIV) reactivation85.

The third strongest and replicated signal was for the SNP 
chr1: 12,806,515 near PRAMEF1, associated with B. piotii (β = 1.05, 
P = 1.05 × 10−16; Fig. 6b and Supplementary Fig. 10). The SNP is associ-
ated with PRAMEF11 and LINC01784 expression levels in testis, cor-
relates with BMI (GWAS Catalog) and with oestrone, serum uric acid 
and red blood cell counts (4D-SZ, P < 0.05). PRAMEF11 methylation 

e
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Fig. 5 | Intraspecies genetic diversity across different geographic populations. 
a, Variance explained by geography (r2) in genetic diversity across 60 SGBs (>50 
genomes), exhibiting significant differences (PERMANOVA test with 1,000 
iterations of permutation testing, BH Padj < 0.05), based on patristic distances 
derived from each SGB’s core-gene phylogenetic tree. The number of genomes 
within each SGB is indicated in parentheses. b,c, Approximately maximum-
likelihood phylogenetic trees for BVAB1 (b) and L. iners (c) demonstrating clear 
geographic genetic differentiation among populations, including Chinese, 

American and French individuals and isolate genomes of undefined origin from 
public repositories. Intraspecies-level differences caused by study cohorts or 
sequencing platforms are not included. d, NMDS analyses of genetic distances 
within eight representative SGBs revealing pronounced genetic divergence 
across populations. e, Top 45 genes ranked by the number of population-specific 
significant SNPs (Bonferroni-corrected P ≤ 0.05/(number of SNPs tested)) within 
BVAB1, revealing genes with the greatest differentiation across populations. Data 
underlying the plots are provided. NMDS, nonmetric multidimensional scaling.
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was also associated with B. piotii, suggesting a potential epigenetic 
regulatory mechanism.

In addition to the three well-replicated associations in both vali-
dation cohorts, four additional associations were confirmed in either 
of them (Fig. 6b). The fourth significant SNP chr3: 103,624,312 near 
MIR548AB exhibited an association with Ezakiella coagulans (β = 0.67, 
P = 6.42 × 10−14). The fifth significant SNP chr2: 48,843,266, in the inter-
genic region of STON1–GTF2A1L, LHCGR and FSHR, was associated 
with Prevotella sp000758925 (β = −0.67, P = 5.74 × 10−11). SMR analysis 
confirmed the association between LHCGR methylation and Prevotella 
sp000758925 (Supplementary Table 18). LHCGR is critical for ovulation 
and corpus luteum maintenance86. It is also expressed in various tissues 
of the reproductive tract such as endometrial cells87,88. The sixth signifi-
cant SNP chr19: 28,732,092 near MAN1A2P1 and UQCRFS1 was linked to 
B. swidsinskii (β = −0.34, P = 9.14 × 10−11). This SNP demonstrated a meth-
ylation QTL effect on UQCRFS1, a gene implicated in breast and ovarian 
cancer pathogenesis89,90. The seventh significant SNP chr4: 53,916,830 
in the intergenic region of RPL21P44, CHIC2 and PDGFRA was associ-
ated with the expression of these genes. This SNP was associated with  
Lactobacillus (u861). These findings reinforce host genetic contribu-
tions to vaginal microbial composition and call for further experi-
mental research to delineate the underlying molecular interactions.

Discussion
As the largest metagenomic shotgun sequencing study of the female 
vaginal microbiome to date, we constructed a comprehensive catalog 
comprising 65,055 microbial genomes, including 890 prokaryotic 
SGBs, 6,577 vOTUs and 11 fungal species. Notably, 13.0% prokaryotic 
species and 79.0% vOTUs were absent from public repositories. While 
pioneering resources like VIRGO26 and VMGC25 established founda-
tional genomic sources, the largest gene repository and multikingdom 
genome collection, they were also constrained by demographic and 
geographical biases. Specifically, these studies predominantly focused 
on Western populations and pregnant women (54.8% of 3,107 public 
samples), which critically lack healthy individuals (<25%), menopausal 
cohorts and disease spectra. To address these gaps, our GVMG catalog 
integrated public data and more than 10,000 newly sequenced Chinese 
vaginal samples, totaling 13,632 metagenomic samples. Achieving a 
threefold increase in sample size and a 1.9-fold increase in genome 
count compared to the VMGC, our catalog provided broad lifecycle cov-
erage (3,890 menopausal women aged 50–85 years), expanded disease 
spectrum coverage combining hospital-based and population-based 
cohorts, and deepened geographical representation for Asian popu-
lations. Ultimately, the GVMG fills a critical gap for Asian populations 
and provides a foundational platform for global vaginal microbiome 
research and microbe–host interaction studies.

Expanding upon recent systematic profiles of the broader vagi-
nal virome (as VMGC25), our GVMG catalog reveals fundamental 
ecological patterns in vaginal phage–bacteria interactions. We then 
observed phenotype-specific targeting—in healthy reproductive-age 
women, Lactobacillus species and their corresponding phages were 
co-enriched, whereas under clinical conditions (HPV infection, BV and 
menopausal status), phages preferentially target non-Lactobacillus 
bacterial groups. Comparative analysis further suggests that phages 
infecting B. vaginale genomospecies may possess broader host ranges 
than those targeting Lactobacillus, potentially enhancing B. vaginale’s 
ecological adaptability. These findings collectively indicate that vaginal 

phages have important but phenotypic context-dependent roles in 
shaping microbial communities, although further research is needed 
to fully elucidate these dynamics.

Microbial genomes within the same species can exhibit sub-
stantial variation due to the adaptation to diverse environments27,91. 
Although factors such as pregnancy, ethnicity and reproductive 
tract infections have been extensively studied in relation to the vagi-
nal microbiome43,55,92, most research has emphasized species-level 
abundance, with limited exploration of intraspecies-level or 
genomospecies-level variation27,93. The GVMG catalog addresses this 
gap by providing a comprehensive resource that captures both phy-
logenetic and functional diversities, enabling finer-scale resolution. 
For instance, population genetic analysis revealed that most vaginal 
species exhibit significant but variable degrees of geographic genetic 
divergence, highlighting ethnogeographic variation at the intraspecies 
level. L. iners showed greater geographic divergence than L. crispatus, 
supporting the hypothesis that L. iners diversified around the time of 
human migration out of Africa, whereas L. crispatus diverged after Euro-
pean settlement93–96. In contrast, B. vaginale likely diversified before 
human migration, resulting in pronounced divergence27,93,97,98, reflected 
in the 23 B. vaginale genomospecies identified in GVMG. From a viral 
perspective, phages infecting different B. vaginale genomospecies 
exhibit greater cross-genomospecies connectivity than those target-
ing Lactobacillus, suggesting enhanced adaptability and evolution in  
G. vaginalis. Notably, geographic divergence varies considerably 
among genomospecies, with the three most prevalent (B. vaginale, 
B. swidsinskii and B. piotii) showing the least impact. Functionally, 
BV-associated bacteria such as B. vaginale and Prevotella spp. fre-
quently carry genes encoding sialidase and cytolysin, which synergisti-
cally disrupt the epithelial barrier by degrading mucin and damaging 
epithelial cells55,99. The co-occurrence of multiple B. vaginale geno-
mospecies within the same niche aligns with ecotype theory93,100–102, 
suggesting that these closely related lineages may partition resources 
to coexist.

Another clinically notable bacterium is BVAB1, whose role in vagi-
nal dysbiosis and preterm birth risk is increasingly recognized3. Micro-
bial communities dominated by BVAB1 showed the highest Shannon 
diversity among the 12 CSTs. Interestingly, while this CST accounts 
for 12.4% samples in the VIRGO cohort, its prevalence was markedly 
lower (0.46%) in the Peacock cohort, likely explaining the rare reports 
of BVAB1 in studies of Chinese populations26,28,92,102,103. Additionally, 
BVAB1 from the American population exhibited significantly greater 
enrichment of virulence-related BGC functions compared to Chinese 
population, including toxin production, antimicrobial activity, adhe-
sion and stress resistance. Population-specific SNP differences were 
also observed in genes involved in antibiotic resistance, spore ger-
mination and mucin adhesion. These genetic signatures suggest that 
BVAB1’s pathogenic potential may differentially influence reproductive 
tract infection outcomes across ethnic populations. Together, GVMG 
provides a high-resolution vaginal microbiome resource that enables 
researchers to explore strain-level variation across large sample panels 
and specific clinical contexts, facilitating targeted investigation of 
biomedically relevant species and their functions in the human vagina.

Leveraging host sequences in vaginal metagenomes, we applied 
M-GWAS in a large-scale cohort to explore host genetic influences on 
the microbiome. U. urealyticum, L. mulieris and B. piotii exhibited robust 
associations with host genetic variations across all three independent 

Fig. 6 | Genome-wide associations of host genetics and the vaginal 
microbiome identified by M-GWAS. a, Manhattan plot showing P values 
from the primary discovery M-GWAS (SU-CCS2021, n = 3,137) and the three 
replicated signals in both validation cohorts (U-CCS2018/2019, n = 3,227; BJ-GC, 
n = 506). All statistically significant P values for microbial taxa are displayed. 
The y axis indicates −log10-transformed P values, while the x axis indicates the 
genomic positions of the host genetic variants. Study-wide (P < 9.26 × 10−10) and 

genome-wide (P < 5 × 10−8) significance thresholds are marked by black and blue 
horizontal lines, respectively. Variants associated with taxa that were replicated 
in the two validation cohorts are indicated by pink dots. b, Regional plots 
displaying M-GWAS results of the top seven well-replicated signals and bar plots 
based on the presence–absence status of taxa, along with their corresponding 
host genetic loci in the discovery cohort and two validation cohorts. Data 
underlying the plots are provided. LD, linkage disequilibrium.
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datasets. U. urealyticum, detected in 26% samples, exhibited a strong 
association with the OPRK1, an opioid receptor gene implicated in 
HIV outcomes104. L. mulieris, the fourth most abundant Lactobacillus 
species, associated with ADAP1, a gene involved in HIV-1 reactivation 
through T cell signaling85. B. piotii, an important B. vaginale genomo-
species present in 42.5% samples, also displayed significant genetic 
associations in our study. These findings underscore the role of host 
genetics in shaping the vaginal microbiome and are validated across 
multiple cohorts.

Additional biologically plausible associations included links 
between IL-5 and both P. timonensis and Prevotella colorans, con-
sistent with prior reports connecting IL-5 to Prevotella81. A FUT8 
variant previously associated with L. iners105 was associated with 
Prevotella sp946998205 in our study. Similarly, MBL2, previously 
linked to L. iners and B. vaginale81, was associated with Lawsonella 
sp018376445, F. vaginae, E. coli and Porphyromonas sp947254915. 
Although some species-level discrepancies emerged, likely reflecting 
population heterogeneity, the underlying biological pathways warrant 
further investigation.
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Methods
Vaginal metagenomic datasets
The Peacock Project in China comprises 10,665 cervicovaginal sam-
ples collected from different regions. These include samples from 
cancer screening programs in Suzhou (SU-CCS2018/2019, n = 3,355; 
SU-CCS2021, n = 3,527; with 414 overlapping individuals), gynecology 
clinic attendees at Peking Union Medical College Hospital (PUMCH) 
in Beijing (BJ-GC, 2018–2019, n = 2,878), health check-ups in Shenz-
hen (SZ-4D, 2018, n = 833) and other regions (n = 72). All the samples 
were collected from the cervicovaginal site using sterile swabs by 
gynecologists following protocols approved by the Institutional Review 
Board of PUMCH in Beijing (ZS-1683), the Institutional Review Board of 
Suzhou Municipal Hospital (IEC-C-008-A07-V1.0) and the Institutional 
Review Board of BGI (BGI-IRB 19027-T3), and with written informed 
consent from all participants. Upon collection, samples were promptly 
immersed in an N-octylpyridinium bromide-based stabilizer reagent 
(MGIEasy Collection Kit)106, transported to the laboratory at ambient 
conditions and preserved at −80 °C for long-term storage.

Additionally, 11 cervicovaginal samples from patients with cervical 
intraepithelial neoplasia grade 2/3 (CIN2/3) from BJ-GC were collected 
by gynecologists preserved in glycerol for cultivation. The samples 
were temporarily stored at −80 °C and then transported on dry ice to 
the laboratory for cultivation. Anaerobic cultivation was performed 
as previously described15 (Supplementary Note).

DNA extraction and metagenomic sequencing
DNA extraction of samples from the Peacock cohort was performed as 
previously described107 (Supplementary Note). Library construction 
and metagenomic shotgun sequencing were performed using the 
BGI-DIPSEQ platform with 100 bp or 150 bp paired-end reads108. The 
2.5 T raw sequencing reads were obtained for Peacock cohort.

For the 384 isolates, DNA extraction process was performed as 
described above, except that the addition of glass beads and the shak-
ing step were omitted. Sequencing libraries were constructed as above 
and sequenced on BGI-DIPSEQ platform to obtain 15,665,856,030 raw 
sequencing reads.

Genome assembly and binning
To construct the GVMG catalog, we included, in addition to the 
Chinese sample sequenced in this study, 2,967 metagenomes from 
11 different studies publicly available, spanning seven countries 
(Supplementary Table 1). The 13,204 metagenomes, including 10,237 
Peacock metagenomes and 2,967 publicly available metagenomes, 
were processed through a comprehensive pipeline that involved quality 
control, host removal, assembly and binning for each raw read. Briefly, 
sequences were subjected to quality control using fastp (v0.20.1; mini-
mum length of 51 bp). Reads originating from humans were removed 
using Bowtie 2 (v2.4.2) with the ‘--end-to-end --very-sensitive’ options. 
For Peacock metagenomes, filtering was performed sequentially based 
on the GRCh38 and CHM13v2.0 reference databases, while for pub-
licly available metagenomes, only the CHM13v2.0 reference database 
was used. As a result, approximately 84.5 Gb reads of high-quality 
nonhuman metagenomic data were obtained for further analysis 
(Supplementary Table 2). The clean reads were de novo assembled 
into contigs using different assemblers based on the read types—metaS-
PAdes (v3.14.0) with the parameters ‘-k 21,33,55,77 --memory 81’ for 
samples with paired-end reads, and MegaHIT (v1.2.9) with param-
eters ‘--presets meta-sensitive --min-contig-len 100’ for samples with 
single-end reads, resulting in 40.2 Gb contigs (Supplementary Table 2).

Assembled contigs were binned and dereplicated within each 
single sample using both multicoverage and single-coverage binning 
approaches to ensure maximum genome recovery. For multicover-
age binning, Mash was used to identify the 19 closest samples for 
read alignment using Burrow-Wheeler Aligner (BWA, v0.7.19), with 
results processed through MetaBAT2 (v2.15). Single-coverage binning 

was performed using three complementary methods—MetaBAT2, 
MaxBin2 (v2.2.7) and CONCOCT (v1.1.0). Finally, all generated MAGs 
were dereplicated at the strain level (99% average nucleotide identity 
(ANI)) using dRep (v3.4.9) to eliminate redundancy within each sam-
ple (Supplementary Note). As a result, we obtained a total of 39,816 
quality-controlled MAGs.

For isolates, sequences were subjected to quality control using 
fastp (v0.20.1; minimum length of 51 bp). The clean reads were assem-
bled using SPAdes (v3.15.2) with the parameters ‘-k 21,33,55,77 --memory 
81’ to form scaffolds.

Retrieval of publicly available prokaryotic MAGs and genomes
Given that the VMGC25 collected a comprehensive set of publicly avail-
able vaginal microbial genomes from the NCBI database, we aimed to 
ensure that our genome collection was even more comprehensive. 
Therefore, we included 4,628 MAGs derived from 1,477 metagenomes 
unique to the VMGC study, as well as the genomes of 972 isolates from 
the VMGC study. Because the VMGC database search was conducted up 
to April 2023, we further reviewed literature from April 2023 to August 
2024, acquiring genomes of additional 77 isolates.

Quality assessment of prokaryotic genomes
Through in-house assembly and publicly available sources, we obtained 
a total of 44,444 MAGs and 1,433 isolated genomes. The quality of 
prokaryotic genomes was assessed using CheckM2 (v1.0.1) with the 
database ‘uniref100.KO.1.dmnd’. Genomes with a completeness 
≥50%, contamination <5% and a quality score (calculated as com-
pleteness − 5 × contamination) ≥50 were retained for further analy-
ses. Subsequently, the genome chimerism of prokaryotic genomes 
was evaluated using GUNC (v1.06) with the ‘gunc_db_progenomes 
2.1.dmnd’ database. Genomes with a clade separation score ≥0.45 
were excluded from subsequent evaluation. Next, we decided to cat-
egorize the integrity of the obtained 36,059 prokaryotic genomes20. 
The metagenomic community has unfortunately presented two dif-
ferent definitions concerning near-complete and high-quality MAGs 
(Supplementary Table 5). We followed the generally accepted MIMAG 
standards109, and changed the classification of the VMGC accordingly. 
Thus, medium-quality MAGs were identified by ≥50% completeness 
and <5% contamination. Near-complete MAGs were distinguished by 
≥90% completeness and <5% contamination. High-quality MAGs were 
specified as near-complete MAGs that additionally included the 5S, 
16S and 23S rRNA genes, along with at least 18 types of transfer RNA. 
The rRNA genes within MAGs were identified using cmsearch in INFER-
NAL (v1.1.5), whereas tRNA genes were detected using tRNAscan-SE 
(v2.0.12) with the parameters -B. A total of 2,955 high-quality MAGs, 
20,368 near-complete MAGs and 11,478 medium-quality MAGs 
were obtained, amounting to 36,059 prokaryotic genomes in our 
comprehensive collection.

SGBs
To delineate SGBs, we clustered 36,059 prokaryotic genomes 
using the Galah (v0.4.0), with parameters --fragment-length 1500, 
--min-aligned-fraction 50, --ani 9, resulting in 890 SGBs. Among these, 
774 species were annotated, while 116 remained unannotated, as deter-
mined by GTDB-Tk (v2.4.0) using the GTDB release 220. The phyloge-
netic relationships among these genomes were elucidated using the 
‘infer’ module of GTDB-Tk and the resulting phylogenetic tree was 
visualized with the Interactive Tree of Life (iTOL) platform.

Functional analysis of prokaryotic genomes
The annotation of 36,059 prokaryotic genomes comprised virulence 
factors, antibiotic resistance genes, genes involved in carbohy-
drate metabolism (CAZy), KEGG metabolic pathways, antimicrobial 
peptides and secondary metabolite gene clusters (BGC). Initially, 
gene prediction was performed using Prodigal (v2.6.3, -p meta) to 
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obtain protein-coding sequences for each prokaryotic genome, 
yielding 53,679,109 protein-coding sequences, with an average of 
1,488 per MAG. The comprehensive functional annotation and pro-
filing were performed using a multidatabase annotation pipeline 
(Supplementary Note).

First, the protein-coding sequences were labeled as BGC. Second, 
BGC data were filtered using a mapping coverage threshold of 0.5 for 
all core biosynthetic genes. We compared the presence and abun-
dance based on reads per kilobase of transcript, per million mapped 
reads of GCFs between Chinese and USA samples using chi-squared 
and two-sided Wilcoxon rank-sum tests, respectively. Given the 
observed species specificity, BGCs corresponding to multiple SGBs 
were assigned to the taxon with the highest proportion of genomes 
harboring the cluster. The top 15 most significantly enriched BGCs 
per population (Padj < 1 × 10−10) were identified and visualized using bar 
plots. If fewer than 15 BGCs were available, all were displayed.

Fungal MAGs
We selected 39,816 in-house bins exceeding 3 Mb for the identifica-
tion of fungal MAGs. Subsequently, we used EukRep (v0.6.7) with the 
parameter ‘-min 2000’ to filter out noneukaryotic sequences from each 
bin25, resulting in the generation of 121 MAGs, each with a genomic size 
exceeding 3 Mb. To evaluate the genome quality of these MAGs, we used 
EukCC (v2.1.0) with the eukcc2_db_ver_1.1 database to filter genomes 
with a completeness ≥50% and contamination <10%. Next, we removed 
strain-level duplication (99% ANI) from MAGs originating from the 
same sample using dRep (v3.4.0) with the parameters -pa 0.9, -sa 0.99, 
-nc 0.3, and -S_algorithm fastANI, ultimately obtaining 13 eukaryotic 
MAGs. Taxonomic classification was conducted using BLAST (v2.11.0) 
with NCBI/bast_nt database, filtering for ≥90% identity. Seven MAGs 
were successfully annotated, while the remaining MAGs had overly 
complex annotations and were excluded from further analysis. Com-
bining these with the 11 eukaryotic MAGs and 25 isolated genomes 
from the VMGC25, a total of 43 eukaryotic genomes were included in the 
GVMG. Using the fastANI software (v1.34), pairwise ANI values between 
eukaryotic genomes were calculated. Based on these ANI values, the 
distances across genomes were determined. A phylogenetic tree was 
constructed using the upgma function from the R package phangorn, 
based on the maximum-likelihood method. The tree was then ladder-
ized using the ape package, and a phylogram-type phylogenetic tree 
was plotted.

Analysis of the genome for viral populations
Virus sequences from vaginal metagenomic data were processed 
following the previous studies25 (Supplementary Note). The viral 
genomes were then clustered into vOTUs based on a 95% nucleotide 
similarity threshold over at least 85% genome length. This clustering 
was performed using BLASTn (v2.12.0) with parameters ‘-evalue 1e-10 
-word_size 20 -num_alignments 999999’ and used a greedy incremental 
method similar to the CD-HIT tool25,110. Within each vOTU, the largest 
viral sequence was designated as the representative genome. To reveal 
the phylogenetic relationships among the viral genomes, a proteomic 
tree of the viruses using ViPTreeGen (v1.1.2) with default settings111 was 
generated. Next, we conducted virus-host predictions based on all 
prokaryotic genomes within the GVMG (Supplementary Note).

Papillomaviridae members were categorized according to tradi-
tional papillomavirus types by analyzing their L1 structural protein 
sequences. First, the protein-coding sequences labeled as L1 structural 
proteins were extracted from all Papillomaviridae members available 
in the NCBI database. Then, we selected putative L1 structural genes 
in our Papillomaviridae genomes that were ≥1,300 bp in length and 
share ≥40% nucleotide identity with known L1 structural genes. Finally, 
based on the degree of similarity in the L1 sequences, we categorized 
the Papillomaviridae members into known types (with >90% similar-
ity), new type (>70% similarity) and new species (>60% similarity)112.

GVMG construction and species abundance profiling
For species abundance profiling, we analyzed 13,632 metagenomic 
sequencing datasets, which included the previously mentioned 
13,204 metagenomes and additional 428 Chinese metagenomes from 
CNP0006125 (MRKH). The datasets underwent rigorous filtering and 
trimming, retaining reads with an average Phred quality score ≥20 
and a length ≥30, as processed by fastp (v0.19.4)113. Human-derived 
reads were excluded using Bowtie 2 (v2.3.5; ref. 114; aligned against the 
human reference genome GRCh38 and CHM13v2.0) with the param-
eters ‘--end-to-end --very-sensitive’, excluding the default settings.

To establish the microbial profile in GVMG catalog, we incorpo-
rated 35,915 prokaryotic genomes (spanning 746 SGBs, excluding 
medium-quality SGBs represented by a single MAG), 43 fungal genomes 
(spanning 11 fungal species) and the protozoan parasite genome of 
Trichomonas vaginalis (Supplementary Table 19). Given the substantial 
presence of host DNA in vaginal samples, the human reference genome 
(CHM13v2.0) was also integrated into the GVMG catalog to mitigate 
the impact of host reads. Then GVMG database without virus was per-
formed through the Phanta workflow115 (Supplementary Note). The 
sylph116 was used to estimate the relative abundance of viruses involved 
in 839 vOTUs having more than five MAGs (Supplementary Note).

The occurrence of specific SGBs or vOTUs was calculated as the 
relative abundance of at least 0.0001 across all samples in the Chinese 
and U.S. populations.

Phylogenetic analysis of B. vaginale genomospecies
To construct a phylogenetic tree, we used the ‘infer’ module of GTDB-Tk 
(v1.5.1) for all genomes from B. vaginale genomospecies. The trees were 
visualized and annotated using the iTOL online version.

BV-specific signatures in bacterial SGBs
Three independent subcohorts were used, derived from the clinically 
BV samples of a Chinese public project (CNP0003852; n = 48), SU-CCS 
(n = 279) and BJ-GC (n = 83), with the same sample size of age-matched 
and menopause-matched healthy controls from the public project 
(n = 48), SU-CCS (n = 279) and BJ-GC (n = 83). The signatures between 
samples from individuals with BV and healthy individuals for each 
subcohort were determined through Analysis of Composition of 
Microbiome117 for SGB profiling with a threshold ≥0.7. A co-occurrence 
matrix was calculated to evaluate correlations across bacterial SGBs 
in all of the above BV samples with Sparse Correlations for Compo-
sitional data (SparCC)118. The SGBs were filtered out based on—(1) 
prevalence (relative abundance at least 0.0001) <10%; (2) mean relative 
abundance <0.0001; and (3) the presence in <5 samples with relative 
abundance less than 0.0001. Significant correlations with adjusted 
P value (false discovery rate, FDR) <0.05 were visualized using the R 
package pheatmap.

Co-occurrence between SGBs and vOTUs in populations
To assess the correlation between SGBs and vOTUs in populations, we 
constructed a co-occurrence matrix using the SparCC method for two 
populations, SU-CCS2021 (Peacock) and the USA, obtaining empirical 
P values from 100 bootstraps. The SGBs and vOTUs were filtered out in 
the data of all samples from each population based on (1) prevalence 
(relative abundance at least 0.0001) <10%; (2) mean relative abundance 
<0.0001; and (3) the presence in <5 samples with relative abundance 
less than 0.0001. Significant correlations with adjusted P value (FDR) 
<0.05 were visualized using the R package pheatmap.

Association between vOTUs in population and phenotypes
The relationships between viral profiles and phenotypes (including 
clinically diagnosed HPV infection, BV and menopause) were analyzed 
using the Generalized Linear Model with the SU-CCS cohort. Significant 
vOTUs with adjusted P value (FDR) <0.05 were visualized using the R 
package ggplot2.
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Microbial community and diversity analysis
The vaginal microbial CSTs were clustered through the parti-
tioning around medoids algorithm, which was applied to the 
Bray–Curtis distance matrix derived from the relative taxonomic 
abundance profiles of all samples (using the pam function from R 
package cluster (v2.1.6))46,96. The optimal number of clusters was 
determined by calculating the average silhouette width (using the 
fviz_nbclust function from R package factoextra (v1.0.7)). A total 
of 13,632 metagenomic samples were first clustered into three 
clusters that were L. iners dominated, L. crispatus dominated and 
non-Lactobacillus dominated. Subsequently, the samples belonging to 
the non-Lactobacillus-dominated cluster were clustered into nine addi-
tional clusters. After this process, 12 CSTs were identified. The differ-
ence in proportion of CST between the Peacock cohort and the VIRGO 
cohort was determined using the ‘prop.test’ functions from the base  
R package.

The α diversity (richness and the Shannon–Wiener Index) was 
calculated based on the relative taxonomic abundance by vegan R pack-
age (v2.6-8). The difference in diversity between the Peacock cohort 
and the VIRGO cohort was evaluated using the ‘wilcox.test’ functions 
from the base R package.

Genome annotation and pangenome and core-genome analysis
Prokaryotic genome annotation was performed using Prokka 
(v1.14.6). The core genome and pangenome for each SGB (compris-
ing more than 50 genomes) were computed with Roary (v3.13.0) tak-
ing annotated assemblies in the GFF3 format produced by Prokka as 
input, with options ‘-i 90 -cd 80 -e -n -p 8 -z -g 10000000’ (minimum 
identity of protein-coding sequences as a positive match at 90%, being 
present at no less than 80% input conspecific genomes is defined as 
a core gene).

Population-specific signatures identification
To investigate the population-specific intraspecies phylogenetic 
characteristics of each SGB (comprising more than 50 genomes) in 
the GVMG at both strain and SNP levels, we first inferred approxi-
mately maximum-likelihood phylogenetic trees using FastTree 
(‘-nt -gtr’) based on multiFASTA alignments of core genes produced 
by Roary (-e). The pairwise genetic distances (patristic distances) 
across intraspecies genomes were estimated by their branch lengths 
in the phylogenetic tree using the cophenetic.phylo function in the 
ape R package. Then we performed PERMANOVA (adonis2) analysis 
in the ‘vegan’ R package using patristic distances, with adjustment 
for confounding factors (MAG quality score, age and clean reads 
count). The number of permutations in PERMANOVA was set to 999. 
The Q values and r2 were visualized using the pheatmap function in 
the R package. The intraspecies phylogenetic trees of investigated 
SGBs and population information were visualized and annotated 
by the iTOL online version. The nonmetric multidimensional scal-
ing plots were computed with the nmds function in the ecodist 
R package.

SNP calling was performed using SNP sites (v2.5.1) to extract SNPs 
from the multiFASTA alignment of core genes generated by Roary. SNP 
and population group association analysis was conducted by PLINK 
using the --assoc option, which performs a single-locus association 
test for each SNP based on a chi-squared statistic. The threshold for 
significance was calculated using a Bonferroni correction as P ≤ 0.05/
(total number of SNPs detected). SNPs with P values below this cor-
rected threshold were considered significant. To assign the significant 
SNPs to their corresponding genes and to identify their functional roles, 
we referenced the core_alignment_header.embl files generated by 
Roary. These files provided detailed information about the core genes, 
including their genomic coordinates and gene labels, enabling us to 
map the significant SNPs to their corresponding genes and retrieve 
their annotations from Prokka.

Extracting host WGS data from vaginal metagenomic samples
The raw sequencing reads for the discovery dataset (mean depth 
10.3×) and validation cohort 2 (mean depth 27.9×) were aligned to the 
GRCh38/hg38 reference using BWA and used GATK for variant call-
ing. GVCFs containing SNVs and INDELs from GATK HaplotypeCaller 
were combined (CombineGVCFs), genotyped (GenotypeGVCFs), 
recalibrated (VariantRecalibrator) and filtered (ApplyRecalibra-
tion). Variant Quality Score Recalibration was trained by the follow-
ing four standard SNP sets: (1) HapMap3.3 SNPs; (2) dbSNP build 
150 SNPs; (3) 1000 Genomes Project SNPs from Omni 2.5 chip and 
(4) 1000G phase1 high-confidence SNPs. Sensitivity thresholds of 
99.5% to SNPs and 95% to INDELs were applied for variant selection 
after optimizing transition-to-transversion ratios using the GATK 
ApplyRecalibration command. From 55,606,543 raw variants, we 
then demanded variants to meet the following criteria: (1) depth 
>3×; (2) Hardy–Weinberg equilibrium, P > 10−5; and (3) genotype call-
ing rate >98%. We also excluded related individuals by calculating 
pairwise identity by descent (Pi-hat threshold of 0.1875) in PLINK. 
Finally, the discovery dataset retained 3,137 individuals with 5,456,968 
common variants (minor allele frequency ≥ 5%) for M-GWAS analysis, 
while validation cohort 2 retained 506 individuals with 5,751,704  
common variants.

Due to its lower sequencing depth (mean 5.7×), validation cohort 
1 required prephasing and imputation. After identical initial call-
ing, 7,809,087 high-quality variants (<2% missing frequency, minor 
allele count >3 and Hardy–Weinberg equilibrium P > 10−5) were then 
phased and imputed using BEAGLE 5 (ref. 119), against a custom 1,992 
high-depth WGS datasets (mean depth 42×) as the reference panel31. 
After filtering for an imputation information score above 0.7 (retaining 
11.52 million variants), we excluded population stratification and kin-
ship (pairwise identity by descent Pi-hat > 0.1875) in PLINK. Ultimately, 
3,227 individuals with 6,026,457 high-quality common variants were 
used for M-GWAS analysis.

Microbiome association analysis
For the M-GWAS analysis, we selected 54 species meeting the follow-
ing criteria: the presence in more than 10% samples and a relative 
abundance of 0.001 or greater. Additionally, species exhibiting a cor-
relation coefficient greater than 0.99 were excluded from the analysis 
(Supplementary Table 14).

We examined the association between host genetic variants and 
the vaginal microbiome using linear or logistic models. The abun-
dance of species with an occurrence rate exceeding 90% in the cohort 
was log-transformed and then analyzed as linear model as quanti-
tative traits. Otherwise, we categorized bacteria into the presence/
absence (1/0) patterns as a dichotomous trait for logistic model 
(Supplementary Table 14). Subsequently, standard single-variant 
M-GWAS analysis was conducted by using PLINK (v1.9) with a linear or 
logistic regression analysis, adjusting age, sequencing read counts and 
the top ten host principal components as covariates.

Next, a meta-analysis was performed on association results 
of the three cohorts, using inverse-variance-weighted fixed-effect 
meta-analysis in METAL software (https://genome.sph.umich.edu/
wiki/METAL).

The gene of genetic variants was annotated using ANNOVAR tool120 
and required for eQTL signals by using the GTEx (v8) dataset. The asso-
ciation of significant genetic variants with reported phenotypes was 
investigated by searching in the GWAS Catalog (v1.0.2; https://www.
ebi.ac.uk/gwas/), BioBank Japan dataset and Chinese 4D-SZ dataset. 
The regional plot was created with our own GWAS results at https://
statgen.github.io/localzoom/.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
The metagenomic data in the Peacock Dataset are available in the 
CNGB Nucleotide Sequence Archive (https://db.cngb.org/cnsa) under 
accessions CNP0005953 (ref. 121) and CNP0006125 (ref. 122). The 
genome databases of GVMG, including prokaryotic, eukaryotic and 
viral genome sequences, and the updated Kraken database, have been 
deposited in the Zenodo repository123. The GWAS summary statistics 
of microbial taxa are publicly available in the NHGRI-EBI GWAS Catalog 
(https://www.ebi.ac.uk/gwas/) from accession GCST90573122 to acces-
sion GCST90573174. All these data are freely available for download and 
analysis without login requirements or usage restrictions. Source data 
are provided with this paper.

Code availability
Analysis code can be accessed through GitHub (https://github.com/
weiting-liang/GVMG/) and Zenodo repository124.
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Extended Data Fig. 1 | Phenotypic characteristics of individuals 
corresponding to vaginal metagenomes in the GVMG. a, Distribution of age 
across the Peacock cohort is visualized using density plots, with the area under 
each curve normalized to 1 and the y-axis representing probability density. b, The 
number and proportion of vaginal metagenomes categorized by factors such 
as menopause, bacterial vaginosis (BV), human papillomavirus (HPV), uterine 
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Extended Data Fig. 5 | Genome size and features of viral communities in GVMG. 
a, Genome sizes of viral genomes of different quality. b, Genome number of 
complete, high-quality and medium-quality. c, Rarefaction curves estimating 
the expected number of vOTUs and nonsingle vOTUs for a given number of 
viral genomes. d, Co-occurrence heatmap constructed to evaluate correlations 

between prokaryotic SGBs and vOTUs in the USA populations (n = 1,769) with 
SparCC. Row labels indicate the genus of each SGB, while column labels denote 
the predicted host for each vOTU. The color of each cell indicates the magnitude 
and direction of the SparCC correlation. Asterisks indicate a significant 
correlation with BH-adjusted P-value < 0.05. Data underlying plots are provided.
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genomes. The purple square represents genomes derived from the metagenomic 
binning algorithm, the blue square represents MAGs from public databases, and 

the red square represents isolate genomes from public databases. b, The average 
rate of reads mapping and prevalence rates for 11 fungal species in the vaginal 
mycobiome. Data underlying plots are provided.
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Extended Data Fig. 9 | Functional compendium in GVMG. a, The functional 
distribution of KEGG-annotated genes for 6,577 vOTUs. b, The number of genes 
from the top 50 auxiliary metabolic orthologs (AMOs) for 6,577 vOTUs. AMOs 
are defined as KEGG functional ortholog linked the KEGG metabolism pathway. 
c, Comprehensive clustering of BGCs resulting in 2,211 unique, nonredundant 
gene cluster families (GCFs). Most of the GCFs are unique to one SGB. d, The 
biosynthetic diversity, measured by the Shannon index based on types of natural 

products, presented for the top 8 BGC-rich SGBs, each containing 10–17 GCFs and 
more than 40 genomes. e, Enumeration of unique GCFs highlights the maximum 
predicted number of GCFs per genome within each SGB (more than 20 genomes), 
and GCFs are categorized across different BGC types. Each bar represents the 
genome with the largest count of BGCs in its SGBs. Data underlying plots  
are provided.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-026-02639-2

SU-CCS 2021 cohort
3137 individuals

average sequencing depth of 32.3Gb (10.3X)

GATK for single sample variant calling 
Joint-calling to get multiple-samples dataset

Variant QC: depth >3× ×,MAF > 0.05, 
HWE-p > 1 x 10-5, call rate > 98%,  
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GATK for single sample variant calling 
Joint-calling to get multiple-samples dataset

Imputation using 4D-SZ reference 
panel (1992 high-depth WGS of 42x)

Variant QC: depth >3 ,MAF > 0.05, 
HWE-p > 1 x 10-5, call rate > 98%,  
Sample filtering: IBD relatedness,   

Pi-hat threshold of 0.1875

25 independent loci (within 1M distance, 
LD r2<0.1) significantly associated with 19 

microbial species (p<5×10-8)
4 loci were replicated with the same 
direction of effect allele and p<0.002 

3 loci were replicated with the same 
direction of effect allele and p<0.002 
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Extended Data Fig. 10 | Flowchart of M-GWAS. Flowchart of the M-GWAS analysis steps for the discovery and two validation datasets.
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