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Human papillomavirus (HPV) 16 and 18 (HPV 16/18) account for over 70% of cervical cancer (CC)
cases, yet their interaction with the vaginal microbiome (VM) remains unclear. This study explored the
association between high-risk HPV types (HR-HPVs), VM composition and bacterial function using
shotgun metagenomic sequencing. In early-stage cervical lesions, the HPV 16/18 group showed
reduced Lactobacillus-dominant community state types compared to other HR-HPVs, while invasive
CC exhibited increased pathogenic bacteria, including Streptococcus agalactiae, Fannyhessea
vaginae, andSneathia vaginalis. TheVMassociatedwithHPV16/18was enriched in immune response
and inflammationpathways,whereasotherHR-HPVswere linked to cellularmetabolismandhormonal
signaling. Notably, HPV 16/18 exhibited stronger bacterial-fungal correlations, indicating shifts in the
microbial community. Furthermore, 137 metagenome-assembled genomes provided insights into
unique microbial genomic signatures. Our study links VM differences with HPV 16/18 oncogenic
potential across cervical lesion stages, urging further research for better diagnostics and treatments.

Human papillomavirus (HPV) is the most prevalent sexually transmitted
infection worldwide and a primary cause of cervical cancer, as well as other
cancers including anal, oropharyngeal, and penile cancers1–3. Although the
immune system clears most transient HPV infections, persistent infections
by high-risk HPV (HR-HPV) can lead to the integration of viral genes into
the host genome, thereby instigating disease4,5. Particularly, HPV16 and 18,
which are responsible for over 70% of all cervical cancer cases, are the most
oncogenic HPV types. These types are significantly more likely to progress
to cervical intraepithelial neoplasia (CIN) and carcinomas compared to
otherHR-HPV types6. Recent studies have shown thatwomen infectedwith
HPV 16 or 18 are more likely to develop high-grade lesions than those
infectedwithotherHR-HPV types7.However, despite evidence of increased
oncogenic potential and persistence of HPV 16 and 18, the underlying
mechanisms remain poorly understood. Some researchers have noted that
the cervicovaginal microenvironment, along with individual variations in
immune function and genetic susceptibility, may play significant roles8,9.

Numerous studies have investigated the association between the vaginal
microbiome (VM) and HPV infection, precancerous cervical lesions, or
cervical cancer. The composition of vaginal bacterial species can be cate-
gorized into five community state types (CSTs): CST I (dominated by
Lactobacillus crispatus),CST II (dominatedbyLactobacillus gasseri), CST III
(dominated by Lactobacillus iners), CST IV (comprising a high proportion
of anaerobic bacteria), and CST V (dominated by Lactobacillus jensenii).
Furthermore, recent studies have employed the VAginaL community state
type Nearest CentroId classifier (VALENCIA) tool to categorize CSTs
further10.

A healthy VM, predominantly composed of lactobacilli that produce
lactic acid, plays a crucial role in various defense mechanisms that protect
women against diseases11,12. Conversely, persistent HR-HPV infection is
associated with a depletion of lactobacilli and an enrichment of diverse
bacterial populations, includingFannyhessea vaginae,Gardnerella vaginalis,
Prevotella, Finegoldia, Dialister, and Sneathia13–15. These findings indicate
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that persistent HR-HPV infection may induce aberrant changes in the
cervicovaginal microenvironment. Furthermore, non-lactobacilli bacteria
may exacerbate HR-HPV infection by producing enzymes and metabolites
that influence various cellular pathways, demonstrating a bidirectional
relationship. A recent study in a Greek cohort demonstrated that women
infected with HPV 16 and 18 exhibited significantly lower levels of Lacti-
caseibacillus compared to those infected with other HR-HPV types,
potentially explaining the higher risk associated with HPV 16 and 18 in the
vaginalmicroenvironment16.Moreover, in a Puerto Rican cohort, increased
fungal diversity was observed in HR-HPV-positive cervical samples, with
Malassezia identified as a biomarker17. In addition, viral community ana-
lysis has validated that the diversity of human viruses is significantly
diminished in the presence of HPV18.

Shotgunmetagenomic sequencing overcomes the technical limitations
of 16S rRNA amplicon sequencing by facilitating detailed compositional
and functional analyses of themicrobiota at the species level. Thismethod is
particularly crucial in studies of vaginal microbiota, where high-resolution
species-level information is essential for CST classification. Additionally, it
enables comprehensive investigation of the entire microbiome—including
bacteria, fungi, and viruses—without the biases associated with amplifica-
tion. This method also provides functional insights through genome-level
assembly, which explains its increasing adoption in vaginal metagenomics
studies.

To date, most studies have focused on the correlation between the VM
and HPV infection status or cervical lesions, but few have investigated the
distinctions betweenHPV 16 and 18 and other HR-HPV types. To address
this gap, we employed shotgun metagenomic sequencing to comprehen-
sively explore the associations between specific HR-HPV types, VM com-
position and function, and the severity of cervical lesions. Given the
markedly higher oncogenic potential and persistence of HPV16 and 18, we
explored whether these types are linked to distinct microbial characteristics
—such as reducedLactobacillusdominance, enrichment of pathogenic taxa,
and activation of immune-related pathways—that may underlie their
enhanced pathogenicity compared to other HR-HPV types.

Results
Study cohort and HR-HPV status
In this study, 68 women with confirmed pathological diagnoses were clas-
sified into three groups: group 1 (normal and LSIL), group 2 (HSIL), and
group 3 (ICC). These groups were further subdivided based on HR-HPV
status: HPV 16/18 and other HR-HPVs. Demographic and clinical char-
acteristics are comprehensively detailed in Table 1 and Supplementary
Table 1. Across the entire cohort, only marital status showed a significant
difference (p = 0.0383). However, in group 3, both age and smoking status
differed significantly (p = 0.0093 and p = 0.0847, respectively).

Individuals infected with HPV 16/18 and other HR-HPVs were
recruited in a relatively balanced manner across each cervical lesion group
(Table 1 andFig. 1a).A total of 13HR-HPV typeswere identified,withHPV
16 (83.3%) being themost prevalent in theHPV 16/18 group. Among other
HR-HPVs, HPV 52, HPV 58 (each 26.3%), and HPV 51 (15.8%) were the
most common (Table 1 and Fig. 1a). Although most participants were
infected with a single HR-HPV type, co-infections were observed in two
individuals in group2; onewas infectedwith bothHPV31andHPV39, and
the other with HPV 52 and HPV 58 (Fig. 1b).

Distribution of vaginal CSTs
The vaginal CST of each sample was characterized using VALENCIA. In
our cohort, four CSTs (CSTs I, III, IV-B, and IV-C)were identified based on
the composition and relative abundance of bacterial species (Table 2 and
Supplementary Table 2). These CSTs were further subdivided into sub-
CSTs, such as CST I-A (almost entirely L. crispatus), CST I-B (containing
less L. crispatus but remaining predominantly this species), CST III-A
(almost entirely composed of L. iners), CST III-B (less L. iners yet still
primarily composed of this species), CST IV-B (high to moderate relative
abundance of G. vaginalis and F. vaginae), CST IV-C0 (relatively even

community distribution including Prevotella spp.), CST IV-C1 (dominated
by Streptococcus spp.), and CST IV-C4 (dominated by Staphylococcus spp.).
There was no significant difference in the distribution of CSTs according to
HR-HPV types. However, in group 2, women with CSTs I and III, which
were dominated by Lactobacillus spp., exhibited a higher frequency of other
HR-HPVs (Table 2). Furthermore, the proportion of CSTs I and III
decreased while that of CST IV increased as the stage of cervical lesions
progressed. Notably, in group 3, a significant number of women infected
with other HR-HPV types presented a VM primarily consisting of Strep-
tococcus spp. (CST IV-C1) and Staphylococcus spp. (CST IV-C4).

Comparing the average relative abundance of bacterial species used to
assign CSTs across groups confirmed that Lactobacillus spp. comprised
more than half of the total bacterial composition in each of the other HR-
HPVs of groups 1 (66.46%) and 2 (56.69%), slightly higher than inHPV 16/
18 of groups 1 (44.55%) and 2 (45.79%) (Fig. 2). However, in group 3, HPV
16/18 (32.33%) exhibited a higher proportion of Lactobacillus spp. com-
pared to other HR-HPVs (11.97%). Additionally, across all cervical lesion
groups, the combined proportions of G. vaginalis and F. vaginae were
consistently higher inHPV16/18 than in otherHR-HPVs. Additionally, we
ensured the reliability of our taxonomic classification approach by con-
firming a high level of concordance between our dataset and Human
Vaginal Microbiome Genome Collection (VMGC) reference 19 (Supple-
mentary fig. 1).

Differential composition of the vaginal microbiome
At the species level, Shannon diversity did not vary among HR-HPV types,
either across the cohort or when categorized by cervical lesions (Supple-
mentary Fig. 2). However, regardless of HR-HPV type, Shannon diversity
significantly increasedwith both the severity of cervical lesions and age range.

NMDS analysis elucidated the associations between vaginal bacterial
communities and specific bacterial species (L. crispatus,L. iners,G. vaginalis,
F. vaginae, Streptococcus spp., and Staphylococcus spp.) utilized for CST
assignment in our cohort (Fig. 3a–d). Each individual’s bacterial composi-
tion was distinctly categorized by CST based on bacterial species, with five
species showing significant associations: L. crispatus (p = 0.001), L. iners
(p = 0.042), G. vaginalis (p = 0.002), F. vaginae (p = 0.002), and Staphylo-
coccus spp. (p = 0.001) (Fig. 3a and Supplementary Table 3). L. crispatus
exhibitedanegative correlationwith fourbacterial species, excludingL. iners
(Supplementary Fig. 3), and demonstrated a negative correlation with the
severity of cervical lesions and age, but notwithHR-HPVtypes (HPV16/18
were assigned 2 and other HR-HPVs were assigned 1 considering clinical
severity). F. vaginae showed a strong positive correlation with G. vaginalis
and Streptococcus spp. Across all cervical lesion groups, L. crispatus, along
with eitherG. vaginalis or F. vaginae, commonly influenced the distribution
of bacterial communities (Fig. 3b–d and Supplementary Table 3). However,
the delineation of groups based on HR-HPV types was not clearly dis-
cernible in the NMDS plots.

A comparison of species abundance between HPV 16/18 and other
HR-HPVs revealed significant variations in 14 species across the entire
cohort and in 3, 19, and 16 species within groups 1, 2, and 3, respectively
(log2 fold change >1 or <-1, p < 0.05, DESeq2) (Fig. 3e and Supplementary
Fig. 4). In the entire cohort, L. gasseri, Lactobacillus paragasseri, and
Streptococcus agalactiae were predominantly associated with other HR-
HPVs, while F. vaginae, Anaerococcus vaginalis, Anaerococcus obesiensis,
and Escherichia coli were prevalent in HPV 16/18 (Supplementary fig. 4).
Notably, Finegoldiamagnawas significantly enriched with otherHR-HPVs
in group 1. In contrast, Lactobacillus spp. and Prevotella spp., including L.
gasseri, L. paragasseri, Lactobacillus sp. JM1, Prevotella buccalis, and Pre-
votella sp. oral taxon 299, were more abundant with the other HR-HPVs in
group 2. F. vaginae demonstrated a significant increase in abundance in
both groups 2 and 3 infected with HPV 16/18. All species that exhibited
significant differences between HPV 16/18 and other HR-HPVs in group 3
were taxa predominantly enriched with HPV 16/18, such as L. iners,
Limosilactobacillus vaginalis, Streptococcus dysgalactiae, Aerococcus chris-
tensenii, Peptoniphilus harei, P. buccalis, and Sneathia vaginalis.
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Enrichment of microbial functional genes and pathways
From the shotgun metagenomic data, an average of 60% of the genes per
samplewere assigned tonon-redundant genes. Functional annotationswere
assigned to 9224KEGGorthologs (KOs), representingmolecular functions,
by aligning non-redundant genes with the KEGG database. Contrary to
observations at the species level, Shannon diversity at the KO level was
higher inHPV16/18 compared to otherHR-HPVs, although this difference
was not statistically significant (p = 0.061, Wilcoxon test) (Supplementary
Fig. 5). No differences in diversity were observed with respect to cervical
lesions. Additionally, when categorized by the severity of cervical lesions,
HPV 16/18 exhibited markedly higher diversity in group 3 compared to

other HR-HPVs (p = 0.021, Wilcoxon test) (Supplementary Fig. 5). The
overall KO composition did not differ significantly among HR-HPV types
(p = 0.308, PERMANOVA); however, considerable variation in composi-
tion was observed depending on the cervical lesion (p = 0.001, PERMA-
NOVA) (Supplementary fig. 6). Additionally, a minor yet significant
difference in compositionwas noted in group3 (p = 0.032, PERMANOVA),
but not in groups 1 (p = 0.527, PERMANOVA) or 2 (p = 0.837, PERMA-
NOVA) (Fig. 4a–c).

We then focused on KOs differentially enriched between HPV 16/18
and other HR-HPVs (Fig. 4d–f). Our results revealed distinct KO patterns
across varying severities of cervical lesions: group 1 (14/110 KOs), group 2

Table 1 | Demographic and clinical characteristics of participants included in the study cohort

Variables Group 1 Group 2 Group 3

Other HR-
HPVs (n = 14)

HPV 16/
18 (n = 9)

p value Other HR-
HPVs (n = 12)

HPV 16/
18 (n = 11)

p value Other HR-
HPVs (n = 12)

HPV 16/
18 (n = 10)

p value

Age (years) 44.2 ± 10.3 41.1 ± 12.7 0.5279 38.23 ± 5.4 37.5 ± 8.1 0.7825 56.2 ± 9.4 43.9 ± 6.7 0.0093

BMI (kg m-2) 25.3 ± 3.2 24.5 ± 4.0 0.5819 23.1 ± 3.4 23.5 ± 4.3 0.8051 26.3 ± 3.5 25.2 ± 2.7 0.4262

Married women
(n, %)

12 (85.7) 6 (66.7) 0.2905 11 (91.7) 8 (72.7) 0.2417 12 (100) 8 (80.0) 0.1124

Parity (n) 1.4 ± 0.9 1.2 ± 1.0 0.6168 1.7 ± 1.1 1.8 ± 1.3 0.7655 0 0 1.0000

Smoking (n, %) 0 (0) 1 (11.1) 0.3913 2 (16.7) 2 (18.2) 1.0000 1 (8.3) 4 (40.0) 0.0847

HPV type (n, %) 0.0017 0.0001 0.0049

16 0 (0) 7 (77.8) 0 (0) 11 (100) 0 (0) 7 (70.0)

18 0 (0) 2 (22.2) 0 (0) 0 (0) 0 (0) 3 (30.0)

31 0 (0) 0 (0) 1 (7.1) 0 (0) 1 (8.3) 0 (0)

33 0 (0) 0 (0) 0 (0) 0 (0) 2 (16.7) 0 (0)

36 1 (7.1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

39 0 (0) 0 (0) 2 (14.3) 0 (0) 0 (0) 0 (0)

45 0 (0) 0 (0) 0 (0) 0 (0) 2 (16.7) 0 (0)

51 2 (14.3) 0 (0) 3 (21.4) 0 (0) 1 (8.3) 0 (0)

52 3 (21.4) 0 (0) 2 (14.3) 0 (0) 4 (33.3) 0 (0)

53 1 (7.1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

56 3 (21.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

58 4 (28.6) 0 (0) 6 (42.9) 0 (0) 1 (8.3) 0 (0)

62 0 (0) 0 (0) 0 (0) 0 (0) 1 (8.3) 0 (0)

Multiple HPV
infection (n, %)

0 0 1.0000 2 (16.7) 0 (0) 0 (0) 0 (0) 1.0000

Fig. 1 | Distribution of high-risk human papillomavirus (HR-HPV) types in the study cohort. a The number of participants with HPV 16, HPV 18, and other HR-HPV
types in each cervical lesion group. b A heatmap illustrating the presence of HR-HPV types in each group.

https://doi.org/10.1038/s41522-025-00747-1 Article

npj Biofilms and Microbiomes |          (2025) 11:105 3

www.nature.com/npjbiofilms


(34/48 KOs), and group 3 (19/1799 KOs). This indicated a stark contrast in
KO abundance between other HR-HPVs and HPV 16/18. Next, we cate-
gorized the differentially expressed KOs into respective pathways, enabling a
comprehensive functional analysis. Groups 1, 2, and 3 demonstrated sig-
nificant differences, involving 8, 14, and 25 KEGG pathways, respectively,
between HPV 16/18 and other HR-HPVs (log2 fold change >1 or <-1,
p < 0.05) (Fig. 4g and Supplementary fig. 7). In group 1, HPV 16/18
was significantly associated with bacterial biosynthesis (streptomycin

biosynthesis), cell cycle regulation (p53 signaling pathway), and immune
responses (Yersinia infection, leishmaniasis). Conversely, pathways asso-
ciated with inflammation and immune cell migration, including arachidonic
acid metabolism and leukocyte transendothelial migration, were pre-
dominant in other HR-HPVs. In group 2, themicrobial community in HPV
16/18 exhibited an accumulation of pathways involved in immune response
modulation (Janus kinase/signal transducer and activator of transcription
(JAK-STAT) signalingpathway) andmalignant transformation (endometrial

Table 2 | Distribution of vaginal community state types in the study cohort

CST Group 1 (n, %) Group 2 (n, %) Group 3 (n, %)

HPV 16/
18 (n = 9)

Other HR-
HPVs (n = 14)

p value HPV 16/
18 (n = 11)

Other HR-
HPVs (n = 12)

p value HPV 16/
18 (n = 10)

Other HR-
HPVs (n = 12)

p value

I+ III 4 (44.4) 10 (71.4) 0.2294 6 (54.5) 7 (58.3) 0.8628 3 (30.0) 1 (8.3) 0.5895

I 2 (22.2) 4 (28.6) 0.7721 2 (18.2) 4 (33.3) 0.4425 1 (10.0) 1 (8.3) 0.9473

I-A 2 (22.2) 3 (21.4) 1 1 (9.1) 3 (25.0) 0.3490 1 (10.0) 1 (8.3) 0.9473

I-B 1 (7.1) 0.4760 1 (9.1) 1 (8.3) 1

III 2 (22.2) 6 (42.9) 0.3403 4 (36.4) 3 (25.0) 0.5892 2 (20.0) 0.1282

III-A 2 (22.2) 5 (35.7) 0.5276 2 (18.2) 0.1474 1 (10.0) 0.3153

III-B 1 (7.1) 0.4760 2 (18.2) 3 (25.0) 0.7306 1 (10.0) 0.3153

IV 5 (55.6) 4 (28.6) 0.2913 5 (45.5) 5 (41.7) 0.8861 7 (70.0) 11 (91.7) 0.2178

IV-B 4 (44.4) 4 (28.6) 0.4686 2 (18.2) 3 (25.0) 0.7306 6 (60.0) 4 (33.3) 0.2365

IV-C0 1 (9.1) 0.3384 1 (10.0) 0.3153

IV-C1 1 (11.1) 0.2468 2 (18.2) 2 (16.7) 0.9626 1 (8.3) 0.4113

IV-C4 6 (50.0) 0.0118

Fig. 2 | Relative abundance of bacterial species defining community state types
(CSTs) across cohorts. Pie charts represent the mean proportional abundance of
bacterial species within each group (a: group 1; b: group 2; c: group 3). Bar charts

display the proportion of dominant species in individual samples, categorized by
their CST classification (d: group 1; e: group 2; f: group 3).
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cancer, melanoma, and non-small cell lung cancer). The group pertaining to
other HR-HPVs was characterized by enhanced pathways associated with
cellular metabolism (flavone and flavonol biosynthesis) and hormonal sig-
naling (oxytocin signaling pathway). In group 3, other HR-HPVs showed
involvement in pathways associated with cell adhesion (extracellular matrix
(ECM) receptor interaction and cell adhesion molecules), immune response
(Toll-like receptor signaling pathway and natural killer cell-mediated cyto-
toxicity), and inflammation (tumor necrosis factor (TNF) signaling
pathway).

We focused on the genes of microbial enzymes involved in the
degradation of glycogen and mucin, which are potential sources of
carbon and energy in the vaginal environment.We annotated enzymes
involved in glycogen degradation, such as glycogen debranching
enzyme and glycogen phosphorylase, and enzymes involved in mucin
degradation, such as sialidase, fucosidase, and galactosidase, through
CAZymes. Although not statistically significant, HPV 16/18 generally

showed higher abundance in most enzymes compared to other HR-
HPVs (Fig. 4h).

Construction of MAG
The metagenome assembly revealed the taxonomic distribution from a
genomic perspective, providing a comprehensive understanding of the
genetic composition of microbial communities. A phylogenetic tree was
constructedusing137MAGs, annotatedwith informationoncompleteness,
contamination, genome size, and phylum (Fig. 5 and Supplementary
Table 4). The genome sizes of the MAGs ranged from 0.6 to 6.8Mb
(average = 1.7Mb). According to the minimum information about a
metagenome-assembled genome (MIMAG) standard20, 53.28% (73/137) of
the MAGs were classified as high-quality genomes (completeness ≥90%,
contamination <5%), while the remaining 46.72% (64/137) were classified
as medium-quality genomes (completeness ≥50%, contamination <10%).
Using a genomic similarity threshold (ANI≥ 95%) at the prokaryotic

Fig. 3 | Comparison of the vaginal microbiome (VM) between human papilloma
virus (HPV) 16/18 and other high-risk (HR)-HPVs. Non-metric multi-
dimensional scaling (NMDS) of VM composition in (a) the entire group, b group 1,
c group 2, and d group 3, based on the Bray–Curtis dissimilarities distance matrix.
Black arrows highlight properties that significantly contribute to dispersion in each
group, while gray arrows represent non-significant contributors. eBar charts display

the differentially abundant bacterial species in each disease group comparing HPV
16/18 and other HR-HPVs. Log2 fold change values are used to denote significant
enrichment, with positive values (red bars) indicating enrichment inHPV 16/18 and
negative values (blue bars) indicating enrichment in other HR-HPVs (log2 fold
change >1 or <-1, p < 0.05, DESeq2).
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species level, we grouped the 137 MAGs into 120 species-level bins. These
bins were assigned to eight bacterial phyla: Actinomycetota (consisting of
17 species), Bacilliota (80 species), Bacteroidota (16 species), Patescibacteria
(1 species), Desulfobacterota (1 species), Pseudomonadota (1 species),
Fusobacteriota (3 species), and Campylobacterota (1 species). Comparison
with theVMGCreference showed that among the 137MAGs in ourdataset,
85.40% had ≥83% ANI and 76.64% had ≥95% ANI, demonstrating high
concordance with the VMGC dataset. Furthermore, RPKM-based analysis
of key MAGs classified at the species level further supported the high sen-
sitivity of our classificationmethod (Supplementary Fig. 8). Furthermore, to
assess the reliability of the contig-based classification, we compared the key
vaginal microbial taxa identified from contigs with those identified using
direct short-read classification (Kraken2). The results showed a high degree
of consistency in microbial composition between the two methods,

indicating that contig-based assembly did not introduce significant biases in
taxonomic classification (Supplementary Fig. 9).

Integrated network of multi-kingdom virginal microbiome
To investigate the co-occurrence patterns of VM, we analyzed multi-
kingdomnetworks that includedbacteria, fungi, andviruses examiningboth
intra-kingdom and inter-kingdom correlations (Fig. 6a–c). In the network
of group 3, the highest number of nodes and edges was observed. Addi-
tionally, theHPV16/18 networks in group 1 and 3weremore complex than
those of other HR-HPVs based on the number of nodes and edges, but no
differenceswere found in group 2. In groups 1 and 3,HPV16/18 exhibited a
greater number of inter-kingdom correlations than did other HR-HPVs
(Fig. 6d). The only intra-kingdom negative correlations were observed in
group 3. The co-occurrence networks showed that HPV 16/18 made the

Fig. 4 | Bacterial functional profiling of the vaginal microbiome (VM). The
volcano plots displaying log2 fold change differences in KEGG orthologs (KOs) in
(a) group 1, b group 2, and c group 3. Points in blue indicate KOs which were
differentially abundant in other HR-HPV, and points in red in HPV 16/18,
respectively. Non-metric multidimensional scaling (NMDS) of KOs composition in
(d) group 1, e group 2, and f group 3, based on the Bray–Curtis dissimilarities
distance matrix. g Bar charts illustrating differentially abundant KEGG pathways
across each disease group (log2 fold change >1 or <-1, p < 0.05, DESeq2) between

HPV 16/18 and other HR-HPV types. Log2 fold change values are used to denote
significant enrichment, with positive values (red bars) indicating enrichment in
HPV 16/18 and negative values (blue bars) indicating enrichment in other HR-HPV
types. h Differences in key functions associated with the metabolism of glycogen
and mucin, two abundant host resources in the vagina. The boxplot displays the
combined abundance of the specified enzymes with normalized square root trans-
formation. Significant differences between groups are indicated (*p < 0.05
and •p < 0.1).
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network unstable and enhanced the inter-kingdom correlations between
bacteria and fungi across all cervical lesion group (Fig. 6e).

Discussion
The cervical-vaginalmicroenvironment reflects host physiology and plays a
crucial role in women’s health. Indeed, several studies have reported a
bidirectional association between HPV and the VM. HPV-positive women
exhibited higher microbial diversity and a lower relative abundance of
Lactobacillus spp. compared to HPV-negative women21,22. Furthermore,
women with a non-Lactobacillus-dominant VM are twice as likely to con-
tract oncogenic HPV types as those with a L. crispatus-dominant VM23.
However, Lebeau et al. emphasized that not all HPV infections (including
those involving high-risk genotypes) significantly alter the VM, suggesting
that the impact on the microbial community may vary depending on the
pathological outcomes of the infection24. Thus, distinguishing between
pathological outcomes is essential to elucidating the oncogenicpotential and
persistence of HPV 16/18 compared to other HR-HPVs.

Our study involved a cross-sectional analysis to profile the VM of
women infected with HPV 16/18 and other HR-HPV types, categorized
according to the severity of cervical lesions. This research employed meta-
genomic sequencing to explore microbial (bacterial, fungal, and viral)
species, providing high-resolution and functional characteristics of the
microbiome. Additionally, it expanded the existing database to include 120
bacterial species of cervical-vaginal microenvironment (as identified from

137MAGs) that were identified through gene assembly. Our results suggest
that VM composition differs in HPV 16/18 infections, particularly in rela-
tion to disease progression. An imbalanced VMmay be associated with the
oncogenic potential and persistence of HPV 16/18, indicating a possible
interplay between VM and disease status.

In this study, the bacterial communities in samples were classified into
four CSTs based on species composition and relative abundance to assess
associations with HPV infection or cervical lesion severity. CSTs II and IV
(predominantly L. gasseri and L. jensenii, respectively) were not observed in
our cohort, which alignswith previous studies indicating a lower prevalence
of these CSTs in Korean cohorts25,26. Earlier studies suggest that L. gasseri
could potentially aid in HPV clearance27,28. However, the scarcity of L.
gasseri-dominant communities among Korean women may suggest a
reduced capability for HPV clearance. Although not significant, a higher
prevalence of CSTs I and III, which are Lactobacillus spp.-dominant, was
observed in other HR-HPVs compared to HPV 16/18 in group 1 (patients
with normal or early-stage cervical lesions). This suggests that a healthy
vaginal environmentmay assist inHPV16/18 clearancewhen there is no or
minimal pathological abnormality. Indeed, L. iners exhibits unique char-
acteristics among vaginal lactobacilli, and its role continues to be debated
due to its inconsistent associations with adverse reproductive health out-
comes. Nevertheless, L. iners is frequently observed in healthy Asian
women21,29, and some studies have associated it with HPV clearance4.
Additionally, a normal cervical microenvironment post-HPV infection

Fig. 5 | Distribution of metagenomic assembled genomes (MAGs) in the vaginal microbiome (VM). Phylogenetic tree of MAGs, including their completeness (red),
contamination (blue), and genome size (gray). Phylum information is displayed at the innermost level of the annotation layer.
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tends to shift from an L. crispatus-dominant community to L. iners-
dominant community30, warranting further research to fully understand its
clinical significance. In this study, CST differences were more pronounced
across stages of cervical lesions than by HPV type, with groups 1 and 2
exhibiting significantly higher prevalence of CSTs I and III and lower pre-
valence of CST IV compared to group 3. This pattern indicates a decrease in
Lactobacillus spp. and an increase in other aerobic bacteria with advancing
cervical cancer stages, reaffirming the need to differentiate pathological
outcomes when comparing VMs based on HPV type, as argued by Lebeau
et al.24.

Persistent HPV infection is a major risk factor for ICC, while transient
infection often regresses without progressing to high-grade lesions. Identi-
fying the infection type is crucial, but we lacked longitudinal data to directly
distinguish between persistent and transient infections. To address this
limitation,we comparedHPV types inmetagenomicdatawith qPCR results
(Seegene Anyplex II HPV 28 Assay Kit), calculating relative abundance
using the PaVE database31. Several samples positive for HPV by qPCRwere
not detected in themetagenomicdata, likely due to thehigher sensitivity and
specificity of qPCR (Supplementary Table 5). qPCR, using specific primers,
can effectively detect HPV even at low viral loads, whereas metagenomic
sequencing depends on sequencing depth and the viral DNA abundance,
which may reduce detection sensitivity. Previous studies have established
that a high HPV viral load is associated with persistent HPV infection32,33.
Accordingly, we categorized our metagenomic data into high viral load
samples (HPV detected, suggesting persistent infection) and low viral load
samples (HPV not detected, indicating transient infection) (Supplementary
fig. 10). In theHPV16/18 group, high viral load samples exhibited a distinct
VM profile, lacking the CST I (dominated by L. crispatus) type, and the
proportion of high viral load samples increased with the severity of cervical
lesions. In contrast, no clear pattern was observed in the other HR-HPVs
group. This suggests that persistent HPV 16/18 infections may induce
vaginal microbiome dysbiosis, potentially exacerbating cervical lesion pro-
gression, consistent with prior studies reporting that the absence of CST I
reflects a reduction in protective lactobacilli and promotes carcinogenesis4.
However, the lack of a pattern in the other HR-HPVs group suggests viral
load effects on the VM vary by HPV type, warranting further type-specific

research. While this approach does not directly confirm infection status, it
provides a practical framework for indirectly inferring infection type using
our current dataset.

In this study, strict inclusion criteria were applied to analyze the dif-
ferences in VM betweenHPV 16/18 and other HR-HPVs, which inevitably
resulted in a limited number of study participants. To address this limita-
tion, we performed an additional validation analysis using the VM dataset
from a Swedish cohort published by Norenhag et al.34, obtained from the
NCBI Sequence Read Archive (accession number: PRJEB72779). The
datasetwas analyzedusing the same analyticalmethods applied in our study
to ensure consistency and comparability. For this additional analysis, we
selected participants from the HSIL group (CIN2 and CIN3) who met our
study criteria and compared the vaginal microbiota composition between
HPV 16 and other HR-HPV infection groups (Supplementary fig. 11). The
results showed consistent patterns with our study findings, confirming that
HPV 16 infection is more strongly associated with vaginal microbiota
dysbiosis than other HR-HPV infections. While we acknowledge that the
Swedish cohort may be influenced by geographic and demographic differ-
ences and that the inclusion criteria may not be fully identical to our study,
the fact that similar trends were replicated in an independent cohort sug-
gests a consistent association between HPV infection types and vaginal
microbiota composition.

The bacterial species associated with different HR-HPV subtypes
varied across pathological disease groups. In group 2, women infected with
other HR-HPVs exhibited a higher prevalence of L. gasseri, L. paragasseri,
and Lactobacillus sp. JM1 (similar to L. paragasseri based on GTDB-Tk)
compared to those infected with HPV 16/18. Although a L. gasseri-domi-
nant vaginal community (CST II) is rare in Korean cohorts, the fact that L.
gasseri demonstrates the quickest remission rate among various CSTs.
Therefore, our findings indicate that the vaginal microenvironment in
women infectedwithotherHR-HPVsdiffers from that inwomenwithHPV
16/18, potentially reflecting differences in the clearance dynamics of these
infections. This variation in bacterial flora raises significant questions
regarding the role of the VM in HR-HPV infections. In group 3, bacterial
species associated with HPV 16/18 were substantially more prevalent. S.
agalactiae, commonly known as groupB Streptococcus, has been extensively

Fig. 6 | Integrated multi-kingdom network of the vaginal microbiome (VM).
Networks depicting a group 1, b group 2, and c group 3 contained bacterial (aqua),
fungal (orange), and viral (gray) taxa with positive (blue) and negative (red) cor-
relations. Node size indicates the degree of connection. d The number of inter-

kingdom and intra-kingdom correlations in each group. e The number of bacterial-
bacterial (BB), fungal-fungal (FF), and viral-viral (VV) correlations, which signify
inter-kingdomcorrelations, aswell as bacterial-fungal (BF), bacterial-viral (BV), and
fungal-viral (FV) correlations, which signify intra-kingdom correlations.

https://doi.org/10.1038/s41522-025-00747-1 Article

npj Biofilms and Microbiomes |          (2025) 11:105 8

www.nature.com/npjbiofilms


studied in the context of maternal and fetal health during pregnancy.
However, its increase in aerobic vaginitis could potentially alter the vaginal
environment35. F. vaginae and S. vaginalis are strongly associated with
bacterial vaginosis, characterized by a decrease in normal lactobacillus
bacteria and an increase in anaerobic bacteria36. Notably, Sneathia spp. have
been detected three times more frequently in women with HR-HPV
infections, elucidating them as a microbiological marker of HR-HPV
infections21. These findings illustrate the complex interactions between
viruses and bacteria in the cervical microenvironment and underscore the
necessity for comprehensive investigations into the interactions between
HR-HPV types and the VM.

CST IV typically has fewer Lactobacillus spp. and more anaerobic
bacteria such as G. vaginalis and F. vaginae, typically being considered an
unhealthy state.However, a studyofGajer et al. revealed thatCST IV is often
found in healthy Hispanic and Black women, suggesting it does not
necessarily reflect dysbiosis11. They also found that VM is not static and can
transition to different states over short periods. Additionally, since VM
dominatedby a singleLactobacillus spp. also exhibit significant intra-species
genetic variations, being “healthy” cannot be defined solely by a low pH and
Lactobacillus-dominated community37. Therefore, assessing health based
only on microbial community composition (such as CST) is insufficient,
and it is important to understand the specific functions of vaginal microbes
to address this issue.

We comprehensively evaluated the functional differences in the VM
across according to HR-HPV types. Differences in pathway enrichment
between groupsmay be associatedwith the underlyingmechanisms ofHPV
infection, potentially influencing the clinical outcomes associated with
HPV-related diseases. Notably, distinct functional compositions were
prominent in group 3 of our cohort. Contrary to differences at the species
level, a significantly greater abundance of functional genes was observed in
microbiomes associated with other HR-HPVs. This suggests a complex
interplay between the microbiome’s functional state and the progression of
HPV-related conditions, warranting further investigation into how these
functional variances contribute to the pathogenesis and outcomes of HPV
infections. Furthermore, our findings indicate that the microbial commu-
nities associated with HPV 16/18 are enriched in pathways that modulate
immune responses and potentially promote malignant transformation,
while themicrobiomesassociatedwith otherHR-HPVs are characterizedby
a predominance of pathways that may influence broader aspects of cellular
metabolism and hormonal signaling. This variation underscores the
potential for these functional differences to impact the clinical outcomes of
HPV-relateddiseases. The activation of the JAK-STAT signaling pathway is
fundamental to cell proliferation, invasion, survival, inflammation, and
immune regulation. This pathway is associated with carcinogenesis and
metastasis, suggesting that HPV 16/18 may promote more aggressive dis-
ease phenotypes through this mechanism38. The oncoproteins E6 and E7
expressed by HPV 16/18 can disrupt the normal regulatory mechanisms of
the JAK-STAT signaling pathway, leading to persistent activation that
promotes cellular malignancy39. Additionally, pathways related to malig-
nant transformation, such as those in endometrial cancer, melanoma, and
non-small cell lung cancer, are up-regulated in HPV 16/18. In contrast, in
other high-risk HPVs, the activation of cell adhesion pathways is increased,
which can limit interactions between host cells and the virus, thereby
inhibiting viral invasion and spread. The E6 and E7 oncoprotein of HPV
plays a role in inhibiting cell adhesion pathways by degrading the p53
protein, disrupting cell cycle control and apoptosis, and weakening inter-
actions with the ECM, thus reducing cell-to-cell adhesion40,41. The ECM is a
meshwork of extracellular proteins thatmaintain a barrier between cells and
the external environment and provide structural support. Strengthening
ECM-receptor interactions is important for inhibiting viral spread. It is
important to note the role of these pathways in other high-risk HPVs in
potentially inhibiting viral activity42,43. However, this is limited to the
function of microorganisms, and extensive additional research is needed to
determine if these functions also impact the host.

Recent studies have revealed that enzymes derived from vaginal
microbiota are involved in themetabolismof glycogen andmucin produced
by the host. Glycogen, primarily produced by vaginal epithelial cells, serves
as a crucial carbon source for vaginal microbes44. The activity of glycogen-
degrading enzymes is essential for maintaining the balance of the VM and
providing an energy source in the vaginal environment45,46. Additionally,
mucin is a significant glycoprotein in cervical mucus that protects against
pathogens and helps maintain reproductive health. Mucin-degrading
enzymes break down cervical mucus, weakening the protective barrier and
potentially facilitating viral penetrationand spread47,48.Our study found that
these enzymes are generally more observed in HPV 16/18 compared to
other HR-HPVs, providing evidence for why HPV 16/18 exhibits more
aggressive clinical phenotypes. France et al. emphasized through a meta-
transcriptomic study by CST that the degree and pattern of mucin degra-
dation could vary depending on the community composition49. This
variation can have significant implications for fertility and susceptibility to
sexually transmitted infections. Therefore, the increased activity of these
enzymes inHPV 16/18 suggests that these viruses can dynamically alter the
vaginal environment, increasing susceptibility to infection, replication, and
persistence of the virus.

Our research builds on the premise that microbial genomes exhibit
significant variation within the same species owing to adaptation to diverse
environments. Previous studies utilizing extensive metagenomic data have
suggested that evolutionary processes acting on the VM might adversely
influencepregnancyoutcomes50.Notably,multiple genotypesofG.vaginalis
have been identified at the species level, suggesting a potential link between
microbial genomic variations and host phenotypic outcomes, which may
impact pregnancy outcomes. In this study, we identified four distinct gen-
otypes ofG. vaginalis (referred to asBifidobacteriumvaginale in theGTDB),
underscoring the genetic diversity within this species (Supplementary fig.
12). This diversity in genetic types may contribute to differential suscept-
ibility toHR-HPV types. Furthermore, our assembly of 137MAGs not only
includes Lactobacillus but also encompasses a broad spectrum of vaginal
bacteria such as Blautia, Finegoldia, Peptoniphilus, Dialister, and Strepto-
coccus. Our analysis of MAG distribution across disease severity groups
revealed that HPV 16/18 infections are associated with a significantly dif-
ferent bacterial population compared to other HR-HPV infections, with a
particularly high prevalence of taxa in group 3. This finding underscores the
intricate interactions between the virus and bacterial factors within the
cervical microenvironment and highlights the need for comprehensive
studies to explore the interactions between HR-HPV types and the VM.
Such studies are essential to understanding how intraspecies genetic
diversity at the microbial level may correlate with changes in the vaginal
environment induced by different HR-HPV types.

The VM comprises a complex network of bacteria, fungi, viruses,
archaea, and protozoa51,52. While previous studies primarily focused on the
relationship between vaginal bacteria and women’s health, our research
utilizedmetagenomicdata to explore the interactions amongbacteria, fungi,
and viruseswithin theVM.Weobserved an increase in the number of nodes
and edges in groups 1 and 3, indicating that HPV 16/18 infection may
influence the dynamics of the entire VM, leading to complex interactions
among various microbes. The presence of HPV 16/18 was associated with
an overall increase in bacterial-fungal correlations, suggesting potential
synergistic or interdependent relationships between these microbial com-
ponents. A recent study on mixed vaginitis (bacterial vaginosis plus vul-
vovaginal candidiasis) found that key bacteria such as Gardnerella,
Atopobium, and Lactobacillus play significant roles, and that the VM
undergoes unique changes following treatment, distinct from those seen in
single vaginitis53. This study highlighted the importance of bacterial-fungal
interactions in driving the dynamic changes within the VM. Similarly, our
research indicates that the increased bacterial-fungal correlations in HPV
16/18 infections underscore the need for further studies to understand the
mechanisms driving thesemicrobial interactions and their potential links to
cervical carcinogenesis.
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The cross-sectional design of our study limited our ability to infer
causality between risks of HPV 16/18, cervical lesions, and VM composi-
tion. The absence of HR-HPV negative controls precluded comparative
analysis with uninfected populations, potentially distorting our under-
standingof themicrobiome’s impact onHR-HPVpathogenicity.Moreover,
this study has a limitation in that it cannot directly track the persistence or
clearance of HPV infections over time. The heterogeneous nature of our
comparison groupsmight have led to anunderestimationof the associations
between aberrant VM and HPV 16/18 infection. Additionally, it remains
unclear whether HPV disrupts the vaginal environment or if pre-existing
dysbiosis facilitates HPV persistence. These limitations highlight the need
for longitudinal studies including HR-HPV negative controls to better
understand the complex interplay between HPV 16/18 infection, cervical
carcinogenesis, and the VM.

As HPV vaccination programs continue to expand globally, it is
important to consider the potential impact of vaccination on the VM.
Although our study did not include information on participants’ vaccina-
tion status, previous research suggests that HPV vaccination itself has
minimal influence on the composition of VM. For instance, Cheng et al.23

reported negligible microbiome changes following quadrivalent HPV vac-
cination. In contrast, HPV infection is known to induce microbial altera-
tions, including a reduction in Lactobacillus and enrichment of anaerobic
taxa such asGardnerella and Sneathia. These patternsmay also be observed
in vaccinated individuals who experience breakthrough infections or
acquire HPV types not covered by the vaccine. Therefore, our findingsmay
be partially applicable to vaccinated populations, and future studies should
incorporate vaccination status when investigating microbiome–HPV
interactions.

Our results collectively suggest the dynamic and complex nature of the
VM in the context of HR-HPV associated cervical tumors. Our findings
show that microbial community patterns differ between HPV 16/18 and
other HR-HPVs depending on the stage of cervical lesions. Notably, dif-
ferences in VM composition in the early stages of cervical lesions may be
associated with the oncogenic potential of HR-HPV types. As cervical
cancer progresses, these microbial differences become more pronounced.
These findings suggest a possible link between VM composition and HPV-
related cervical tumors, emphasizing the need for further research to clarify
the mechanisms underlying these associations. Understanding these
dynamics holds significant potential for developing innovative diagnostic
and treatment strategies for women’s health issues.

Methods
Study population
The ethical approval for this study was obtained from the Institutional
Review Board of Kyungpook National University Chilgok Hospital
(KNUCH 2023-08-054-001). This study included patients with histologi-
cally validated cervical lesions who presented to the Department of
Obstetrics and Gynecology at Kyungpook National University Chilgok
Hospital (Daegu, Republic of Korea).We recruited a total of 68 women and
categorized them into three groups: group 1 consisted of 23 participants,
including 11 with negative malignancy findings (normal) and 12 with low-
grade squamous intraepithelial lesions (LSIL); group 2 comprised 23
patients with high-grade squamous intraepithelial lesions (HSIL); and
group 3 included 22 patients with invasive cervical cancer (ICC). Obstetric
experts collected cervicovaginal specimens from the lower third of the
vagina of all participants using sterile cotton swabs. The swab samples were
immediately placed in DNase-, RNase-, and pyrogen-free conical tubes and
stored at -80°C until further experiment. Basic clinical characteristics and
detailed medical histories were documented during the participants’ visits.

HPV genotyping
Cervicovaginal swab specimens were subjected to HPV genotyping using
the Anyplex II HPV 28 Assay Kit (Seegene, Seoul, Republic of Korea)
following the manufacturer’s instructions. The assay detected a total of 28
HPV types, which included bothHR-HPVs (16, 18, 26, 31, 33, 35, 39, 45, 51,

52, 53, 56, 58, 59, 66, 68, 69, 73, and82) and low-riskHPVtypes (6,11, 40, 42,
43, 44, 54, 61, and 70). Based on the HPV genotyping results, the partici-
pants were subdivided into two groups: those infected with HPV 16 and 18
(HPV 16/18) and those with other HR-HPV types (other HR-HPVs). The
final subdivided groups are shown in Table 1.

MicrobialDNAextractionandshotgunmetagenomicsequencing
Total microbial DNAwas extracted from each cervicovaginal swab sample
using theDNeasy PowerSoil ProDNAKit (QIAGEN,Hilden, Germany) in
accordance with the manufacturer’s instructions. The quality and quantity
of the extractedDNAwere assessed using theNanoDropOneMicrovolume
UV-Vis Spectrophotometer (Thermo Fisher, Waltham,MA, USA) and the
Qubit FlexFluorometer (ThermoFisher,Waltham,MA,USA), respectively.
High-quality DNA was used for library preparation with the DNBSEQ-
G400RS High-Throughput Sequencing FCL PE100 Kit (MGI Tech,
Shenzhen, China). Shotgunmetagenome sequencing was performed on the
DNBSEQ-G400RS platform (MGI Tech, Shenzhen, China) at the Kyung-
pook National University NGS Core Facility (Daegu, Republic of Korea).

Bioinformatic analysis
From the raw sequencing data, adapter sequences were trimmed and low-
quality reads were removed using SOAPnuke v2.1.754. Subsequently, reads
were aligned to the reference human genome GRCh38 using Bowtie2
v2.5.055. The aligned reads were then excluded from further analysis. The
quality-controlled reads were employed for taxonomic classification using
Kraken2 v2.1.256 with a customdatabase that included bacterial, fungal, and
viral genomes from the National Center for Biotechnology Information
(NCBI). Microbial abundance was estimated using Bracken v2.857 at each
taxonomic rank based on the Kraken2 output. The abundance data derived
from Kraken2 was used to assign vaginal CSTs employing a nearest-
centroid-based algorithm using the VALENCIA tool10. To validate our
taxonomic classification approach, we compared our dataset against the
recently published Human Vaginal Microbiome Genome Collection
(VMGC)19, which represents a comprehensive genome database of VM. To
detect HPV genotype in metagenome data, we constructed a custom
database by integrating the RefSeq Microbial Genomes (archaea, bacteria,
fungi and virus) from NCBI with the Papilloma Virus Episteme (PaVE)
database31. Using this custom database, we aligned the sequencing reads
with Bowtie2 and calculated the reads per kilobase of exon permillion reads
mapped (RPKM) for HPV types using CoverM v0.6.1 (https://github.com/
wwood/CoverM).

To identify functional genes in each sample,we assembled the qualified
reads. Microbial genome assembly was performed using MEGAHIT
v1.1.358. Subsequent to assembly, protein-coding sequences (CDS) were
predicted using Prodigal v2.6.359. Non-redundant gene categories were then
clustered using CD-HIT v4.8.160 with an identity threshold exceeding 95%.
The RPKM for each predicted gene was calculated using CoverM v0.6.1
(https://github.com/wwood/CoverM). The predicted CDS were function-
ally annotated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) via GhostKOALA61. Carbohydrate active enzymes (CAZymes)
were annotated using run_dbcan, a standalone tool of dbcan3 v4.1.462, for
the analysis of glycogen and mucin degradation enzymes.

The qualified reads from all samples were co-assembled using
MEGAHIT, and contigs were clustered into metagenomic bins using the
metaWRAP v1.363 binning module with the parameters -maxbin2, -con-
coct, and -metabat2. These bins were refined and reassembled to combine
the outputs from three binning software applications (completeness >50%,
contamination <10%). The metagenome-assembled genome (MAG) bins
were taxonomically classified using GTDB-Tk v2.3.2, referencing the
Genome Database Taxonomy (GTDB)64 release 207 based on Average
Nucleotide Identity (ANI). A phylogenetic tree of the MAGs was subse-
quently constructed using iTOL65. The relative abundance of theMAGswas
quantified using the CoverM pipeline, based on the coverage of mapped
reads in “genome” mode with the “-m rpkm” option. Additionally, like
short-read analysis, we compared our MAGs using the VMGC reference
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basedonAverageNucleotide Identity (ANI)66.MAGswithANI ≥ 83%were
classified as belonging to the same genus, while those with ANI ≥ 95%were
classified as the same species.

Statistical analysis
All statistical analyses and visualizations were performed using R soft-
ware v4.2.2 (http://www.r-project.org/). The non-metric multi-
dimensional scaling (NMDS) analysis of VM based on the Bray–Curtis
dissimilarity distance matrix was conducted using the vegan v2.6-4 and
phyloseq v1.42.0 packages in R. Permutational multivariate analysis of
variance (PERMANOVA) was performed to test the statistical sig-
nificance of differences among groups. We identified differentially
abundant taxa and microbial functions using the DESeq2 v1.38.3
package in R, based on fold change values. To analyze multi-kingdom
microbial networks—encompassing bacteria, fungi, and viruses—we
filtered microbial species by a prevalence of >50% and an abundance
>0.01% in each group. Correlation network analysis was conducted
using the igraph v1.5.1 R package in R. Significant correlations were
determined using Spearman’s correlation coefficient (q < 0.05, r > 0.85).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The shotgun metagenome sequencing raw data (short-read archives, SRA)
are available in the GenBank repository with bioproject accession number
PRJNA1054643.

Code availability
The underlying code for this study is not publicly available butmay bemade
available to qualified researchers on reasonable request from the corre-
sponding author.
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