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ARTICLE INFO ABSTRACT
Keywords: The composition of these vaginal microbiome has a significant impact on women’s health. However, few studies
Vaginal microbiome have characterized the vaginal microbiome of healthy Chinese women using metagenomic sequencing. Here, we
Metagenome carried out a comparative metagenomic analysis to survey taxonomic, functional levels, and microbial com-
Metabolic pathways e . s . . . .
Genome munities’ genome content in healthy women'’s vaginal microbiome. Overall, we observed a total of 111 species,
Strains including all dominant vaginal Lactobacillus species, such as L. iners, L. crispatus, L. gasseri, and L. jensenii. Unlike
microbial taxa, several pathways were ubiquitous and prevalent across individuals, including adenosine ribo-
nucleotides de novo biosynthesis and pyruvate fermentation to acetate and lactate II. Notably, our diversity
analysis confirmed a significant difference in healthy women from different ethnic groups. Moreover, we binned
vaginal assemblies into 62 high-quality genomes, including 9 L. iners, 7 A. vaginae, 5 L. jensenii, and 5 L. crispatus.
We identified the pan and core genomes of L. iners and A. vaginae and revealed the genetic diversity. Primary
differences between strains were the hypothetical genes and mobile element-like genes. Our results provide a
framework for understanding the implications of the female reproductive tract’s composition and functional
potential and highlight the importance of genome-resolved metagenomic analysis to further understand the
human vaginal microbiome.
1. Introduction population-specific impact on preterm birth risk [3-8]. A vaginal
microbiome dominated by Lactobacillus species is more related to the
The female reproductive tract’s microbiome has implications for health of the female reproductive tract. They can keep the stability of the
women’s reproductive health [1,2]. Recent reports have suggested that vaginal environment and maintain low pH by producing lactic acid. In
the vaginal microbiome composition has a significant contrast, a microbiome dominated by complex microbial communities

Abbreviations: CSTs, community state types; TNF, tetranucleotide frequency; PERMANOVA, Permutational multivariate analysis of variance; NMDS, nonmetric
multidimensional scaling; PCoA, Principal Coordinate Analysis.
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of Gardnerella, Atopobium, Dialister, and other anaerobes has been
associated with a higher risk for acquisition of sexually transmitted in-
fections and pelvic inflammatory disease [9-11]. The vaginal bacterial
community composition has been classified into community state types
(CSTs) based on the presence and relative abundance of species char-
acterized by the 16S rRNA gene sequencing [10,12].

Studies of the vaginal-associated microbiome have mainly relied on
16S rRNA gene amplicon sequencing [12,15], which has low taxonomic
resolution and cannot perform species-specific functional analysis. In
addition, bacterial species strains often exhibit substantial diversity in
gene content [13,14]. A substantial portion of reproductive-age women
has a vaginal microbiota dominated by L. iners [16]. However, its rela-
tionship to vaginal health is complicated [17]. High-quality genomes of
L. iners are still limited. The persistence of an adherent bacterial biofilm,
including A. vaginae, seems to be the primary reason for the failure of
bacterial vaginosis (BV) treatment [18]. A. vaginae is often highly
resistant to metronidazole [19]. Whole metagenomic shotgun
sequencing can address these limitations [20,21]. However, only a few
studies have applied it to the vaginal microbiome [22]. Little reviews
have characterized the vaginal microbiome of healthy Chinese women
using metagenomic sequencing.

Here, we performed a comparative metagenomic analysis to survey
taxonomy, functional potential, and microbial communities’ genome
content in healthy women’s vaginal microbiome using metagenome
sequencing.

2. Materials and methods
2.1. Dataset collection

Metagenomes used in this study included 82 newly in-house
sequenced datasets and 133 randomly selected human vaginal meta-
genome datasets in the HMP (HMP1-II) cohort [22] downloaded from
the National Center for Biotechnology Information Sequence Read
Achieve (SRA, http://www.ncbi.nlm.nih.gov/sra). The SRA datasets
were converted to fastq using the fastq-dump module in the NCBI SRA
Toolkit. The sample ID, sequencing platform, reads length, reads num-
ber, data size, and accession numbers for each dataset were shown in
Supporting Information Table S1. A total of 210 women were selected in
the Peking Union Medical College Hospital from July 2016 to October
2017, and the study was performed with the Ethical Committee’s
approval. The following subjects were excluded from the study: those
who used antibiotics within the previous 60 days; those who had any of
the symptoms or similar to pruritus, leukorrhea abnormalities, urinary
tract infection, and diarrhea within four weeks; the presence of a mod-
erate or severe illness at the time of enrollment; pregnant or lactating;
vaginal discharge with blood. After selection, only 82 of these were
enrolled. For each participant, a cotton swab was used to collect vaginal
discharge from the posterior fornix. All in-house metagenomic data were
derived from vaginal swab samples and after obtaining informed con-
sent from all the participants. Samples were stored at —20 °C for up to 2
weeks before being transferred to —80 °C. All women were not pregnant,
of reproductive age, ranging from 18 to 45 years.

2.2. DNA isolation, library construction, and whole metagenomic
sequencing

The samples underwent DNA extraction using standard methods.
Briefly, cells were lysed with the addition of an enzymatic cocktail: 50 pl
of lysozyme (10 mg/ml), 6 pl of mutanolysin (25,000 U/ml Sigma-
Aldrich), 3 pl of lysostaphin (4000 U/ml in sodium acetate; Sigma-
Aldrich), and 41 pl of TE50 buffer (10 mM Tris-HCL and 50 mM
EDTA, pH 8.0). The mixture was incubated for 1h at 37 °C and then
disrupted by bead beating for 2 min at room temperature in a Mini-
Beadbeater-96. DNA was isolated using the QIAamp DNA Mini Kit
(Qiagen). Samples were eluted with 2 x 200 pl of TE buffer (10 mM Tris-
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ClL, 0.5 mM EDTA; pH 9.0). A NanoDrop was used to measure DNA
concentration and purity. DNA was sheared to an average length of
300-500 bp. DNA libraries were constructed using NEB Next Ultra DNA
Library Prep Kit for Illumina following the manufacturer’s recommen-
dations. The library quality was assessed on the Agilent Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA). Barcoded TruSeq
libraries were sequenced with an Illumina HiSeq 2500 platform.

2.3. Metagenomic analysis

Sequencing data were processed using KneadData v0.7.2 (https://b
itbucket.org/biobakery/kneaddata/wiki/Home) for quality trimming
and human DNA depletion with default settings. Briefly, reads were
mapped to the GRCh38 reference library with standard masking using
Bowtie2, and human reads were filtered out. Then, Trimmomatic was
used to filter low-quality reads. MetaPhlAn2 [23] was used to perform
taxonomic classification and profiling by mapping the filtered reads
against a library of clade-specific markers. Functional profiling was
performed using HUMAnNN2 in UniRef90 mode [24]. The filtered reads
were mapped to the pangenomes species identified during the taxo-
nomic profiling by MetaPhlAn2 using Bowtie2. We defined a ‘core’
pathway as one that was detected with relative abundance >10"* in at
least 75% of samples. The pangenomes have been pre-annotated to their
respective UniRef90 families. The human vaginal non-redundant gene
catalog (VIRGO) [25], an integrated and comprehensive resource to
establish taxonomic and functional profiling of vaginal microbiomes,
was also used to characterize the functional composition of our
sequenced vaginal metagenomic datasets. LEfSe [26] analysis was used
to identify discriminative taxa between different subjects. Statistically
significant groups were reported with linear discriminant analysis (LDA)
scores >3. Illumina sequencing reads were assembled using IDBA-UD
[27], a de novo assembler for metagenomic sequencing data with
highly uneven depth. Genome bins were performed based on the
calculated sequence depth and tetranucleotide frequency (TNF) of each
scaffold using MetaBAT2 [28]. Completeness and contamination of all
bins created were assessed using CheckM version v1.0.18 [29]. To assign
a high-quality bin, we used a threshold of marker gene completeness
>90% and contamination <5%. GTDB-Tk [30] was used to assign tax-
onomy to assembled bins.

Nonmetric multidimensional scaling (NMDS) and Principal coordi-
nate analysis (PCoA) were performed to evaluate differences in taxon-
omy profiles among samples based on the Bray-Curtis distance of
species relative abundance. Permutational multivariate analysis of
variance (PERMANOVA) between different groups was done with
adonis in vegan with a similarity index using 9999 permutations.
Shannon diversity, redundancy analysis, and heatmaps were prepared in
R with vegan and ggplot2 packages.

2.4. L. iners and A. vaginae phylogenetic trees and genome comparisons

Thirty-one publicly available L. iners genomes plus the nine L. iners
genomes recovered in this study were analyzed. L. iners genomes used in
this study are: GCF_000149065.1, GCF_000149085.1,
GCF_000149105.1, GCF_000149125.1, GCF_000149145.1,
GCF_000160875.1, GCF_000177755.1, GCF_000179935.1,
GCF_000179955.1, GCF_000179975.1, GCF_000179995.1,
GCF_000185405.1, GCF_000191685.1, GCF_000191705.1,
GCF_000204435.1, GCF_000227195.1, GCF_001435015.1,
GCF_002871595.1, GCF_002884695.1, GCF_002884705.1,
GCF_002892385.1, GCF_009556455.1, GCF_009857205.1,
GCF_010748955.1, GCF_011058695.1, GCF_011058715.1,
GCF_011058735.1, GCF_011058755.1, GCF_011058775.1,
GCF_011058795.1, and GCF_902374445.1. Similarly, seven A. vaginae
genomes recovered in this study and six publicly available A. vaginae
genomes (A. vaginae PB189-T1-4 (GCF_000179715) with an abnormal
high GC% was removed in the study) were used. The NCBI assembly
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numbers for the publicly available A. vaginae genomes used in this study
are: GCF_000159235.2, GCF_000178335.1, GCF_001049775.1,
GCF_001562845.1, and GCF_900445305.1. kSNP3.0 [31] was used to
build phylogenetic trees from whole-genome SNP patterns. The core and
pan-genome were estimated using Roary [32] at standard settings with
GFF3 files generated by PROKKA [33] used as input files. The
Comprehensive Antibiotic Resistance Database (CARD) was used to
predict antibiotic-resistant genes [34].

3. Result

We recruited 210 women in the Peking Union Medical College
Hospital from July 2016 to October 2017. After selection, only 82 of
these were enrolled. We performed shotgun metagenomic sequencing on
82 vaginal samples (Supplementary Table S2). These metagenomes have
about 5.8 billion reads, 92% of which were identified as human se-
quences and removed for the following analysis. We found that vaginal
metagenomes dominated by Lactobacillus species had significantly
higher proportions of human sequence reads than those from Lactoba-
cillus deficient datasets (94.2% vs. 89.3%; P < 0.05), which was
consistent with the previous report [25]. There are some reasons for this,
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such as low-diversity bacterial communities, and the problem in isola-
tion of pure DNA from Gram-positive bacteria arises from the difficulty
in lysis of bacterial cells and associated metabolites.

3.1. Characterization of vaginal community composition and structure

Unlike gut or oral communities, vaginal communities were generally
dominated by one species, based on whole-genome abundance measures
(Fig. 1A). Overall, we observed a total of 111 species in the vaginal
microbiota of these women. We identified all dominant vaginal Lacto-
bacillus species, including L. iners, L. crispatus, L. gasseri, and L. jensenii, as
well as common facultative and strict anaerobic vaginal species such as
Gardnerella vaginalis, Atopobium vaginae, and Prevotella amnii.

Fig. 1B shows the taxonomic profiles encompassing the five previ-
ously reported vaginal community state types (CSTs), including CST I
(L. crispatus-dominated), II (L. gasseri-dominated), III (L. iners-domi-
nated), IV (array of strict and facultative anaerobes), and V (L. jensenii-
dominated) with frequencies in this set of metagenomes of 23.9%, 2.2%,
26.1%, 35.9%, and 1.1%, respectively (Supplementary Table S2). CST I
is always associated with a healthy vagina, while CST III is more prone to
vaginal dysbiosis [35,36]. Studies have shown that the protective effect
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Fig. 1. Community structure of the vaginal microbiome in different subjects. (A) Relative abundance of the top 10 most abundant vaginal taxa are displayed. (B)
Heatmap of relative abundance of microbial taxa based on the ten most abundant taxa. (C) Shannon diversity indices calculated for the vaginal communities in this
study (groups II and V with few samples were excluded). (D) NMDS plot showing the similarities among all the samples according to the community structure. The
confidence ellipses are drawn with a confidence level of 0.90. The samples with different CSTs are plotted with different colors. Unlike gut or oral communities,
vaginal communities were generally dominated by one species, based on whole-genome abundance measures. Overall, a total of 111 species were observed in the
vaginal microbiota of these women. All dominant vaginal Lactobacillus species, including L. iners, L. crispatus, L. gasseri, and L. jensenii, as well as common facultative
and strict anaerobic vaginal species such as Gardnerella vaginalis, Atopobium vaginae, and Prevotella amnii were identified in this study. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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of L. crispatus against BV is intrinsically associated with the ability to
produce lactic acid and bacteriocin that maintain the healthy state of the
vagina [37].

The Shannon diversity indices and beta-diversity analysis of the
communities indicated that the most diverse communities were CST IV.
Fig. 1C shows communities in CST I have the lowest Shannon diversity
values, whereas CST IV communities have the highest Shannon diversity
values. Fig. 1D shows the relationships among communities by
nonmetric multidimensional scaling (NMDS). The samples in CST I and
CST III grouped tightly, whereas the CST IV samples spanned the entire
space and showed the highest variation compared with the other sam-
ples. Although CST IV communities were not dominated by Lactobacillus
sp., L. iners and L. crispatus were detected in 87.8% and 48.5% of CST IV
communities, respectively (Supplementary Table S2).

3.2. Functional annotations of the human vagina

According to the previous studies, our results suggest that the human
vagina has no single core microbiome [12,22]. Several core micro-
biomes can be defined by the community groups depicted. Unlike mi-
crobial taxa, several pathways were ubiquitous and prevalent across
individuals (Fig. 2A), such as adenosine ribonucleotides de novo
biosynthesis and pyruvate fermentation to acetate and lactate II. The
most abundant of these core pathways include adenosine ribonucleo-
tides de novo biosynthesis, which was contributed principally by L. iners
in CST III (Fig. 2B). In contrast, adenosine ribonucleotides de novo
biosynthesis was contributed principally by unclassified species in CST I.
As the database for different types of Lactobacilli is not comprehensive,
these unclassified species could be L. crispatus. We found that some
samples were blank even with the same bacteria species (Fig. 2C). For
example, in the L. iners dominated samples, some do not have the listed
pathway detected, indicating that the L. iners strains may be unique.

We also used the human vaginal non-redundant gene catalog
(VIRGO) to characterize the functional composition of our sequenced
vaginal metagenomic datasets. The number of reads per non-redundant
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gene per sample with functional annotations, including KEGG, eggNOG,
and EC number, can be found in Supplementary Table S3. Overall,
199,706 genes were assigned a functional annotation from at least one
source. Specifically, a total of 73,842 unigenes were assigned to 198
KEGG pathways, and 198,756 unigenes were assigned to the eggNOG
functions in this study. Fig. 3D shows an overview of the eggNOG
functions encoded in VIRGO. Carbohydrate metabolism, amino acid
metabolism, and inorganic ion metabolism were the top three in the
eggNOG category “metabolism".

3.3. A comparison of the vaginal microbiome in healthy women from
different ethnic groups

We downloaded 133 metagenome datasets of the human vagina in
the HMP cohort [22] from the National Center for Biotechnology In-
formation (NCBI) Sequence Read Achieve. We performed a comparison
of the vaginal microbiome in 82 newly in-house sequenced Chinese
datasets and 133 HMP American datasets. Although the types of vaginal
microbial communities found in healthy Chinese women were similar to
American women, alpha and beta diversity confirmed a significant dif-
ference between these two groups. As shown in Fig. 3A, Chinese com-
munities have higher Shannon diversity values. Similarly, we employed
Principal coordinate analysis (PCoA) to assess the variation of vaginal
microbial communities between Chinese and American women and
found significant differences in diversities based on the Bray-Curtis
distance (Fig. 3B; adonis, P < 0.001; R2 = 0.033). Each point represents
the vaginal community of an individual in Fig. 3B. Some subjects were
very similar and clustered together in the figure, while others had little
similarity to any other subjects.

LEfSe analysis revealed that many differences in the abundance of
communities existed between these two groups (Fig. 3C). The LDA
scores indicated that the relative abundances of Granulicatella unclassi-
fied, Prevotella amnii, and Atopobium vaginae were much more enriched
in Chinese than those in American (Fig. 3C). The most differentially
abundant species in American was Lactobacillus jensenii. To quantify the
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Fig. 2. Functional analysis of the vaginal microbiome in different subjects. (A) Heatmap of relative abundance of the 10 most abundant metabolic pathways in the
vaginal metagenomes used in this study. The legend indicates microbiome samples by the five CSTs. Functional profiling was performed using HUMAnN2 in
UniRef90 mode. (B-C) Contributional diversity of core vaginal microbiome pathways. The top of each set of stacked bars indicates the total stratified abundance of
the pathway within a single sample (log-scaled). Species and ‘unclassified’ stratifications are proportionally scaled within the total bar height. Community groups can
define several core microbiomes. Unlike microbial taxa, several pathways were ubiquitous and prevalent across individuals, such as adenosine ribonucleotides de
novo biosynthesis and pyruvate fermentation to acetate and lactate II. (D) Functional distribution of non-redundant genes in VIRGO using EggNOG (v4.5).
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relative influence of dominant taxon (L. crispatus and L. iners) on com-
munity composition, we performed redundancy analysis (RDA) on mi-
crobial communities’ relative abundances. Our results indicated that
L. crispatus and L. iners were highly significant sources of variation in
community abundances (P < 0.001; R? > 0.98).

3.4. Assembly of 62 draft microbial genomes from the human vagina

We carried out a metagenomic assembly of individual samples from
the above analyzed 215 vaginal datasets and created 834 metagenomic
bins from the single-sample binning. After dereplication to 95% ANI, 62
high-quality genomes (>90% completeness and <5% contamination)
remained, including 9 L. iners, 7 A. vaginae, 5 L. jensenii, and 5
L. crispatus.

We compared the high-quality genomes of 9 strains of L. iners from
the vaginal samples with 31 publicly available L. iners genomes
(Fig. 4A). L. iners strains recovered in this study were distributed evenly
across the phylogenetic tree. We annotated an average of 1226 genes per
strain. This set of 40 L. iners genomes comprised 3495 different gene
orthologous groups (Supplementary Table S4). The core genome con-
sisted of 735 genes (which correspond to ~60% of a given genome),
which displayed high gene conservation and low genetic diversity in
L. iners strains.

We compared A. vaginae strains recovered in this study with other
published A. vaginae strains to determine genetic heterogeneity.

Phylogenetic analysis revealed that A. vaginae strains recovered here
were divergent from previously sequenced strains (Fig. 4 4B). Pan-
genome analysis in A. vaginae species contained 2218 protein-coding
sequences with 28.2% (625) core genes and 71.8% (1593) shell genes
(Supplementary Table S5).

Fig. 5 shows whole-genome alignments from the L. iners clinical
isolates described in this study. Primary differences between strains
were the hypothetical genes and mobile element-like genes, including
genes involved in CRISPR-associated, restriction-modification systems,
virulence-associated, and antibiotic resistance.

Among seven strains of A. vaginae from this study, we detected the
tetracycline-resistant ribosomal protection protein tetM in one of these
strains. Moreover, among nine strains of L. iners, Erm 23S ribosomal
RNA methyltransferase ErmB was found.

4. Discussion

This study carried out a comparative metagenomic analysis to survey
taxonomic, functional levels, and microbial communities’ genome
content in healthy women’s vaginal microbiome. Studies of the vaginal-
associated microbiome have mainly relied on 16S rRNA gene amplicon
sequencing [12,15], which has limitations in taxonomic resolution and
the lack of ability to perform species-specific functional analysis. Strains
of a bacterial species often exhibit substantial diversity in gene content.
The five previously reported vaginal CSTs identified in Chinese women,
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and the most diverse communities were those of group IV, consistent
with the previous study [12]. Compared to the recently reported vaginal
microbiome of Chinese pregnant women [38], this study found more
L. iners-dominated and less L. crispatus-dominated women. Notably, the
diversity of community types in Chinese was higher than in American
(Fig. 3). Consistent with previous reports [34,39], our findings suggest
some differences in different racial groups in terms of the bacterial
species found in the vagina. However, the reasons for such differences
are still unclear but could be based on differences in innate and adaptive
immune systems, contraceptive usage, sex activities, topical antibiotics
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exposure, and other genetically determined differences between hosts
[17]. Besides, the sample collection method, DNA extraction, and
sequencing could all bring biases to comparing microbiome composition
across datasets.

Compared to other 16S rRNA gene sequencing studies, this study can
perform gene-level analysis. We identified conserved core functions
among individuals despite differences in their species composition
(Fig. 2). Interestingly, all communities contained members assigned to
genera known to produce lactic acid, including Lactobacillus, Mega-
sphaera, and Atopobium. An important catabolic function, namely the
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Fig. 4. Phylogenetic tree reconstructed from core SNPs (SNPs present in all genomes analyzed) with kSNP3. (A) Phylogenetic tree of 40 L. iners genomes, including
31 available in GenBank. The NCBI assembly numbers for the publicly available L. iners genomes used in this study are: GCF_000149065.1, GCF_000149085.1,
GCF_000149105.1, GCF_000149125.1, GCF_000149145.1, GCF_000160875.1, GCF_000177755.1, GCF_000179935.1, GCF_000179955.1, GCF_000179975.1,
GCF_000179995.1, GCF_000185405.1, GCF_000191685.1, GCF_000191705.1, GCF_000204435.1, GCF_000227195.1, GCF_.001435015.1, GCF_002871595.1,
GCF_002884695.1, GCF_002884705.1, GCF_002892385.1, GCF_009556455.1, GCF_009857205.1, GCF_010748955.1, GCF_.011058695.1, GCF_011058715.1,
GCF_011058735.1, GCF_011058755.1, GCF_011058775.1, GCF_011058795.1, and GCF_902374445.1. (B) Phylogenetic tree of 12 A. vaginae genomes, including five
available in GenBank. The NCBI assembly numbers for the publicly available A. vaginae genomes used in this study are: GCF_000159235.2, GCF_000178335.1,
GCF_001049775.1, GCF_001562845.1, and GCF_900445305.1. The genomes recovered in the current study are shown in bold.
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production of lactic acids, such as pyruvate fermentation to acetate and
lactate II, was conserved among communities despite differences in the
species composition. In addition, vaginal communities had many genes
for nutrient (carbohydrates and amino acids) utilization, consistent with
the previous report [25].

Lactobacillus iners dominated vaginal bacterial communities of many
women [10,12]. Atopobium vaginae is associated with bacterial vaginosis
in around 80% of the cases and might involve therapeutic failures [40].
Among L. iners and A. vaginae genomes studied here, A. vaginae exhibited
a greater diversity, which is consistent with extensive and long-term
populations of A. vaginae in humans as part of an ancestral state.
L. iners showed less diversity, reflecting more recent colonization or a
smaller historical population size during human history. Comparative
analysis revealed that strains recovered in this study were divergent
from previously sequenced strains (Figs. 4 and 5), indicating the novelty
of this study and the importance of strain-level analysis of metagenomes.
Mobile element-like genes, including virulence and antibiotic resistance
genes, existed between strains, demonstrating their adaptation in
different environments related to vaginal health.

This study has several limitations. First, the relatively small number
of samples included in the analysis limited this study. Likely, a larger

L.iners C0059G1
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sample with diverse countries of origin would probably reveal more
information. Second, our research subjects were recruited only in Bei-
jing. The generalizability of these results will be augmented when
applied to other populations of women.

Our results suggest the species-specific composition and functional
potential in the vaginal microbiome of healthy women. We highlight the
importance of strain-level analysis further to understand the human
vaginal microbiome and disease risks.

Nucleotide sequence accession numbers

All genomic sequences analyzed in the study have been deposited in
GenBank using the accession number PRINA630342.
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