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The vaginal microbiome, a relatively simple, low diversity ecosystem crucial for female health, is often
dominated by Lactobacillus spp. Detailed strain-level data, facilitated by shotgun sequencing, can
provide agreater understandingof themechanismsof colonization andhost-microbe interactions.We
analysed 354 vaginal metagenomes from pregnant women in Ireland to investigate metagenomic
community state types and strain-level variation, focusing on cell surface interfaces. Our analysis
revealed multiple subspecies, with Lactobacillus crispatus and Lactobacillus iners being the most
dominant. We found genes, including putative mucin-binding genes, distinct to L. crispatus
subspecies. Using 337 metagenome-assembled genomes, we observed a higher number of strain-
specific genes in L. crispatus related to cell wall biogenesis, carbohydrate and amino acidmetabolism,
many under positive selection. A cell surface glycan gene cluster was predominantly found in L.
crispatus but absent in L. iners and Gardnerella vaginalis. These findings highlight strain-specific
factors associated with colonisation and host-microbe interactions.

Lactobacilli play a major role in modulating the composition of the human
vaginal microbiome. Production of lactic acid by these bacteria is an
important trait that results in a lowering of the vaginal pH, preventing
colonisation by unfavourable bacteria like those associated with bacterial
vaginosis (BV)1–3. Additionally, production of hydrogen peroxide4 and
antimicrobial peptides can provide a competitive advantage to certain lac-
tobacilliwithin this niche5,6. Thedominanceof lactobacilli within the vaginal
microbiome is distinct to humans, not being observed in other non-human
mammals7. The evolutionary pressure driving this phenomenon is unclear,
however both dietary and hormonal cycling have been suggested7,8. Indeed,
the high concentration of glycogen within the vaginal lumen, as well as an
abundance of mucin, may be important as Lactobacillus species have the
capacity to use the former glycan as a carbon source, whilemucin is believed
to provide a distinct interface for interaction between vaginal microbes and
the host9.

The vaginal microbiome in collective datasets has previously been
categorised into community state types (CSTs)10 primarily based on the
dominant bacteria present, such as Lactobacillus crispatus (CST-I), Lacto-
bacillus gasseri (CST-II), Lactobacillus iners (CST-III), and Lactobacillus
jensenii (CST-V), with a further Lactobacillus-reduced community of
obligate and facultative anaerobes such as Gardnerella vaginalis and Fan-
nyhessea vaginae classified as CST-IV10,11. Due to the diversity of the
dominant species, subgroupings or extensions of CSTs are often required,
leading to discordance between reported studies. To address this, a nearest
centroid based approach (VALENCIA) was developed to help standardise
classification12. Ultimately, these stratification approaches are based on
taxonomic abundance, whereby taxonomy is often assigned based on lim-
ited marker genes (as is the case for MetaPhlAN4)13. Therefore, the func-
tional potential of the bacterial communities within the vaginalmicrobiome
is not considered, nor are discrete genetic differences within species.

1Teagasc Food Research Centre, Fermoy, Co, Cork, Ireland. 2APC Microbiome Ireland, National University of Ireland, Cork, Ireland. 3School of Microbiology,
University College Cork, Cork, Ireland. 4SFI Centre for Research Training in Genomics Data Science, School of Mathematics, Statistics & Applied Mathematics,
University of Galway, Galway, Ireland. 5The Centre for Pathogen Genomics, Department of Microbiology & Immunology, Peter Doherty Institute for Infection &
Immunity, University of Melbourne, Melbourne, Australia. 6UCD Perinatal Research Centre, School of Medicine, University College Dublin, National Maternity
Hospital, Dublin, Ireland. 7School of Infection and Immunity, University of Glasgow, Glasgow, G12 8TA, United Kingdom. e-mail: conor.feehily@glasgow.ac.uk;
paul.cotter@teagasc.ie

npj Biofilms and Microbiomes |           (2025) 11:49 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00682-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00682-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-025-00682-1&domain=pdf
http://orcid.org/0000-0003-2553-3156
http://orcid.org/0000-0003-2553-3156
http://orcid.org/0000-0003-2553-3156
http://orcid.org/0000-0003-2553-3156
http://orcid.org/0000-0003-2553-3156
http://orcid.org/0000-0003-1823-7957
http://orcid.org/0000-0003-1823-7957
http://orcid.org/0000-0003-1823-7957
http://orcid.org/0000-0003-1823-7957
http://orcid.org/0000-0003-1823-7957
http://orcid.org/0000-0002-5465-9068
http://orcid.org/0000-0002-5465-9068
http://orcid.org/0000-0002-5465-9068
http://orcid.org/0000-0002-5465-9068
http://orcid.org/0000-0002-5465-9068
mailto:conor.feehily@glasgow.ac.uk
mailto:paul.cotter@teagasc.ie
www.nature.com/npjbiofilms


Recently, Holm and colleagues described metagenomic community
state types (mgCSTs) based on both taxonomic and functional composition
of the vaginal microbiomes from North American women using the non-
redundant gene database, VIRGO14,15. Assignment of a microbiome to any
mgCST is based on the relative abundances of metagenomic subspecies
(mgSs). ThesemgSs are derived fromdistinct co-occurring genetic variation
within a given species and thus provides more granular resolution of a
community structure. Based on this approach a total of 27 mgCSTs are
currently recognized for the vaginal microbiome. The mgCST-based
approach enables a more comprehensive classification of the vaginal
microbiome by integrating taxonomic information and functional potential
that are crucial to appreciate subtle differences in the communities. For
example, the authors define six distinct L. crispatus mgCSTs using the
mgCST classification scheme, compared to just one CST using the classical
CST method.

Multiple factors includingmicrobial interactions, antibiotic treatment,
nutrient availability, hormonal changes, and pregnancy can alter the com-
position of the vaginal microbiome by acting as selective pressures that
further affect microdiversity16–22. Previous studies have shown that the
bacterial communities of the vagina are stable during pregnancy compared
to non-pregnant women11,16. However, strain-level studies of the vaginal
microbiome are needed to understand the subtle genomic variations in the
context of pregnancy. Within other niches, analysis of metagenome
assembled genomes (MAGs) has been shown to be a powerful approach
with respect to describing community function23,24. Given the increasing
evidence of the impact of subtle strain-level differences on phenotypic
characteristics, it is important to investigate genotypes, especially those
potentially involved in host-microbe interactions, at a resolution greater
than genus and species9,25,26. Notably in this regard, differences with respect
to mucin binding genes and vaginal cell adhesion have been reported
between strains of L. gasseri27, while Argentini et al. have demonstrated that
even closely related strains of L. crispatus can vary greatly in terms of
antimicrobial and competitive abilities28. Taken together, there is much to
learn about the microbial interactions in this niche by employing sub-
species/strain resolved approaches.

The goal of this study was to perform a high-resolution profiling of
vaginal metagenomes from pregnant women by analyses of mgCSTs and
MAGs in order to understand observed genetic differences at bothmgCST-
and individual strain-level for genes predicted to be involved in adaptation
to the vaginal niche.

Results
Metagenomic community state typing reveals multiple sub-
species
A total of 354 vaginal metagenomic samples from two Irish cohorts, high-
risk preterm (n = 87) (PRJEB34536) and MicrobeMom (n = 267)
(PRJEB48251), with a median count of 336,878 (interquartile range of
176,702–796,475 reads) quality trimmed microbial read pairs per sample,
were analysed. Using the metagenomic community state type (mgCST)
classifier approach, we grouped the metagenomes at subspecies resolution
and established that 18 distinct mgCSTs were present across the dataset. A
total of five metagenomic subspecies (mgSs) from Lactobacillus crispatus
(mgCST 1, mgCST 3-6) (Fig. 1a) were identified, while three and two
metagenomic subspecies (mgSs) were shown to correspond to Lactobacillus
iners (mgCST 10-12 and 27) and Lactobacillus jensenii (mgCST 15 and 16),
respectively. There were three mgSs identified for Lactobacillus gasseri
(mgCST7-9) aswell as forGardnerella vaginalis (mgCST23-25), while only
one subspecies was identified for Bifidobacterium breve (mgCST 26). In
contrast, the conventional CST assignment approach, classified the vaginal
metagenomes to only 6 CSTs (CST-1,2,3,4,5 and 8) at species level resolu-
tion (Supplementary Table 1a). To investigate the dynamics and stability of
mgCST throughoutpregnancy,we comparedassignment at both the2nd and
3rd trimester in a subset of individuals (n = 48). Our analysis revealed that
27%(13/48) of the samples exhibited intra-speciesmgCSTchanges (mgCST
shifts with the same dominant taxon) compared to the initial sample. We

found inter-speciesmgCST in 17% (8/48) of the samples, indicating shifts to
a different dominant taxon. No differences were observed in 56% of the
samples (27/48) (Supplementary Table 1b). Furthermore, we investigated
the differences in pan-mgCST gene content between the trimesters using
paired samples and no major gene content differences were observed
(Supplementary Fig. 1).

Pan-metagenomics reveal mucin-binding genes in L. crispatus
Metagenomic community state types dominated by L. crispatus (48% of
samples (173/354)) andL. iners (13%of samples (47/354)) accounted for the
majority of all profiled metagenomes (Table 1).We therefore reconstructed
pan-metagenomes ofL. crispatus andL. iners using non-redundant genes of
each species to understand differences inmgCSTs between andwithin these
species (Fig. 1b, c). The L. crispatus pan-metagenome consisted of 5943
vaginal orthologous groups (VOGs), with 4184 VOGs in the L. iners pan-
metagenome. Both D- and L- lactate dehydrogenase-encoding genes were
present in all L. crispatusmgCSTs (5/5mgCSTs, 173/173 samples) while, L.
iners mgCSTs lacked the gene encoding a D-lactate dehydrogenase (Sup-
plementary Table 1c and 1d). Similarly, whilst the glycogen debranching
gene (pulA)was found in allmgCSTs in bothL. crispatus (5/5mgCSTs, 168/
173 samples) and L. iners (2/2 mgCSTs, 47/47 samples), mucin binding
genes (mucBP)were only present inL. crispatusmgCSTs (5/5mgCSTs, 172/
173 samples) (Supplementary Table 1c and 1d).

Within thepan-metagenomes,we identified a total of 405 genes unique
to individual L. crispatusmgCSTs, with mgCSTs 1 and 6 having the largest
number of unique genes, 199/405 and113/405, respectively (Supplementary
Table 1e).Most of these geneswere annotated as ‘hypothetical’ formgCST1
(167/199) and mgCST 6 (53/113). Nonetheless, of those that could be
functionally annotated, most of the unique genes assignable to COG
functional categories were predicted to have roles in transcription, carbo-
hydrate transport and metabolism, replication and repair and cell wall-
related activities (Supplementary Fig. 2a). A total of 462 unique genes were
identified inL. inersmgCSTs, corresponding tomgCST10 (273),mgCST11
(53) andmgCST 12 (136) (Supplementary Table 1f). Similar to L. crispatus,
themajority of these genes, i.e., 194 genes inmgCST 10, 45 genes inmgCST
11 and 114 genes in mgCST 12, had no assigned function (Supplementary
Table 1f). The topCOGcategories inL. inerswere comparable toL. crispatus
except for the defensemechanismcategorywhereL. inershasmoremgCST-
specific genes (Supplementary Fig. 2b).

Theaccessorygenomeshapes thephylogeneticdiversityofboth
L. crispatus and L. iners
To investigate the vaginal microbiome at strain-level resolution, we recon-
structed 337 high-quality metagenome-assembled genomes (MAGs; com-
pleteness >90%, contamination <5%) from 354 metagenomes. L. crispatus
(154), L. iners (57), and L. jensenii (31) represented the most frequently
reconstructed species (Supplementary Table 2). We found that ~100,000 L.
crispatus reads were required to recover a high-quality MAG with only
~50,000 reads required for L. iners MAG recovery (Fig. 2b, Supplementary
Table 2). The median recovery was 1 MAG per sample with a maximum
recovery of 8MAGs in a single sample, reflecting the distribution of species-
level diversity expected from the vaginal microbiome. There were no
instances where multiple strains/MAGs of the same species were recovered
from a single sample.

High-quality MAGs from L. crispatus and L. iners were used for
phylogenetic analysis. Core genome (genes present in 95-100% ofMAGs of
that species) phylogenetic comparison revealed the presence of three major
clades for L. crispatuswhilst there were twomajor clades for L. iners (Fig. 2c
and d). There did not appear to be any relationship between mgCST clas-
sification and phylogenetic clades of the core genomes for either L. crispatus
or L. iners. Furthermore, we reconstructed accessory genome (genes present
in <15%ofMAGs) phylogenies forL. crispatus andL. iners to investigate the
concordance with the core phylogeny. This analysis revealed a topological
discordance between core and accessory genome phylogenies in both L.
crispatus and L. iners with a robinsonfould-distance of 0.58 and 0.70,
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respectively, indicating accessory genome content might play a role in
shaping phylogenetic diversity within these species (Fig. 3a and b).

The intra-species genetic diversity of vaginal L. crispatus is
greater than that of L. iners
We reconstructed the pangenomes for L. crispatus and L. iners, as these
species are supported by at least 50 high-quality metagenome-assembled
genomes (MAGs) each to understand the strain-level differences between
the clades (Fig. 4a, b). The pangenomes ofL. crispatus andL. iners contained

a total of 8831 and 3221 gene families, respectively.WithinL. crispatus, 1109
gene families (12.5% of pangenome) were present in more than 95% of the
MAGs (core genome) while 5415 gene families (61.3%) were present in less
than 15% (cloud genome). For L. iners, the core genome comprised of 835
gene families (25.9%) and had a cloud genome of 1805 (56%). Additionally,
we randomly sampled three sets of 57 L. crispatusMAGs to match L. iners
sample size and reconstructed the pangenome and found cloud gene con-
tent (mean count of 3322 genes - 53%of pangenome)was always larger than
the core (mean count of 1116 genes - 18%) in the L. crispatus pangenome

Fig. 1 | Metagenomic community state types (mgCSTs) identified in 354 vaginal
metagenomes. a Heatmap showing the relative abundance of metagenomic sub-
species in each sample. The barplot on the top represents the alpha diversity within
the samples and color strip with gradients indicates the mgCSTs in each species.
b, c Pan-metagenome heatmaps of L. crispatus and L. iners representing the gene

content within each mgCSTs. Heatmaps are clustered based on mgCSTs and indi-
cated by color strip on the top. For each non-redundant gene, a dark green cell
indicates its presence (1), and a white cell (0) indicates its absence in the corre-
sponding sample.
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(Supplementary Fig. 3a). Further analysis revealed an open pangenome
(γ > 0) for both L. crispatus (γ = 0.25) and L. iners (γ = 0.26) suggesting high
intra-species genetic diversity.

Next, we examined the distribution profiles of core and cloud genes in
L. crispatus and L. iners in various functional categories. Genes putatively
involved in cellwall biogenesis (Cloud - 184 vsCore - 35), carbohydrate (160
vs 34) and amino acid transport, andmetabolism (151 vs 34) appeared to be
more abundant in the cloud of L. crispatus compared to the core (Supple-
mentary Fig. 3b). In contrast, we found a similar number of cloud and core
genes in theL. inerspangenomeassociatedwith cellwall biogenesis (Cloud–
30 vs Core - 22), carbohydrate (36 vs 42) and amino acid transport and
metabolism (30 vs 22) categories. Inter-clade analysis within the L. crispatus
species revealed 16 genes that were specific to clade-1. No other L. crispatus
clades had unique genes. Of the 16 genes from clade-1, all were annotated as
encoding for hypothetical proteins. There were no clade-specific genes
identified in L. iners.

Metagenomic strain profiling reveals potential genes involved in
host-microbe interface in L. crispatus
Given the marked differences in identified strain-specific genes between L.
crispatus and L. iners, we aimed to identify the genes driving this by
searching for genes under positive selection in the metagenomic data. We
found 28 genes under positive selection in L. crispatus and four genes in L.
iners (Fig. 5a). The most prevalent genes under positive selection in L.
crispatuswere predicted to encode transposons (DDE_Tnps), ATP-binding
cassette transporters (ABC transporters), S-layer associatedprotein (SLAP),
Gram positive cell wall anchor (Gram_pos_anchor) and mucin-binding
protein (MucBP). These genes were found irrespective of the associated
mgCSTs assigned to the source metagenome. In L. iners, three genes were
related to membrane transport (ABC transporters and bPH_2) and the
other is annotated as encoding a domain of unknown function (DUF4355).

Five species (L. crispatus, L. gasseri, L iners, L. jensenii, andG. vaginalis)
provided greater than 20 high qualityMAGs.Within thesewe observed that
a putative cell surface glycan encoding gene cluster containing mucBP was
predominantly present in L. crispatus (86%, 113/154) and not in L. iners
(0/57) orG. vaginalis (0/26) (Fig. 5c). In L. jensenii and L. gasseri, we found
this gene cluster in 36% (11/30) and 30% (6/20) of the samples, respectively.

Moreover, we found that a lower microbiome alpha diversity in a given
sample is correlated with a higher probability of detecting this cell surface
glycan gene cluster inL. crispatus andL. jensenii (p = 0.005) species (Fig. 5b).

Finally, we extended this investigation to publicly available genomes of
L. crispatus (n = 406) and L. iners (n = 279) from different countries and
sampling sites to survey the presence of this cell surface gene cluster in a
more geographically broader context. We found similar results to our
dataset, where the gene cluster was present in 63% (256/406) of L. crispatus
genomes, yet absent in L. iners (0/279) (Supplementary Fig. 4).

Discussion
Understanding the genetic diversity among strains in a microbial com-
munity is often very important29. In particular, for putatively beneficial
bacteria like lactobacilli, there is a requirement to differentiate specific
strains that have greater therapeutic potential from those that do not30–34.
Within the vaginal tract, it has been widely reported that L. crispatus is
distinctly associated with better health outcomes35–38. As such, the general
consensus appears to be to promote a microbiome dominated by this spe-
cies. This however does not consider diversity within the species, or any
other species within the vagina. Approaches to study the vaginal micro-
biome have more often relied on a metataxonomic approach, which does
not provide the resolution required to understand functional differences at
strain level39–41. Within our metagenomic data we revealed the presence of
multiple subspecies of bacteria with a diverse gene repertoire in the vaginal
microbiome underscoring the importance of studying functional differ-
ences even in compositionally similar data. The presence ofmgCST-specific
genes inL. crispatus andL. iners related to cell-wall anddefencemechanisms
suggests different functions of the strains in the vaginal environment. A
previous report has shown that Limosilactobacillus reuteri strains with
mucus adhesins can exert immunoregulatory effects in the gut42. Further-
more, mucus-binding proteins from Lactiplantibacillus plantarum have
shown inhibition towards enterotoxigenic E. coli cells43. The presence of
mucin-binding genes inmetagenomes dominated by L. crispatus, but not in
L. iners,mayhave similar functional implications in the vaginalmicrobiome
in terms of bacterial adhesion and pathogen resistance.

The genomic diversity among L. crispatus strains has recently been
reported and reveals that this results in phenotypic variation, particularly
with respect to glycogen metabolism, a major carbon source in the vaginal
environment that can determine colonization levels and associated persis-
tence, as well as microbe-host communication ability of the strains9,26. Our
results show that a gene (pulA), encoding a putative glycogen degrading
activity, pullulanase, is present in all mgCSTs of both L. crispatus and L.
iners, indicating the importance of this enzyme in glycogen metabolism
within the vaginal ecosystem. Separately, previous studies have shown that
D-lactate ismore protective against unfavourable vaginal communities than
L-lactate and its levels are highest when L. crispatus is dominant44,45. The
presence of D- and L-lactate dehydrogenase-encoding genes in all L. cris-
patusmgCSTs, but the absence of D-lactate dehydrogenase gene in L. iners,
is in line with previous literature46. However, Holm and colleagues have
reported that the D-lactate dehydrogenase gene is missing inmgCST 2, one
of the subspecies of L. crispatus, and that samples dominated by mgCST 2
were compositionally more diverse and had fewer L. crispatus strains
compared to other mgCSTs15. Interestingly, we did not find any samples
with mgCST 2 in our dataset, which contains data from samples collected
predominantly from healthy women. Altogether, our analysis of taxonomic
composition of the vaginal microbiome, coupled with its functional
potential, offers insights that are vital for understanding the mechanisms
underlying the maintenance of a healthy vaginal environment.

A recent pangenomic survey of major vaginal lactobacilli showed that
genes related to adherence functions in L. crispatus and L. iners are strain
specific47. In line with this, we report that a high number of cloud genes
compared to core geneswere found in cell wall biogenesis, carbohydrate and
amino acid metabolism functional categories in L. crispatus compared to L.
iners. Furthermore, our pangenome analysis revealed open-pangenomes
indicating high intra-species genetic diversity among vaginal L. crispatus

Table 1 | Metagenomic community state types identified in the
dataset

mgCST Frequent mgSs
(prevalence)

Abundant mgSs Samples

mgCST 4 Lactobacillus crispatus 4 Lactobacillus crispatus 4 85

mgCST 1 Lactobacillus crispatus 1 Lactobacillus crispatus 1 65

mgCST 10 Lactobacillus iners 1 Lactobacillus iners 1 35

mgCST 16 Lactobacillus jensenii 2 Lactobacillus jensenii 2 35

mgCST 27 Bifidobacterium dentium Enterococcus faecalis 3 18

mgCST 8 Lactobacillus gasseri 2 Lactobacillus gasseri 2 14

mgCST 26 Bifidobacterium breve Bifidobacterium breve 13

mgCST 9 Lactobacillus gasseri 3 Lactobacillus gasseri 3 13

mgCST 3 Lactobacillus crispatus 3 Lactobacillus crispatus 3 12

mgCST 25 Gardnerella vaginalis 5 Gardnerella vaginalis 5 11

mgCST 7 Lactobacillus gasseri 1 Lactobacillus gasseri 1 11

mgCST 23 Gardnerella vaginalis 3 Gardnerella vaginalis 3 10

mgCST 12 Lactobacillus iners 3 Lactobacillus iners 3 9

mgCST 5 Lactobacillus crispatus 5 Lactobacillus crispatus 5 7

mgCST 15 Lactobacillus jensenii 1 Lactobacillus jensenii 1 5

mgCST 24 Gardnerella vaginalis 4 Gardnerella vaginalis 4 4

mgCST 6 Lactobacillus crispatus 6 Lactobacillus crispatus 6 4

mgCST 11 Lactobacillus iners 2 Lactobacillus iners 2 3
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andL. iners strains. This strain-specific genetic diversity, especially in critical
functional categories, may underpin differences in colonization efficiency,
resilience to environmental stresses, and interactions with the host. Inter-
estingly, we observed a higher positive selection signature among genes
related to host-microbe interface in L. crispatus suggesting a continuous
evolutionary pressure for adaptation. Mainly, we noted cell wall anchor
genes with YSIRK signal motifs and mucin-binding genes along with
transposons and S-layer associated proteins as major genes under positive
selection. A recent study has also shown a positive selection signature in
Lactobacillus adhesin genes in non-pregnancy cohorts suggesting a ubi-
quitous selection pressure on these genes48. Mucin-binding and cell surface

genes are of critical importance as they directly interact with the host epi-
thelial cells and immunity systems49–51.

Our previous genomics work on Lactobacillus jensenii highlighted a
cell surface gene cluster which harbours identical cell wall anchor genes and
mucin-binding genes along with glycosyltransferases (GTs) and gene
machinery required for export of proteins to the cell surface52. Zeng and
colleagues also showed that MucBP-like domains and a similar cell surface
gene cluster in a vaginal Lactobacillus gasseri strain plays an important role
in adhesion to vaginal epithelium through gene knockout experiments27.
Interestingly,weobserved this gene cluster tobepredominantlypresent inL.
crispatus, both in our dataset and public genomes, but not in L. iners and

Fig. 2 | Metagenome-assembled genomes (MAGs) from vaginal metagenomes.
a Stacked barplot showing the number of MAGs recovered from each species from
the two cohorts. b Boxplots are faceted by species and colored by mgCSTs repre-
senting the number of species-specific reads needed to recover high-quality MAGs

frommetagenomic samples. c, dMaximum likelihood cladograms of L. crispatus (c)
and L. iners (d) reconstructed based on core genomes. Branches are colored based on
the phylogenetic clades and color strips from inner to outermost represent mgCSTs,
antibiotic usage, sample collection timepoint, cohort and delivery outcome.
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Gardnerella vaginalis, indicating potential species-specific cell surface
adaptations. Furthermore, most of the variations within the gene cluster in
L. crispatuswere found inGTases, suggesting a strain-specificmicrobial cell
surface glycome that could be crucial for interactions with vaginal epithelial
cells. Moreover, the gene cluster is mainly detected in samples with low
alpha diversity indicating the importance of cell surface adaptations in
establishing a dominant and stable colonization.Overall, these observations
underscore the significance of the cell surface gene cluster and its associated
genes in potential host-microbe interactions.

Taken together, our findings highlight the critical role of Lactoba-
cillus strain diversity in vaginal microbial ecology, with a specific
emphasis on genes predicted to be involved in glycogen metabolism,
mucin-binding, and cell surface adaptations. The observed positive
selection signature among host-microbe interface genes and the presence
of species-specific cell surface gene clusters in L. crispatus underline
evolutionary adaptations for the vaginal niche. Whilst all these genomic
comparisons reveal distinctionswith respect to gene content, it still needs
to be determined whether a phenotypic difference is also present within
strains. Furthermore, higher sequencing depths are required to detect the

subtle genomic variations that might have been missed due to the
sequencing depth used in our study. Future RNA-seq experiments both
in vitro and direct-from-swabs would provide a valuable insight into the
degree of functional variation within the members of the vaginal
microbiota. Nonetheless, our study underscores the importance of
strain-level genomic analysis but also opens avenues for novel probiotic
developments to support the vaginal microbiome. Further studies with a
more diverse dataset are needed to fully understand the implications of
strain-level variations in the vaginal microbiome and how this may
influence measured health outcomes.

Methods
Metagenomic community state typing and pan metagenome
reconstruction
Raw 354 vaginal metagenomic samples from two Irish pregnancy cohorts,
high-risk preterm (n = 87) (PRJEB34536) and MicrobeMom (n = 267)
(PRJEB48251) were used for the analysis53–55. Inclusion criteria for both
cohorts are previously described (52-54). In brief, samples from the high-
risk preterm group were pregnant, >18 years of age, either had previous

Fig. 3 | Phylogenetic trees of L. crispatus and L. iners. a, bMaximum likelihood phylogenetic trees of L. crispatus (a) and L. iners (b) reconstructed based on accessory
genome content. Branches are colored based on the phylogenetic clades and the color strip represents the core genome phylogenetic clades.
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preterm birth or undergone LLETZ surgery, or no known risk factor (as
control group), whilst those from the MicrobeMom group were pregnant,
>18 years of age, a BMI between 18.5 and 35 kg/m2, no gestational diabetes,
and singleton pregnancy. The samples were collected from 240 individual
participants at different timepoints throughout pregnancy as detailed in
Supplementary Table 1a. 94% (225/240) of the participants delivered full-
term while 6% (15/240) were preterm. Quality filtering and host con-
tamination removal was performed using TrimGalore (v 0.6.0) andHostile

(v 0.1.0) respectively56,57. Alpha diversity of the sampleswas calculated using
VIRGO output with VEGAN r package58. The quality filtered reads were
annotated against the VIRGO database using built-in scripts14. The anno-
tated files were used as input for metagenomic subspecies identification
using mgCST classifier15. The non-redundant gene profiles of Lactobacillus
crispatus and Lactobacillus iners dominant samples were used for pan-
metagenome reconstruction. The Clusters of Orthologous Genes annota-
tion from VIRGO database were used for identifying functional categories.

Fig. 4 | Pangenomes of L. crispatus and L. iners reconstructed from high-
quality MAGs. a, b Pangenome heatmaps of L. crispatus (a) and L. iners (b)
representing the gene content within eachMAG. The heatmaps were clustered based
on accessory clades indicatedwith color strip on the side. For each gene, a dark green

cell indicates its presence, and a white cell indicates its absence in the corresponding
MAG. The color strip on the top indicates the pangenome category of the corre-
sponding gene and side color strips represents the core genome phylogenetic clades
and mgCSTs.
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Fig. 5 | Strain level profiling of major vaginal bacteria. a Stacked barplots faceted
by species and colored by mgCSTs representing the number of genes under positive
selection in L. crispatus and L. inerswith Pfams annotation. b Scatterplots faceted by
species shows the correlation between Shannon diversity index and the number of
cell surface glycan cluster genes detected in the MAGs from all the samples, with
Spearman’s rho and corresponding p-values indicating the strength and significance
of each correlation. cHeatmap showing the presence and absence of genes from cell

surface glycan gene cluster across major vaginal bacteria. The x-axis represents the
genes from the gene cluster. For each gene, a blue cell indicates its presence, and a
white cell indicates its absence in the corresponding genome. The heatmap was
clustered by the similarity of gene content and separated by species indicated by the
color strip on the side. The barplot on the side represents the alpha diversity in the
metagenomic sample and color strips represent mgCST, delivery outcome and
trimester.
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Reconstruction of metagenome assembled genomes
Metagenome-assembled genomes were reconstructed using quality filtered
reads with MetaWRAP (v 1.2.1)59. The contigs were assembled using
assembly module with metaspades option in the MetaWRAP pipeline. The
assembled contigs were binned using binning module with MetaBAT2,
Maxbin2 and CONCOCT options. The resulting bins were refined using
bin_refinement and reassemble_bins module in the MetaWRAP pipeline.
Thebinswerequality checkedwithCheckM(v1.0.18) andonlyhigh-quality
bins with completeness ≥90% and contamination <5% were used for
downstream analyses60. The taxonomy of the bins was assigned using
GTDB-Tk (v 1.5.0)61. The number of reads per species needed for MAG
recovery was determined based on the number of reads assigned to that
species in Kraken2 (v 2.1.1) and Bracken (v 2.2) outputs62,63.

Pangenome reconstruction and phylogenetic analysis
The pangenomes for L. crispatus and L. iners were reconstructed using
Roary (v3.12) with ‘-e –n --mafft’ options with PROKKA (v 1.14) annota-
tion as input64,65. The pangenome categories assigned by Roary were used to
define the core genes (99% <= strains <= 100%), Soft core genes (95% <=
strains <99%), Shell genes (15% <= strains <95%) and Cloud genes (0% <=
strains <15%). Heap’s lawwas used to determine whether the pangenome is
open (γ > 0) or closed (γ < 0) with Heap_law_for_roary script (https://
github.com/SethCommichaux/Heap_Law_for_Roary). The concatenated
core genome sequences from Roary output were aligned with MAFFT
(v 7.475)66. The accessory binary tree was used for tree reconstruction.
Maximum likelihood phylogenywas reconstructed usingmultiple sequence
alignmentwith IQ-TREE2 (v 2.1.3)with 500 bootstraps67.Output treeswere
visualised using iTOL68. The distance between core genome phylogeny and
accessory phylogeny was computed using Robinson-Foulds (RF) distance
with Phangorn R package69,70. The COG functional categories for gene
families in the pangenomes of L. crispatus and L. iners were assigned using
eggNOG-mapper (v 2.1.7)71.

Strain profiling of MAGs and publicly available genomes
InStrain (v 1.8.0) was used to identify the genes under positive selection72.
The high-quality MAGs were dereplicated at 98% identity using dRep
(v 3.2.0) and representative MAGs database was built using bowtie2
(v 2.4.4)73,74. The quality filtered metagenomic reads were mapped against
the MAGs database using bowtie2. The resulting alignment files were used
for inStrain gene profiling and further identification of genes under positive
selection (dn/ds >1). Pfam annotations from the eggNOG-mapper output
was used to assign the function of the genes.

The publicly available high-quality vaginalL. crispatus (n = 406) andL.
iners (n = 279) genomes were downloaded from PATRIC database on 22nd

February 202475. Previously identified cell surface gene cluster genes were
used to construct a BLASTp (v 2.8.1) database52,76. Protein coding sequences
were predicted using Prodigal (v 2.6.3) from high-quality MAGs generated
from our dataset and publicly available genomes77. The resulting sequences
were mapped against the database to identify genes from cell surface gene
cluster using BLASTp.

Data availability
The datasets used in this study can be accessed from ENA using accessions
PRJEB34536 (high-risk preterm) and PRJEB48251 (MicrobeMom).
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