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bial communities vary substantially across body sites
and individuals, with the vagina representing one of
the most distinctive microbial ecosystems in the hu-
man body (1). Unlike the gut microbiome, where high
microbial diversity is often interpreted as a marker
of ecological resilience, the vaginal microbiome in
reproductive-age women is frequently characterized
by relatively low bacterial diversity and dominance
of Lactobacillus species (2). This ecological config-
uration is considered functionally important because
lactobacilli contribute to vaginal acidification, pro-
duction of antimicrobial metabolites, competitive
exclusion of pathogens, and regulation of mucosal
immune responses (3, 4).

One of the foundational studies in the field classi-
fied vaginal bacterial communities of reproductive-age
women into major community state types, or CSTs,
including states dominated by Lactobacillus crispatus,
Lactobacillus iners, Lactobacillus gasseri, or Lactoba-
cillus jensenii, as well as a high-diversity state enriched
with anaerobic bacteria (2). This framework has been
widely used to interpret vaginal microbial ecology,
although subsequent studies have shown that vaginal
communities are dynamic rather than fixed. Longitu-
dinal analyses revealed that some vaginal microbiota
profiles remain relatively stable over time, whereas
others shift rapidly in association with menstruation,
sexual activity, hormonal fluctuations, antibiotic ex-
posure, and other host or environmental factors (5).
Therefore, vaginal health cannot be understood only
by identifying the presence or absence of specific taxa;
rather, it requires attention to temporal stability, micro-
bial function, host context, and ecological resilience.

The protective role of Lactobacillus-dominant vag-
inal communities is closely linked to lactic acid pro-
duction and maintenance of a low vaginal pH. Exper-
imental and clinical studies have shown that vaginal
lactobacilli can acidify the vaginal environment to lev-
els that restrict the growth of many reproductive tract
pathogens (6). Lactic acid, particularly under acidic
conditions, has also been shown to possess microbicid-
al and immunomodulatory properties, suggesting that
its biological relevance extends beyond pH reduction
alone (3). Among lactobacilli, L. crispatus is often as-
sociated with a more stable and protective vaginal eco-
system, whereas L. iners may represent a more tran-
sitional state because it is frequently detected in both
healthy and dysbiotic conditions (4, 7). This distinction
is important because it challenges the simplified as-
sumption that all Lactobacillus-dominant communities
have equivalent biological functions.

Vaginal dysbiosis, classically represented by bacteri-
al vaginosis, is characterized by depletion of protective
lactobacilli and expansion of diverse anaerobic bacteria
such as Gardnerella, Prevotella, Atopobium/Fannyhes-
sea, Sneathia, and other bacterial vaginosis-associated
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organisms (8). Clinically, bacterial vaginosis is import-
ant not only because of symptoms such as discharge,
odor, and discomfort, but also because it is associated
with increased susceptibility to sexually transmitted
infections, pelvic inflammatory disease, and adverse
pregnancy outcomes (8, 9). The Centers for Disease
Control and Prevention indicate that symptomatic bac-
terial vaginosis in pregnancy correlates with premature
rupture of membranes, preterm delivery, intra-amniotic
infection, and postpartum endometritis (9). These asso-
ciations place the vaginal microbiome at the intersec-
tion of gynecology, obstetrics, infectious disease, and
reproductive medicine.

Mechanistically, the vaginal microbiome may in-
fluence reproductive health through several intercon-
nected pathways, including epithelial barrier integrity,
mucosal immune activation, metabolic signaling, and
pathogen exclusion. Anahtar et al. showed that cervi-
covaginal bacterial communities can strongly modu-
late host inflammatory responses in the female genital
tract, with high-diversity communities correlating with
elevated pro-inflammatory cytokines and immune acti-
vation (10). Such findings provide biological plausibil-
ity for the association between vaginal dysbiosis and
reproductive tract disorders. Inflammation induced by
dysbiotic communities may impair epithelial defense,
alter cervical mucus properties, facilitate ascending
infection, and disrupt immune tolerance required for
implantation and pregnancy maintenance.

The vaginal microbiome is increasingly recognized
as a clinically relevant factor in fertility, pregnancy,
and gynecological health. In reproductive medicine,
observational studies suggest that vaginal and endome-
trial microbial profiles may be associated with implan-
tation, clinical pregnancy, miscarriage, and live birth
outcomes after IVF/ICSI (11-13). Although causality
remains uncertain, these findings indicate that the low-
er female reproductive tract microbiome may serve as
a potential biomarker of reproductive success.

During pregnancy, vaginal microbial communi-
ties often become more stable and more Lactobacil-
lus-dominant, but deviations from this pattern have
been associated with adverse outcomes. Multi-omics
studies have linked reduced L. crispatus and enrich-
ment of bacterial vaginosis-associated taxa, such as
BVABI and Sneathia amnii, with preterm birth risk
(14, 15). Beyond fertility and pregnancy, vaginal dys-
biosis has also been implicated in recurrent bacterial
vaginosis, vulvovaginal candidiasis, pelvic inflamma-
tory disease, HPV persistence, cervical disease, endo-
metriosis, and polycystic ovary syndrome, although
evidence for some conditions remains largely observa-
tional (16-19).

However, the concept of dysbiosis alone is insuffi-
cient to explain the complexity of host-microbiome
interactions. Taxonomic profiling does not fully cap-
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ture microbial function, metabolic activity, host im-
mune responses, or treatment susceptibility. Therefore,
multi-omics approaches, including metagenomics,
metatranscriptomics, metabolomics, proteomics, and
host transcriptomics, provide a more comprehensive
framework for understanding vaginal microbial ecol-
ogy (15, 20, 21). These advances are also supporting
the development of personalized interventions, such
as targeted probiotics, microbiome-based biomarkers,
and experimental approaches including vaginal mi-
crobiome transplantation (22-24). Accordingly, this
review synthesizes current evidence on the vaginal mi-
crobiome in female reproductive health, with a focus
on multi-omics, precision diagnostics, and personal-
ized microbiome-targeted strategies.

Composition and Dynamics of the Vaginal Micro-
biome

The vaginal microbiome is a unique mucosal envi-
ronment mostly consisting of bacteria, accompanied by
lesser quantities of fungus, viruses, archaea, and bac-
teriophages. In women of reproductive age, this envi-
ronment is often characterized by diminished bacterial
diversity and a predominance of Lactobacillus species,
a pattern that distinguishes the vagina from many other
human microbial habitats such as the gut, where high
diversity is generally considered beneficial (2, 25). The
dominance of lactobacilli is biologically important be-
cause these organisms contribute to vaginal acidifica-
tion, competitive exclusion of pathogens, production
of antimicrobial compounds, and modulation of local
immune responses (26).

A widely used framework for describing vaginal
bacterial communities is the classification into com-
munity state types, or CSTs. In the landmark study
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by Ravel et al., vaginal microbial communities from
asymptomatic reproductive-age women clustered into
five major CSTs: CST I dominated by Lactobacillus
crispatus, CST II by Lactobacillus gasseri, CST III by
Lactobacillus iners, CST V by Lactobacillus jensenii,
and CST IV characterized by reduced lactobacilli and
enrichment of diverse anaerobic bacteria (2). Impor-
tantly, the distribution of these CSTs varies across pop-
ulations. Ravel et al. reported that Lactobacillus-dom-
inant communities were more common among Asian
and White women than among Hispanic and Black
women, who more frequently had higher-diversity
communities and higher vaginal pH values (2). These
findings indicate that the concept of a “normal” vaginal
microbiome should be interpreted cautiously and with-
in demographic, hormonal, and ecological context. The
major vaginal community state types and their clinical
interpretations are summarized in Table 1.

Among lactobacilli, L. crispatus is often considered
one of the most protective species because it is associ-
ated with low vaginal pH, high lactic acid production,
and relatively stable microbial communities (27). In
contrast, L. iners occupies a more ambiguous ecologi-
cal position. Although it is highly prevalent in the vagi-
na and can dominate apparently healthy communities,
it is also frequently detected during transitions between
eubiosis and dysbiosis and after treatment for bacte-
rial vaginosis (28). This dual behavior may be partly
explained by its smaller genome, limited biosynthet-
ic capacity, and ability to persist in fluctuating vagi-
nal environments (28). Therefore, not all Lactobacil-
lus-dominated states should be considered functionally
equivalent.

The safeguarding characteristics of lactobacilli are
intimately associated with estrogen-dependent vaginal

Table 1. Major vaginal community state types and their clinical interpretation.

Community state type Dominant microbial pattern General ecological interpretation  Potential clinical relevance

CST1 Lactobacillus crispatus Stable, low-diversity, lactic acid- Often associated with vaginal
rich state health and lower dysbiosis risk

CSTII Lactobacillus gasseri Lactobacilli-dominant state Generally considered protective,

but less frequently dominant

CST 111 Lactobacillus iners Flexible or transitional lactobacilli- ~ May occur in both health and
dominant state dysbiosis-associated transitions

CSTV Lactobacillus jensenii Low-diversity lactobacilli- Usually associated with low pH and
dominant state vaginal stability

CST1V Gardnerella, Prevotella, High-diversity, low-lactobacilli Associated with BV, inflammation,

Fannyhessea/Atopobium, Sneathia,

anaerobes

state

higher pH, and infection

susceptibility
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physiology. Estrogen promotes the development of the
vaginal epithelium and the buildup of glycogen, which
supplies substrates that sustain lactobacilli and lactic
acid synthesis (26, 29). The resulting acidic environ-
ment, commonly around pH 3.5-4.5 in many repro-
ductive-age women, restricts the growth of numerous
opportunistic and sexually transmitted pathogens (25,
29). This relationship can be summarized as:
Estrogent—Glycogen?— Lactobacillust—Lactic
Acidt—pH|—Pathogen Growth|

However, vaginal microbial composition is not stat-
ic. Longitudinal studies have shown that some women
maintain stable Lactobacillus-dominated communities
over time, whereas others experience frequent tran-
sitions between CSTs (5). In a 16-week longitudinal
study, Gajer et al. demonstrated that vaginal microbial
communities may change markedly over short periods,
with some CSTs showing greater temporal instability
than others (5). These findings emphasize that single
time-point sampling may not fully capture vaginal mi-
crobial ecology, especially in women with fluctuating
or transitional microbiota.

Numerous internal and external variables influence
the structure and behavior of the vaginal microbiome.
The menstrual cycle is one of the most important phys-
iological drivers. Daily sampling studies have shown
that menstruation is often associated with increased
microbial diversity, decreased relative abundance of
lactobacilli, and higher rates of community change
(30). Menstrual blood can transiently increase vagi-

Table 2. Major factors influencing vaginal microbiome dynamics.
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nal pH and introduce substrates such as iron, creating
conditions that may favor non-Lactobacillus organ-
isms. After menstruation, many women return to a
more lactobacilli-dominant state, although the speed
and completeness of recovery vary among individuals
(30). Key physiological, behavioral, and environmen-
tal factors influencing vaginal microbiome dynamics
are presented in Table 2.

Pregnancy represents another major physiological
state associated with vaginal microbial remodeling.
In normal pregnancy, the vaginal microbiota often be-
comes more stable and more strongly dominated by
Lactobacillus species compared with the non-preg-
nant state. Romero et al. reported that pregnant wom-
en commonly maintained Lactobacillus-dominated
CSTs throughout gestation, with higher stability than
non-pregnant women (31). This stability may reflect el-
evated estrogen levels, increased glycogen deposition,
and immune adaptations that support reproductive tol-
erance. Nevertheless, pregnancy-associated microbial
patterns vary across individuals and populations, and
deviations from stable Lactobacillus dominance have
been linked in later sections to adverse obstetric out-
comes.

At the other end of the reproductive lifespan, meno-
pause is commonly associated with reduced estrogen,
decreased epithelial glycogen, increased vaginal pH,
and lower abundance of lactobacilli (32). These chang-
es may contribute to genitourinary syndrome of meno-
pause, recurrent urinary symptoms, vaginal dryness, ir-

Factor Typical microbial effect Biological explanation

Estrogen Increased lactobacilli, lower pH Promotes epithelial glycogen and lactic acid production
Menstruation Reduced lactobacilli, increased diversity Menstrual blood raises pH and alters nutrient availability
Pregnancy Greater stability and lactobacilli dominance High estrogen and pregnancy-related immune adaptation
Menopause Reduced lactobacilli, increased pH Estrogen decline reduces glycogen availability

Sexual activity Variable; may increase diversity

Semen and partner-associated microbes may alter pH and

composition

Antibiotics Reduced microbial stability

May deplete lactobacilli and allow recolonization by

anaerobes

Hormonal contraception Often more lactobacilli-dominant

Hormonal effects may reduce BV risk in some populations

Copper IUD

some studies

May increase BV-associated diversity in

Possible effects on bleeding patterns and local

inflammation

Douching/intimate hygiene Increased dysbiosis risk

products

Disruption of pH, mucus, and resident lactobacilli
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ritation, and increased susceptibility to infections (33).
Hormone therapy can partially restore lactobacilli and
reduce vaginal pH in some postmenopausal women,
supporting the role of estrogen in maintaining the vag-
inal microbial environment (32).

Behavioral and environmental factors also contrib-
ute to vaginal microbiome variability. Sexual activity,
semen exposure, condom use, douching, smoking, in-
timate hygiene practices, and antibiotic exposure may
alter vaginal pH, introduce new microbes, or disrupt
lactobacilli-dominant states. Reviews of behavioral in-
fluences suggest that practices such as vaginal douch-
ing are associated with dysbiosis and bacterial vagino-
sis, while condom use may help maintain lactobacilli
dominance by reducing exposure to alkaline semen
and partner-associated microbes (34). Contraceptive
methods may also influence vaginal microbial ecolo-
gy. Hormonal contraception has often been associated
with a lower risk of bacterial vaginosis and more lacto-
bacilli-dominant profiles, whereas copper intrauterine
devices have been linked in some studies to increased
bacterial vaginosis risk and higher microbial diversity
(35, 36). However, contraceptive effects are not uni-
form and may vary by formulation, route, duration of
use, and host factors.

Non-Lactobacillus-dominant communities are typ-
ically more diverse and enriched with anaerobic and
facultative anaerobic bacteria, including Gardnerella,
Prevotella, Fannyhessea/Atopobium, Sneathia, Mobi-
luncus, Megasphaera, and microorganisms linked to
bacterial vaginosis (37). These communities are often
grouped under CST IV and are commonly associat-
ed with bacterial vaginosis-like states, higher vaginal
pH, inflammation, epithelial barrier disruption, and in-
creased susceptibility to reproductive tract infections
(4, 37). Nevertheless, high-diversity communities are
not always symptomatic, and their clinical meaning
may differ across populations. This reinforces the need
to distinguish taxonomic composition from microbial
function and host response.

From an ecological perspective, the vaginal microbi-
ome can be understood in terms of stability, resilience,
and transition. Stability refers to the maintenance of
a microbial state over time, resilience refers to the
ability to return to a previous state after disturbance,
and transition refers to movement from one commu-
nity configuration to another. For example, a stable L.
crispatus-dominant community may resist perturbation
after menstruation or sexual exposure, whereas an L.
iners-dominant or CST IV community may be more
likely to transition toward dysbiosis or recurrence after
treatment (5, 28). This ecological interpretation is par-
ticularly important for the theme of this review because
it moves beyond a simple “healthy versus dysbiotic”
model and highlights the dynamic behavior of micro-
bial communities.
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Overall, the composition of the vaginal microbiome
is determined by the interaction of microbial taxa, host
hormones, epithelial metabolism, immune responses,
behavior, reproductive stage, and environmental ex-
posures. Although Lactobacillus dominance, particu-
larly L. crispatus, is generally associated with vaginal
health, a complete understanding of vaginal microbial
ecology requires consideration of temporal dynamics,
population diversity, microbial function, and host con-
text. This dynamic framework provides the foundation
for multi-omics approaches, personalized diagnostics,
and microbiome-targeted interventions discussed in
later sections.

Moving Beyond Dysbiosis: Functional and Ecolog-
ical Perspectives

The term dysbiosis has been widely used to describe
vaginal microbial imbalance, particularly the depletion
of Lactobacillus species and enrichment of anaerobic
bacteria associated with bacterial vaginosis. Although
this concept remains clinically useful, it is often too
broad to explain the biological complexity of the vagi-
nal ecosystem. A taxonomic shift alone does not reveal
whether microbes are metabolically active, whether
they induce inflammation, whether they form biofilms,
or whether the host can tolerate or recover from that
state (4, 5). Recent reviews, therefore, emphasize the
need to move from a purely compositional definition
of dysbiosis toward a more functional and ecological
interpretation of vaginal microbiota. This conceptual
transition from a taxonomic dysbiosis model to a func-
tional-ecological framework is illustrated in Figure 1.

A functional perspective asks not only “which bac-
teria are present?” but also “what are they doing?”.
For example, two women may both have Lactobacil-
lus-dominant microbiota, but their communities may
differ in lactic acid production, antimicrobial activity,
epithelial adhesion, immune modulation, and resil-
ience after disturbance. Lactobacillus crispatus is often
linked to a more stable, lactic acid-rich, low-pH en-
vironment, whereas Lactobacillus iners may occupy
a more transitional ecological niche and is frequently
observed in both healthy and dysbiotic states (28, 38).
This distinction shows that even similar taxonomic
profiles may have different biological meanings.

Conversely, anaerobe-rich communities are not
merely “imbalanced” versions of healthy microbiota;
they may represent functionally distinct ecosystems.
In bacterial vaginosis, organisms such as Gardnerel-
la, Prevotella, Sneathia, Fannyhessea/Atopobium, and
Megasphaera can contribute to higher pH, production
of amines and other metabolites, epithelial disruption,
and inflammatory signaling (20, 39). Some Gardnerel-
la-associated communities may also form polymicro-
bial biofilms that protect bacteria from host defenses
and antimicrobial treatment, helping to explain recur-
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Figure 1. Moving beyond dysbiosis in vaginal microbiome research. Traditional models define vaginal dysbiosis mainly by taxonomic changes,
including depletion of Lactobacillus species and enrichment of anaerobic bacteria. A functional-ecological framework integrates microbial
composition with gene content, metabolic activity, biofilm formation, host immune responses, epithelial barrier integrity, ecological stability,
and clinical context. This multidimensional approach may improve risk stratification, biomarker discovery, and personalized microbiome-

targeted interventions.

rence after standard therapy (40).

Host response is another key reason why dysbiosis
should not be interpreted only as a microbial pattern.
Anahtar et al. showed that cervicovaginal bacterial
communities can strongly modulate local inflamma-
tory responses, with high-diversity communities asso-
ciated with increased genital inflammation (10). This
suggests that clinical risk may depend on the interac-
tion between microbial composition and host immuni-
ty rather than microbial composition alone. Therefore,
a vaginal microbiome profile should ideally be inter-
preted together with inflammatory markers, epithelial
barrier status, hormonal state, and clinical phenotype.

Metabolomic studies further support this functional
view. Srinivasan et al. demonstrated that bacterial vag-
inosis is associated with strong metabolic signatures
involving amino acid, carbohydrate, and lipid metab-
olism (20). Similarly, multi-platform metabolomics
studies identified metabolites associated with bacterial
diversity and clinical BV, suggesting that metabolic
biomarkers may improve diagnosis and risk stratifi-
cation beyond conventional microscopy or 16S rRNA
profiling (41). These findings indicate that vaginal
health is shaped by microbial activity and biochemi-
cal output, not simply by the presence or absence of
specific taxa.

From an ecological perspective, the vaginal micro-
biome should be understood in terms of stability, resil-
ience, resistance, and transition. Stability refers to the
persistence of a microbial state over time; resistance
refers to the ability to withstand disturbance; resilience
refers to recovery after disturbance; and transition re-
fers to movement between community states. Longi-
tudinal studies have shown that vaginal communities

can shift rapidly over short periods and that these shifts
may be influenced by menstruation, sexual activi-
ty, bacterial composition, and other host factors (42).
Thus, a single cross-sectional sample may not fully
represent a woman’s vaginal microbial ecology.

The development of gene-centered and multi-omics
resources has accelerated this transition from descrip-
tive microbiome research to functional ecology. The
VIRGO catalog provided a vaginal microbiome-spe-
cific gene reference containing approximately 0.95
million non-redundant genes, enabling more detailed
metagenomic and metatranscriptomic analyses (43).
More recently, VIRGO2 expanded this framework
to more than 1.7 million annotated genes, aiming to
improve understanding of vaginal microbial function,
ecology, and strain-level variation (44). Such tools al-
low researchers to investigate microbial pathways, vir-
ulence potential, metabolic capacity, and host-microbe
interactions with greater precision.

Overall, moving beyond dysbiosis means shifting
from a binary model of “healthy versus abnormal”
microbiota toward a multidimensional model that in-
tegrates microbial composition, functional capacity,
metabolic activity, host immunity, ecological stabili-
ty, and clinical context. This approach is particularly
important for precision gynecology, where the same
taxonomic community may have different implications
depending on reproductive stage, symptoms, immune
response, recurrence risk, and fertility goals.

Multi-Omics Approaches in Vaginal Microbiome
Research

Traditional vaginal microbiome studies have largely
relied on culture-based methods, microscopy, Nugent
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scoring, Amsel criteria, and later 16S rRNA gene se-
quencing. Although these approaches have been es-
sential for defining microbial composition and com-
munity state types, they provide limited information
about microbial function, gene expression, metabolite
production, host response, and strain-level variation.
Multi-omics approaches address these limitations by
integrating complementary molecular layers, including
metagenomics, metatranscriptomics, metabolomics,
metaproteomics, and host immune or transcriptom-
ic profiling. This shift is central to understanding the
vaginal microbiome beyond dysbiosis, because similar
taxonomic profiles may differ substantially in biologi-
cal activity and clinical impact (15, 43, 44).

16S rRNA Sequencing and Shotgun Metagenomics

16S rRNA gene sequencing remains widely used be-
cause it is relatively cost-effective and suitable for pro-
filing bacterial community composition. It can identify
dominant taxa and classify samples into CSTs, but it
often has limited species- or strain-level resolution and
provides only indirect functional inference. In con-
trast, shotgun metagenomics sequences total microbial
DNA, allowing more detailed assessment of microbial
genes, functional pathways, virulence potential, anti-
microbial resistance genes, and strain-level diversity
(45, 46). A major advance in this field was the devel-
opment of VIRGO, a vaginal microbiome-specific
non-redundant gene catalog containing approximately
0.95 million genes (43). More recently, VIRGO2 ex-
panded this resource to more than 1.7 million anno-
tated genes and improved representation of bacteria,
fungi, viruses, and phages from vaginal samples (44).
These gene-centered resources enable more precise
functional profiling of vaginal metagenomic and meta-
transcriptomic datasets.

Metatranscriptomics

Metatranscriptomics analyzes microbial RNA and
therefore identifies which genes are actively expressed
in vivo. This is particularly valuable because microbial
abundance does not always reflect microbial activity.
For example, integrative metagenomic and metatran-
scriptomic analyses have shown that the transcriptional
activity of Lactobacillus iners, Lactobacillus crispatus,
and Gardnerella vaginalis can vary depending on the
surrounding microbial community (47, 48).

Metatranscriptomic studies have also revealed func-
tional differences between health-associated and bac-
terial vaginosis-associated communities. A recent me-
ta-analysis of vaginal metatranscriptomes identified
functional BV subgroups characterized by pathways
related to motility, chemotaxis, biofilm formation,
epithelial barrier disruption, and resistance to host
antimicrobial peptides (49). These findings suggest
that transcriptomic states may provide more clinically
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meaningful information than taxonomy alone.

Metabolomics

Metabolomics measures small molecules produced
by microbes, host cells, or their interactions. This layer
is especially relevant in the vagina because metabolites
such as lactic acid, amines, short-chain fatty acids,
amino acid catabolites, and lipid mediators can influ-
ence pH, inflammation, odor, epithelial integrity, and
pathogen growth (50). Srinivasan et al. demonstrated
that bacterial vaginosis correlates with pronounced
metabolic signatures in amino acid, carbohydrate, and
lipid metabolism, with distinct metabolite profiles seen
between women with and without BV (20). In a sim-
ilar vein, McMillan et al. used a multi-platform me-
tabolomics strategy and discovered a robust correlation
between the vaginal metabolome and bacterial diver-
sity; metabolites including 2-hydroxyisovalerate and
y-hydroxybutyrate were associated with high-diversity
BV-related conditions (51). These studies demonstrate
that metabolomics can identify functional biomarkers
that may improve diagnosis and risk stratification be-
yond compositional profiling.

Metaproteomics and Host-Response Profiling

Metaproteomics provides information about pro-
teins expressed by both microbes and host cells. Al-
though technically more challenging than DNA-based
approaches, it can help identify active microbial path-
ways, host inflammatory proteins, antimicrobial pep-
tides, and epithelial response markers. Studies using
cervicovaginal or residual Pap test samples suggest
that metaproteomics can complement sequencing by
linking microbial composition to expressed proteins
and functional activity (52).

Data Integration and Clinical Translation

The major strength of multi-omics is its ability to
connect multiple biological layers:

Taxa—Genes— Transcripts—Proteins—Metabo-
lites—Host Response—Clinical Phenotype

This integrated framework can help identify mi-
crobial biomarkers for bacterial vaginosis recurrence,
preterm birth risk, IVF outcomes, HPV persistence,
and response to microbiome-targeted interventions.
Nonetheless, the clinical translation is constrained by
restricted sample numbers, varied research designs,
disparate sequencing technologies, contamination
hazards, batch effects, high-dimensional data, and the
need for standardized bioinformatic workflows. Future
studies should prioritize longitudinal sampling, diverse
populations, harmonized metadata, and validation of
multi-omics biomarkers in independent cohorts. A
multi-omics framework can link microbial compo-
sition, functional activity, host response, and clinical
phenotype to support mechanism-based interpretation
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of vaginal microbial states (Figure 2).

Overall, multi-omics approaches provide a function-
al and mechanistic framework for vaginal microbiome
research. Rather than asking only which microbes are
present, they allow researchers to determine what mi-
crobial communities can do, what they are actively ex-
pressing, what metabolites they produce, how the host
responds, and how these interactions influence repro-
ductive health.

Host—Microbiome Interactions and Mechanistic
Pathways

The vaginal microbiome influences female repro-
ductive health through continuous interactions with the
mucosal epithelium, local immune system, hormones,
metabolites, and reproductive tract physiology. These
interactions help determine whether a microbial com-
munity remains protective, becomes inflammatory, or
contributes to disease susceptibility. Therefore, vaginal
microbial states should be interpreted not only by tax-
onomic composition but also by their functional effects
on the host environment (3, 4, 53).

A central protective mechanism of Lactobacil-
lus-dominant communities is the maintenance of an
acidic vaginal environment. Vaginal lactobacilli me-
tabolize glycogen-derived substrates and produce
lactic acid, which lowers vaginal pH and restricts the
growth of many opportunistic and sexually transmit-
ted pathogens. Lactic acid also has direct antimicrobi-
al and immune-modulatory effects, suggesting that its
role extends beyond simple acidification (54). In par-
ticular, Lactobacillus crispatus is often associated with
strong lactic acid production, lower pH, and greater
ecological stability, whereas Lactobacillus iners may
be more permissive to transition toward dysbiosis (4).
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The epithelial barrier is another key site of host—mi-
crobiome interaction. A healthy vaginal epithelium
provides a physical and biochemical barrier through
tight junctions, mucus, antimicrobial peptides, and
immune mediators. Experimental studies indicate that
physiological concentrations of lactic acid can enhance
cervicovaginal epithelial barrier integrity and increase
the expression of junction-associated molecules (55).
In contrast, dysbiotic communities enriched with an-
aerobes may compromise barrier function through
inflammatory metabolites, mucin degradation, and en-
zymes such as sialidases and mucinases (39, 56). These
processes may facilitate pathogen adherence, epithelial
exfoliation, and ascending infection.

Local immune modulation is a major pathway link-
ing the vaginal microbiome to reproductive outcomes.
Anahtar et al. demonstrated that cervicovaginal bac-
terial communities are strong modulators of genital
tract inflammation, with high-diversity communities
associated with increased pro-inflammatory cytokines
and immune activation (10). Such inflammation may
increase vulnerability to sexually transmitted diseases,
impair mucosal tolerance, and contribute to adverse
reproductive outcomes. Conversely, lactobacilli-dom-
inant communities are generally associated with lower
inflammatory tone and a more protective mucosal en-
vironment (53, 595).

Microbial metabolites provide an important bio-
chemical bridge between vaginal microbes and host
tissues. In eubiotic states, lactic acid predominates and
supports antimicrobial defense, epithelial protection,
and immune regulation. In bacterial vaginosis-associ-
ated states, lactic acid is often depleted, while short-
chain fatty acids, amines, succinate, and other metab-
olites increase (57). These metabolic shifts can affect

Integration

Applications

-\\ .
Integrated
vaginal
micrablome
state Fisk

Figure 2. Multi-omics approaches in vaginal microbiome research. Multi-omics integration connects microbial composition with gene content,
transcriptional activity, protein expression, metabolite production, host immune responses, and clinical phenotypes. This framework enables
a more functional interpretation of vaginal microbial states and supports biomarker discovery, risk prediction, and personalized interventions.
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vaginal odor, pH, epithelial integrity, cytokine produc-
tion, and pathogen growth. Therefore, metabolite pro-
files may be more directly linked to biological activity
than microbial composition alone (57).

Biofilm formation represents another important
mechanism, especially in recurrent bacterial vaginosis.
Gardnerella species and other BV-associated bacteria
can adhere to vaginal epithelial cells and form polymi-
crobial biofilms, which may protect bacteria from host
defenses and reduce antibiotic penetration (58, 59).
This helps explain why bacterial vaginosis frequently
recurs after standard antimicrobial therapy. However,
Gardnerella is not uniformly pathogenic; recent work
shows species- and strain-level heterogeneity in viru-
lence potential, suggesting that clinical risk depends
on microbial function, community context, and host
response (60).

These pathways are particularly relevant to fertility
and pregnancy. Dysbiosis-associated inflammation,
impaired epithelial barrier integrity, altered metab-
olites, and ascending infection may influence sperm
survival, embryo implantation, cervical remodeling,
membrane integrity, and preterm birth risk. Recent
pregnancy-focused studies and reviews suggest that
vaginal microbiota can influence pregnancy outcomes
through immune modulation, epithelial integrity, and
inflammatory pathways, although the strength of these
associations varies across populations and study de-
signs (14, 61).

Overall, host-microbiome interactions in the va-
gina operate through interconnected mechanisms:
acidification, antimicrobial activity, epithelial barrier
maintenance, immune regulation, metabolic signal-
ing, biofilm formation, and ecological stability. These
mechanisms explain why similar taxonomic profiles
may lead to different clinical outcomes and why func-
tional biomarkers are increasingly important for preci-
sion gynecology and reproductive medicine.

Vaginal Microbiome and Fertility

The vaginal microbiome may influence fertility
through its effects on the cervicovaginal environ-
ment, sperm survival, mucosal inflammation, ascend-
ing microbial exposure, endometrial receptivity, and
implantation. In general, Lactobacillus-dominant
communities, particularly those enriched with Lacto-
bacillus crispatus, are considered more favorable for
reproductive health, whereas high-diversity anaer-
obe-rich communities and bacterial vaginosis-associ-
ated dysbiosis have been linked to poorer reproduc-
tive outcomes (62-64).

Evidence from both natural conception and assist-
ed reproduction suggests a potential relationship be-
tween vaginal microbial composition and fertility. In
a prospective study of pregnancy attempts, persistent
bacterial vaginosis was associated with reduced fe-
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cundability, indicating that vaginal dysbiosis may neg-
atively affect the probability of conception in some
populations (63). In infertility and IVF cohorts, abnor-
mal vaginal microbiota has been associated with lower
clinical pregnancy rates and higher risk of early preg-
nancy loss, although findings are not fully consistent
across studies (11, 65, 66).

In assisted reproductive technology, the vaginal mi-
crobiome has gained attention as a possible predictor
of IVF/ICSI outcomes. Koedooder et al. reported that
vaginal microbiome profiling before IVF or IVF-ICSI
could stratify the probability of pregnancy, support-
ing its potential use as a reproductive biomarker (11).
Similarly, a meta-analysis by Singer et al. found that
abnormal vaginal microbiota was associated with low-
er rates of early pregnancy development after IVF, al-
though methodological heterogeneity remained a ma-
jor limitation (65). Additional ART research has shown
that Lactobacillus-dominant vaginal microbiome could
correlate with enhanced implantation and pregnancy
outcomes (67).

The endometrial microbiome may also be relevant
because embryo implantation occurs in the uterine
cavity. Moreno et al. proposed that a non-Lactobacil-
lus-dominant endometrial microbiota may be associ-
ated with implantation failure and poorer reproductive
outcomes (12). However, the existence, composition,
and clinical relevance of the low-biomass endometrial
microbiome remain debated because of contamination
risk, sampling differences, and methodological vari-
ability (68, 69). Therefore, vaginal microbiome find-
ings should not be directly extrapolated to the endome-
trium without careful interpretation.

Several mechanisms may explain the association
between vaginal dysbiosis and reduced fertility. Dys-
biotic communities may increase vaginal pH, reduce
lactic acid, promote local inflammation, alter cervical
mucus, facilitate pathogen ascension, and impair im-
mune tolerance required for implantation. In contrast,
Lactobacillus-dominant communities may support a
low-inflammatory, acidic, and pathogen-resistant envi-
ronment that is more compatible with conception and
embryo implantation (70, 71).

Despite growing interest, vaginal microbiome test-
ing is not yet a routine standard in fertility care. Most
available studies are observational; sample sizes are
often small, and definitions of “favorable” or “unfa-
vorable” microbiota vary across studies. Future re-
search should prioritize longitudinal sampling before
and during fertility treatment, standardized sequencing
and diagnostic methods, integration with endometrial
and immune markers, and interventional trials testing
whether microbiome modulation can improve live
birth outcomes (72).

Overall, current evidence suggests that the vaginal
microbiome may act as both a biomarker and a pos-
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sible modifiable factor in fertility. However, stronger
causal evidence is needed before microbiome-based
diagnostics or interventions can be routinely integrated
into reproductive medicine.

Vaginal Microbiome and Pregnancy Outcomes

Pregnancy is associated with marked hormonal, im-
munological, and epithelial changes that influence the
vaginal microbiome. In uncomplicated pregnancies,
vaginal microbial communities often become more sta-
ble and more strongly dominated by Lactobacillus spe-
cies compared with the non-pregnant state (31). This
stability is thought to support maternal—fetal health by
maintaining low vaginal pH, limiting pathogen over-
growth, and reducing the risk of ascending infection.

The most compelling evidence connects changes in
the vaginal microbiota with premature delivery. Nu-
merous longitudinal investigations have shown that
diminished Lactobacillus prevalence and heightened
concentrations of anaerobic or bacterial vaginosis-re-
lated taxa could correlate with spontaneous premature
delivery (14, 31, 73). In a significant multi-omics in-
vestigation, Fettweis et al. found that women who had
preterm delivery exhibited reduced vaginal concentra-
tions of Lactobacillus crispatus and elevated levels of
BVABI, Sneathia amnii, TM7-H1, and other Prevotel-
la species (14). Kindinger et al. similarly discovered
that the prevalence of Lactobacillus iners at 16 weeks
of gestation correlated with a shortened cervix and pre-
mature delivery, whereas dominance of L. crispatus
was indicative of full-term birth (73).

Vaginal dysbiosis may contribute to adverse preg-
nancy outcomes through multiple mechanisms, in-
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cluding increased vaginal pH, reduced lactic acid, ep-
ithelial barrier disruption, local inflammation, biofilm
formation, and ascending infection. These pathways
may promote cervical remodeling, weakening of fe-
tal membranes, intra-amniotic inflammation, and pre-
mature rupture of membranes (9, 74, 75). The CDC
further observes that symptomatic bacterial vaginosis
in pregnancy is linked to premature rupture of mem-
branes, preterm delivery, intra-amniotic infection, and
postpartum endometritis (9).

Beyond preterm birth, altered vaginal microbiota
has been investigated in relation to PPROM, chorio-
amnionitis, miscarriage, low birth weight, and neona-
tal outcomes. However, the evidence is less consis-
tent for these outcomes than for preterm birth, partly
because studies differ in sampling time, sequencing
methods, population characteristics, diagnostic crite-
ria, and adjustment for confounders. Importantly, mi-
crobiome-associated pregnancy risk may also vary by
ancestry, geography, socioeconomic context, prior ob-
stetric history, and host immune response (76).

Overall, a stable Lactobacillus-dominant vaginal mi-
crobiome, particularly one enriched with L. crispatus,
appears to be associated with more favorable pregnan-
cy outcomes, whereas high-diversity anaerobe-rich
communities may indicate increased obstetric risk.
Nevertheless, vaginal microbiome profiling is not yet
a routine clinical tool for predicting pregnancy com-
plications. Future studies should combine longitudinal
microbiome sampling with metagenomics, metabolo-
mics, cytokine profiling, cervical length measurement,
and clinical risk factors to improve prediction and pre-
vention of adverse pregnancy outcomes.

Table 3. Key gynecological disorders associated with vaginal microbiome alterations.

Disorder

Common microbiome-associated pattern

Possible mechanism Strength of evidence

Bacterial vaginosis Low Lactobacillus, high anaerobic diversity Higher pH, biofilm, amines, Strong
inflammation

Vulvovaginal candidiasis Variable bacterial profile; fungal overgrowth ~ Host immune response, fungal Moderate
adhesion, microbial interactions

Pelvic inflammatory disease BV-like anaerobic communities Ascending infection, epithelial Moderate

disruption, inflammation

HPYV persistence / cervical

High diversity, L. iners or non-Lactobacillus

Inflammation, impaired antiviral ~ Moderate to strong

dysplasia dominance immunity, barrier disruption
Endometriosis Altered vaginal/gut/reproductive tract Inflammation, immune Emerging
microbiota dysregulation, estrogen-related
pathways
PCOS Possible vaginal and gut dysbiosis Metabolic inflammation, Emerging

endocrine—immune interactions
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Vaginal Microbiome and Gynecological Disorders

The vaginal microbiome is closely linked to sever-
al gynecological disorders, particularly conditions in-
volving infection, inflammation, epithelial barrier dis-
ruption, and altered mucosal immunity. Although not
all associations are causal, a recurring pattern across
many disorders is the depletion of protective Lactoba-
cillus species and enrichment of anaerobic or pathobi-
ont-dominated communities (8).

Bacterial vaginosis (BV) is the most established
example of vaginal dysbiosis. It is characterized by
reduced Lactobacillus abundance and expansion of
anaerobic bacteria such as Gardnerella, Prevotella,
Fannyhessea/Atopobium, Mobiluncus, Sneathia, and
BV-associated bacteria (9). BV is clinically signif-
icant due to its correlation with vaginal symptoms,
recurrence post-treatment, heightened vulnerability
to sexually transmitted infections, pelvic inflamma-
tory disease, and negative reproductive consequenc-
es. Mechanistically, BV-associated communities may
increase vaginal pH, produce amines and short-chain
fatty acids, form biofilms, degrade mucus, and promote
local inflammation (8).

Vulvovaginal candidiasis (VVC) is another com-
mon vaginal disorder, but its relationship with the
bacterial microbiome is more complex than BV. VVC
is mainly caused by Candida species, especially Can-
dida albicans, and may occur even in the presence of
lactobacilli-dominant bacterial communities (77, 78).
Therefore, VVC should not be interpreted simply as
a bacterial dysbiosis. Instead, disease expression de-
pends on fungal overgrowth, epithelial adhesion, host
immune response, estrogen status, antibiotic exposure,
and local microbial interactions. Recurrent VVC may
involve altered bacterial-fungal interactions and meta-
bolic changes, but stronger longitudinal and mechanis-
tic studies are still needed (77).

The vaginal microbiome is also relevant to pelvic
inflammatory disease (PID) and sexually transmitted
infection susceptibility. BV-like communities may fa-
cilitate ascending infection by weakening epithelial
and mucosal barriers, increasing inflammation, and re-
ducing colonization resistance against pathogens (79,
80). Although classic PID pathogens include Chlamyd-
ia trachomatis and Neisseria gonorrhoeae, anaerobic
bacteria and BV-associated taxa are increasingly rec-
ognized as contributors to polymicrobial upper genital
tract infection (80).

A growing body of evidence links vaginal micro-
biota composition with human papillomavirus (HPV)
infection, HPV persistence, cervical intraepithelial
neoplasia, and cervical cancer risk. Systematic reviews
and meta-analyses suggest that Lactobacillus crispa-
tus-dominant communities are generally associated
with lower HPV-related risk, whereas Lactobacillus
iners-dominant, non-Lactobacillus-dominant, and
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high-diversity anaerobic communities are more often
associated with HPV infection and cervical dysplasia
(81-83). Possible mechanisms include altered vaginal
pH, epithelial barrier disruption, inflammation, and
impaired local antiviral immunity. However, causal-
ity remains uncertain, and vaginal microbiota should
be considered a potential cofactor rather than a direct
cause of cervical disease.

Emerging evidence also suggests possible associ-
ations between vaginal or reproductive tract micro-
biota and inflammatory or endocrine gynecological
conditions such as endometriosis and polycystic ova-
ry syndrome (PCOS). In endometriosis, microbiome
alterations may interact with chronic inflammation,
immune dysregulation, estrogen metabolism, and pel-
vic pain pathways (18, 84). In PCOS, studies suggest
possible links between dysbiosis, hyperandrogenism,
insulin resistance, and chronic low-grade inflamma-
tion, although most evidence currently comes from
gut microbiome studies and limited vaginal microbi-
ome data (19, 85). Therefore, these conditions should
be discussed as promising but still developing areas of
research.

Overall, vaginal microbiome alterations are most
strongly established in BV and increasingly support-
ed in HPV-related cervical disease, PID susceptibili-
ty, and recurrent vaginal infections. For endometriosis
and PCOS, evidence remains preliminary and hetero-
geneous. Future research should distinguish correla-
tion from causation, integrate bacterial, fungal, viral,
metabolic, and immune data, and determine whether
microbiome-targeted interventions can improve gyne-
cological outcomes.

Personalized Microbiome-Based Interventions

Personalized interventions targeting the vaginal mi-
crobiome aim to move beyond uniform treatment strat-
egies toward approaches guided by microbial compo-
sition, recurrence risk, symptoms, reproductive goals,
and host factors. Current clinical management of bac-
terial vaginosis still relies mainly on antibiotics such as
metronidazole or clindamycin, but recurrence remains
common and optimal strategies for persistent or recur-
rent BV are still limited (8, 9). This has encouraged
interest in microbiome-restorative approaches that not
only suppress anaerobic bacteria but also promote du-
rable recolonization by protective lactobacilli, particu-
larly Lactobacillus crispatus.

Probiotics and live biotherapeutic products are
among the most studied strategies. A randomized trial
showed that L. crispatus CTV-05, known as Lactin-V,
significantly reduced BV recurrence after vaginal met-
ronidazole treatment compared with placebo, support-
ing the concept of strain-specific microbiome resto-
ration (22). Meta-analytic evidence also suggests that
probiotics may reduce BV recurrence, although effects
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vary by strain, dose, route of administration, and study
design (86). Therefore, probiotic therapy should not
be treated as a single uniform intervention; its effica-
cy likely depends on selecting appropriate strains and
matching them to the patient’s baseline microbiome
and clinical context.

More experimental strategies include vaginal mi-
crobiome transplantation and partner-based treatment.
Vaginal microbiome transplantation has been report-
ed in an exploratory study of women with intractable
recurrent BV, showing potential benefit but requiring
larger controlled trials, strict donor screening, and
long-term safety evaluation before clinical adoption
(23). More recently, a randomized trial found that
treating male partners with combined oral and topical
antimicrobial therapy reduced BV recurrence in wom-
en in monogamous heterosexual couples, highlighting
the role of partner-associated microbial exchange (24).
Overall, the future of vaginal microbiome intervention
will likely involve stratified approaches that combine
antibiotics, targeted live biotherapeutics, behavioral or
partner-based strategies, and multi-omics biomarkers
to predict treatment response and recurrence risk (87).

Microbiome-Based Biomarkers and AI-Driven Pre-
diction

Microbiome-based biomarkers are increasingly be-
ing explored for risk stratification in reproductive and
gynecological health. These biomarkers may include
taxonomic markers such as community state types,
Lactobacillus crispatus dominance, Lactobacillus iners
dominance, or enrichment of BV-associated anaerobes,
as well as functional markers such as microbial genes,
metabolites, cytokines, and host-response profiles. In
reproductive medicine, vaginal microbiome profil-
ing before IVF/ICSI has been proposed as a potential
predictor of pregnancy outcome (11). In bacterial vag-
inosis, metabolomic studies have identified distinct
biochemical signatures involving amino acid, carbo-
hydrate, lipid, and amine metabolism, suggesting that
functional biomarkers may improve diagnosis beyond
taxonomy alone (20, 51). Similarly, vaginal microbial
patterns have been associated with HPV persistence
and cervical dysplasia risk, supporting their potential
value as adjunctive biomarkers in cervical disease re-
search (81).

Artificial intelligence and machine learning can
help integrate high-dimensional microbiome data with
clinical, hormonal, immunological, and reproductive
variables. Early machine-learning studies showed that
vaginal microbial profiles could classify bacterial vagi-
nosis-associated communities with high accuracy (88).
In pregnancy research, models combining vaginal mi-
crobiota with clinical markers such as cervical length
and white blood cell count have been used to predict
preterm birth risk (89). The Microbiome Preterm Birth
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DREAM Challenge further demonstrated the poten-
tial of harmonized multi-cohort microbiome datasets
for machine-learning prediction of preterm and ear-
ly preterm birth (90). More recent deep-learning and
IVF-focused models have begun integrating vaginal
microbiome composition with inflammatory markers
to improve the prediction of preterm birth or IVF suc-
cess (91, 92).

Despite these advances, microbiome-based predic-
tion is not yet ready for routine clinical use. Many
models are limited by small cohorts, population het-
erogeneity, batch effects, differences in sequencing
methods, inconsistent outcome definitions, and insuf-
ficient external validation. In addition, AI models must
be interpretable and clinically actionable, not merely
statistically accurate. Future biomarker studies should
prioritize longitudinal sampling, multi-omics integra-
tion, standardized metadata, diverse populations, ex-
plainable Al, and prospective validation. Ultimately,
microbiome-based biomarkers and Al-driven mod-
els may support precision gynecology by identifying
women at higher risk of BV recurrence, IVF failure,
preterm birth, or HPV persistence and by guiding per-
sonalized prevention or treatment strategies.

Challenges, Limitations, and Ethical Consider-
ations

Despite rapid progress, vaginal microbiome re-
search faces several methodological challenges. Dif-
ferences in sampling site, menstrual or pregnancy
timing, DNA extraction, sequencing platform, ref-
erence database, bioinformatic pipeline, and clinical
definitions of dysbiosis or bacterial vaginosis can
limit comparability across studies (93). Standardized
reporting frameworks such as the STORMS checklist
are therefore important for improving transparency,
reproducibility, and cross-study interpretation (93).
Another major issue is contamination, especially in
low-biomass reproductive tract samples such as en-
dometrial, placental, or upper genital tract specimens.
Without appropriate negative controls, contamina-
tion-aware analysis, and biologically plausible inter-
pretation, microbial signals in low-biomass samples
may be overinterpreted (94, 95).

A second limitation is the difficulty of establishing
causality. Many studies are cross-sectional or obser-
vational, making it unclear whether vaginal dysbiosis
causes reproductive or gynecological disorders, results
from them, or acts as a biomarker of another under-
lying process. Longitudinal sampling, mechanistic
experiments, and interventional trials are needed to
determine whether modifying the vaginal microbiome
can improve outcomes such as IVF success, bacteri-
al vaginosis recurrence, HPV persistence, or preterm
birth. Multi-omics and Al-based models also face
analytical challenges, including small sample sizes,
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high-dimensional data, compositionality, sparsity, batch
effects, overfitting, and limited external validation (96-
98). Therefore, prediction models should be tested in
independent and diverse cohorts before being translated
into clinical practice.

Ethical considerations are equally important. Vaginal
microbiome data are highly sensitive because they may
reveal information related to sexual health, reproductive
status, infection risk, pregnancy outcomes, partner-as-
sociated microbial exchange, and ethnicity-linked mi-
crobial variation. Human microbiome research raises
concerns about informed consent, privacy, data sharing,
identifiability of samples, return of results, incidental
findings, commercialization, and potential stigmatiza-
tion (99-101). These concerns are especially relevant
for direct-to-consumer microbiome tests and Al-based
reproductive risk prediction, where premature clinical
claims may create anxiety or inappropriate treatment
decisions. Future research should therefore combine
methodological rigor with ethical safeguards, including
transparent consent, privacy protection, equitable cohort
representation, careful communication of uncertainty,
and avoidance of deterministic interpretations of micro-
biome profiles.

Future Directions

Future vaginal microbiome research should move
from descriptive taxonomy toward functional, longitudi-
nal, and clinically validated frameworks. Large, diverse,
and well-characterized cohorts are needed to clarify how
vaginal microbial communities change across the men-
strual cycle, pregnancy, menopause, fertility treatment,
and gynecological disease states. Standardized methods
for sampling, sequencing, metadata collection, and re-
porting will be essential to improve reproducibility and
cross-study comparison (93). Resources such as vaginal
microbiome-specific gene catalogs, including VIRGO
and VIRGO2, can further support functional interpre-
tation by enabling more precise analysis of microbial
genes, pathways, and strain-level diversity (44).

Another priority is the integration of multi-omics
and host-response data. Future studies should com-
bine metagenomics, metatranscriptomics, metabolo-
mics, proteomics, cytokine profiling, hormone mea-
surements, and clinical metadata to determine not
only which microbes are present, but also what they
are doing and how the host responds. This approach
may help identify clinically useful biomarkers for
BV recurrence, IVF outcomes, HPV persistence, and
preterm birth risk. However, these biomarkers must
be validated prospectively in independent and ethni-
cally diverse populations before clinical implemen-
tation.

Interventional research is also needed to determine
whether modifying the vaginal microbiome can im-
prove reproductive and gynecological outcomes.

38

Pers Precis Med |

Promising approaches include targeted live biothera-
peutics, strain-specific probiotics such as Lactobacil-
lus crispatus CTV-05, optimized antibiotic—probiotic
combinations, partner-based treatment strategies, and
carefully regulated vaginal microbiome transplanta-
tion (22-24). At the same time, Al-driven prediction
models may help personalize these interventions by
integrating microbiome profiles with clinical, hormon-
al, immune, and behavioral data. Future translation
should therefore emphasize explainable Al, patient
privacy, equity, safety, and avoidance of premature
commercialization. Ultimately, the field should aim
to develop precision gynecology strategies in which
microbiome-based diagnostics and interventions are
evidence-based, individualized, and clinically action-
able (102).

CONCLUSION

The vaginal microbiome is an ever-evolving and
functionally important ecosystem that provides an es-
sential role in female reproductive health, with grow-
ing evidence linking its composition and activity to
fertility, assisted reproductive outcomes, pregnancy
complications, and major gynecological disorders.
While Lactobacillus-dominant communities, particu-
larly those enriched with Lactobacillus crispatus, are
generally associated with low vaginal pH, epithelial
protection, reduced inflammation, and favorable re-
productive outcomes, high-diversity anaerobe-rich
communities are often linked to bacterial vaginosis,
HPV persistence, pelvic inflammatory disease, ad-
verse pregnancy outcomes, and recurrent dysbiosis.
However, the traditional concept of dysbiosis alone
is insufficient to explain the biological complexity of
vaginal microbial ecosystems, as similar taxonomic
profiles may differ in microbial gene content, meta-
bolic activity, biofilm formation, immune stimulation,
ecological stability, and clinical impact. Multi-omics
approaches therefore provide a more comprehensive
framework by integrating microbial composition
with functional pathways, metabolites, host immune
responses, and clinical phenotypes. In the future, tar-
geted probiotics, live biotherapeutics, optimized anti-
microbial strategies, partner-based treatment, vaginal
microbiome transplantation, and Al-driven prediction
models may support personalized approaches in pre-
cision gynecology and reproductive medicine. Never-
theless, clinical translation will require standardized
methods, longitudinal and interventional studies,
diverse cohorts, validated biomarkers, ethical over-
sight, and careful avoidance of premature commer-
cialization.
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