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The microbiome has emerged as a critical determinant of female reproductive health and fertility outcomes. Although conventional
infertility evaluations, encompassing medical history, ovulation assessment, uterine and tubal evaluation, genetic screening, hor-
monal profiling, and reproductive tract imaging, provide essential diagnostic information, a substantial proportion of infertility
cases remain unexplained, prompting increased attention to microbial factors. This review provides a comprehensive, critical eval-
uation of the methods for assessing the female reproductive microbiome, spanning traditional culture-based microbiology to
contemporary molecular approaches. We systematically discuss the diagnostic performance, clinical utility, and established tech-
niques, including microscopic examination, Nugent scoring, and Amsel criteria, alongside modern molecular methods such as
quantitative PCR panels, 16S rRNA gene sequencing, shotgun metagenomics, and other multiomics. Critically, we evaluate the
current microbiome testing platforms in clinical validity and utility. We identify significant gaps between research-grade method-
ologies and clinically actionable diagnostics, including a lack of standardized protocols, inconsistent reporting of absolute bacte-
rial loads vs. relative abundances, and limited validation against reproductive outcomes. We propose evidence-based criteria for
selecting appropriate diagnostic approaches on the basis of clinical context and discuss emerging technologies, including multio-
mics integration for implementing microbiome assessment in fertility care. (Fertil Steril® 2026;125:558-73. ©2026 by American
Society for Reproductive Medicine.)
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lobally, an estimated 110 metriosis, characterized by the pres-
million women of reproductive ence of endometrial-like tissue

unexplained, prompting investigation
into additional factors such as the

age (15-49 years) experienced
infertility in 2021, with prevalence
continuing to rise (1). In clinical prac-
tice, the standard female infertility
evaluation typically includes assess-
ment of ovulatory function through
menstrual history and hormonal
profiling (follicle-stimulating hor-
mone, antimullerian hormone,
thyroid-stimulating hormone, and
prolactin), evaluation of tubal patency
via hysterosalpingography, and pelvic
imaging with transvaginal ultrasound
to assess uterine and ovarian anatomy.
Additionally, conditions such as endo-

outside the uterus, can significantly
impact fertility and may be evaluated
through imaging or laparoscopy. Poly-
cystic ovary syndrome (PCOS), a com-
mon endocrine disorder causing
irregular ovulation and hyperandro-
genism, is also assessed during this
evaluation (2). Additional investiga-
tions, such as sonohysterography, hys-
teroscopy, or genetic screening, are
pursued on the basis of clinical find-
ings, maternal age, or a history of
recurrent loss. Despite these compre-
hensive assessments, approximately
30% of infertility cases remain
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reproductive tract microbiome (3-5).

An essential factor that is often
underestimated in routine tests is the
female reproductive microbiome. The
Human Microbiome Project has pro-
vided a foundation for understanding
the significant impact of the human
microbiome on reproductive physi-
ology and disease (6-8). Although the
causal relationship between
reproductive microbiome dysbiosis
and adverse reproductive outcomes
remains incompletely understood,
accumulating evidence links
microbial imbalance to implantation
failure, early pregnancy loss and
reduced success rates in assisted
reproductive technologies (9-14).

A healthy vaginal microbiome is
typically characterized by the domi-
nance of Lactobacillus species. The
functions of these species include pro-
ducing lactic acid to maintain low pH,
as well as certain species generating
hydrogen peroxide (H,0,) and bacte-
riocins, which contribute to inhibiting
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pathogen colonization (15-16). Using community state types
(CSTs), vaginal microbiomes are categorized on the basis of
Lactobacillus dominance. Over half of healthy women
exhibit Lactobacillus dominance, classified as CST I, II, III,
or V. CST I is primarily characterized by Lactobacillus
crispatus, whereas CST II features Lactobacillus gasseri,
CST I is dominated by Lactobacillus iners, and CST V by
Lactobacillus jensenii. In contrast, CST IV represents a
more diverse community with lower Lactobacillus
concentrations, often linked to dysbiosis and increased risk
of infections like bacterial vaginosis (BV) and vulvovaginal
candidiasis (VVC). This classification highlights the critical
role of Lactobacillus in maintaining vaginal health (10, 16-
18).

The prevalence of CST IV has been reported to be higher
in certain demographic groups. However, these associations
also likely reflect complex interactions among environ-
mental, socioeconomical, habits, other diseases conditions
and stress-related factors (19-23). Moreover, although the
CST framework has been widely adopted, it should be noted
that studies also further divided the subcommunities in the
vaginal microbiome, including VALENCIA, metagenomic
community state types (mgCSTs), and vaginal community
dynamics (VCDs) (17, 24, 25). VALENCIA CSTs have been
increasingly applied in recent large population studies and
pregnant cohorts (17, 18, 26-29).

The vaginal microbiome has been shown to exhibit dy-
namic changes in response to age, pregnancy, and external
perturbations, such as antibiotic use, sexually transmitted
infections, and douching (17, 25, 30-34). The vaginal
microbiome changes composition, structure, and
physiology in response to hormonal fluctuations and
menstrual cycle variations under both normal and disease
conditions, with these bacterial features potentially
exerting reciprocal effects on reproductive health (25, 30).
BV, aerobic vaginitis (AV), and VVC are common vaginal
conditions with alterations in the vaginal microbiome. BV
has a significant decrease in Lactobacillus species, whereas
AV is characterized by vaginal inflammation, and VVC is
caused by fungal overgrowth. These conditions often
present with similar, nonspecific symptoms (e.g., abnormal
discharge, irritation) that do not clearly distinguish one
condition from another, creating diagnostic challenges in
clinical practice (35-37). Significantly, BV, AV, and VVC
are associated with increased risks of miscarriage, preterm
birth, and infertility, underscoring the need for accurate
diagnosis and timely, effective treatment (38-41).

Furthermore, the endometrium was previously recog-
nized as a sterile environment, which has delayed research
into its microenvironment compared with that of the vagina.
Sequencing techniques have demonstrated that it harbors a
low-biomass microbiome that extends into the fallopian
tubes and is essential for embryo implantation (42-44).
Although potential transient contamination from the lower
reproductive tract during sampling remains a concern,
current data suggest the human endometrial microbiome is
highly diverse, predominantly composed of Firmicutes
(including Lactobacillus), Bacteroidetes, Proteobacteria, and
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Actinobacteria, despite a lack of consensus across studies
(45, 46). In various uterine diseases, this composition shifts
toward increased levels of Proteobacteria (e.g., Escherichia
coli), Bacteroidetes (e.g., Prevotella), and Actinobacteria
(e.g., Gardnerella) (47-51). An abnormal endometrial
microbiota is associated with implantation failure,
pregnancy loss, and various gynecological and obstetrical
conditions (52, 53).

The gap between scientific progress and clinical applica-
tion underscores the need for evaluating the reproductive
microbiome in fertility care. Therefore, we aim to review
and compare current methods for assessing vaginal dysbio-
sis, from traditional microbiology to modern molecular
techniques. We advocate for greater integration of
microbiome-based diagnostics into fertility practice.

Traditional clinical tests for vaginal microbiome

Traditional vaginal microbiome assessment remains funda-
mental to fertility practice. Accurate diagnosis requires un-
derstanding normal discharge variability across the
menstrual cycle, necessitating standardized collection pro-
tocols. Many cases of BV remain asymptomatic or present
with only mild symptoms, causing them to be overlooked
without specific clinical tests (54-58). Given the impact of
vaginal dysbiosis on reproductive success, early
microbiome evaluation, using conventional and molecular
approaches, has become fundamental to comprehensive
fertility care.

Microscopic examination

Microscopic examination allows direct observation of both
microbial morphotypes and host cells using complementary
techniques, commonly wet mount microscopy and Gram
staining. Together, these techniques enable healthcare pro-
fessionals to evaluate the cellular makeup and microbial
composition in vaginal samples. In a physiologically normal
vaginal specimen, wet mount microscopy reveals predomi-
nantly superficial and intermediate squamous epithelial cells
from the upper stratified layers, minimal to absent polymor-
phonuclear leukocytes (PMNs), resulting in a low leukocyte-
to-epithelial cell ratio characteristic of a noninflammatory
state. Women with BV who experience subsequent sponta-
neous preterm birth exhibit a significantly higher mean
PMN/ epithelial cell ratio (e.g., 3.4 + 6.0), making this ratio
a better predictor of adverse outcomes than merely observing
the presence of clue cells (59). Additionally, Gram staining is
a differential technique classifying bacteria by cell wall
structure and morphology. In a healthy vaginal microbiome,
there is a marked predominance of Lactobacillus species,
observed with Gram-positive bacilli (60, 61). In contrast,
BV is characterized by abundant clue cells (epithelial cells
with adherent coccobacilli obscuring cell borders), a marked
reduction or absence of lactobacilli, and increased mixed mi-
crobiota, including Gardnerella. Additionally, BV also typi-
cally has symptoms such as altered color, odor, volume, or
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Clinical test for vaginal dysbiosis using traditional methods. AU: Please verify and confirm the table used is correct.

Method

Limitation

Indicators of dysbiosis Advantage

Standard

Increased leukocytes; reduced Lactobacillus; presence Rapid, low-cost, BV/VVC indicators  Subjective, limited sensitivity

Morphological visualization of cells

Microscopy (wet mount,

of yeast or clue cells
Vaginal pH>4.5, reduced H,0,, or elevated pathogen Rapid, low-cost, self-test

and microorganisms
Acidity detection; Lactobacillus

Gram staining)
Functional tests (pH, H,0,,

Low specificity

enzyme activities

activity; pathogens-associated

enzymes
Growth and identification on

enzymes)

Limited to cultivable species; time-

Species identification; antimicrobial

Isolation of bacterial or fungal pathogens

Culture-based method

consuming

susceptibility testing

selective media; biochemical

tests
Gram staining, morphological

Semi-quantitative, requires trained

Standardized BV diagnosis

Scores: (1) 0-3, normal Lactobacillus-dominant flora

Nugent score

personnel, time-consuming

(BV-negative); (2) 4-6, intermediate flora

examination for scoring

(dysbiosis but not meeting BV criteria); (3) 7-10, BV

Lactobacillus (0-4), G. vaginalis
(0-2), and Mobiluncus (0-2)

Vaginal pH, odor test, and

Subjective, low reproducibility

Simple, rapid; widely used in clinics

> 3 positive clinical features:(1) thin, homogeneous

Amsel criteria

discharge; (2) vaginal pH >4.5 (3) positive "whiff

test" (10% KOH) (4) presence of clue cells on

microscopy.

microscopy
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consistency, representing a dysbiosis yet not an inflamma-
tory condition (62-65).

AV is defined by a severe inflammatory state (vaginal
pH > 6.0) distinguishable by the presence of numerous
PMNSs, parabasal epithelial cells resulting from epithelial
thinning. Microbiologically, it involves a shift from Lactoba-
cillus dominance to an overgrowth of aerobic commensals
(such as E. coli or Group B Streptococcus) rather than just
anaerobic cocci (66, 67). Trichomoniasis is identified by
motile, flagellated Trichomonas vaginalis protozoa, often
accompanied by significant leukocytosis and inflammatory
exudate, although they are not required for diagnosis
(68, 69). In addition to presence of clinical symptoms, potas-
sium hydroxide (KOH) wet mount microscopy or Gram stain-
ing can be used to identify budding yeast cells, with
pseudohyphae observed in some cases of VVC (70, 71). These
distinct microscopic patterns enable rapid differentiation of
vaginal pathologies and guide appropriate therapeutic inter-
vention to restore normal vaginal microbiome homeostasis
(61, 72, 73).

In the fertility clinic setting, microscopic examination
serves as an important first-line diagnostic tool for rapid
assessment of the vaginal and cervical microenvironment,
which provides clinically useful context in fertility care
(74). Microscopy offers immediate, direct visualization
of cellular morphology and microbial morphotypes,
providing semiquantitative information on microorgan-
isms and host inflammatory responses that are relevant
to vaginal health, including symptoms associated with
BV and other conditions linked to adverse reproductive
outcomes. The presence of BV has been associated with
an increased risk of adverse pregnancy outcomes, including
miscarriage, as well as adversely affecting sperm by
immune-mediated dysfunction (75). This rapid turnaround,
often providing actionable information within minutes,
makes microscopy an invaluable point-of-care tool in
fertility management, bridging the gap between clinical
presentation and comprehensive microbiological diagnosis
(Table 1).

Functional tests

Functional testing plays a central role in the primary eval-
uation of vaginal microenvironment abnormalities. Vaginal
pH is intrinsically linked to microbial homeostasis, with
physiologic values of 3.8-4.5 reflecting Lactobacillus domi-
nance and optimal reproductive health (76). Although
hydrogen peroxide (H,0,) production by certain Lactoba-
cillus species has been widely discussed in mechanistic
studies and sometimes used in vaginal functional tests, its
concentrations in vivo are highly variable and generally
insufficient to provide consistent antimicrobial protection.
Therefore, H,0, is not considered a reliable marker for clin-
ical diagnosis and needs to be used together with other tests
(15, 77, 78). In clinical practice, combined vaginal pH
testing and clinical symptom assessment significantly
improve diagnostic sensitivity for vaginitis (77, 79), with
pH typically measured using phenaphthazine (Nitrazine) in-
dicator paper (80).
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From research development perspective, enzymatic bio-
markers enhance diagnostic precision beyond pH-based
assessment. Leukocyte esterase indicates active polymorpho-
nuclear leukocyte infiltration, reflecting the intensity of the
inflammatory response. Sialidase activity, produced by BV-
associated communities that commonly include Gardnerella
vaginalis and Prevotella spp. are strongly associated with BV,
making it a good clinical marker for BV diagnosis (81).
Elevated (-glucuronidase activity suggests Escherichia coli
or Group B Streptococcus colonization, whereas coagulase
positivity indicates Staphylococcus aureus, a key pathogen
in AV (82-84).

Recent advances in point-of-care testing have facilitated
integration of multiple diagnostic parameters. Commercial
platforms such as the Hygeia Touch Self-Testing Kit employ
dry-chemistry enzymatic methods to assess vaginal pH and
enzymatic markers in simplified formats (85). These tests
are designed for screening, providing a rapid, user-friendly
assessment with reported performance comparable with es-
tablished screening approaches, with overall accuracy
reported to be of approximately 88% and sensitivity and
specificity of approximately 87% and 89%, respectively,
compared with traditional diagnostic methods relying on
clinician judgment (86). Their main aim is to improve acces-
sibility and facilitate early detection in both clinical and
home-based settings, rather than replacing microscopy or
laboratory diagnostics. Ultimately, these tools should be
viewed as complementary screening aids rather than stand-
alone diagnostic tests.

Culture-based methods

Culture-dependent diagnostics remain a classic, clinically
valuable strategy for identifying imbalances in the vaginal
microbiome, particularly for specific bacterial and fungal
pathogens. Direct culture is used for specific vaginal patho-
gens, with appropriate selective or differential media targeted
for specific organisms, followed by identification on the basis
of colony morphology, Gram staining, and biochemical
testing. (87-89). Nevertheless, although some BV-associated
anaerobes, such as Prevotella species, Fannyhessea vaginae,
Sneathia, and Megasphaera, are technically culturable on
specialized anaerobic media, the fastidious nature, strict oxy-
gen sensitivity, extended incubation requirement, and tech-
nical complexity make routine clinical culture impractical
for most BV-associated bacteria. Species Bacterial
Vaginosis-Associated Bacteria (BVAB1-3) pose challenges
for detection using standard culture methods (90-93).

For AV, blood agar and MacConkey agar are common
agar plates that enable isolation of aerobic pathogens,
including Streptococcus agalactiae, Enterococcus faecalis,
Staphylococcus aureus, and Escherichia coli, with subse-
quent antibiotic susceptibility testing guiding targeted
therapy, particularly important in fertility contexts. For
the case of VVC, culture on routine fungal media or fungal
differential media followed by MALDI-TOF mass spectrom-
etry is the standard approach for species-level identification
(94, 95).

Fertil Steril®

Culture-based methods provide simple, practical diagnos-
tics that yield viable organisms for primary diagnosis, antimi-
crobial susceptibility testing, and resistance profiling.
However, they demonstrate low sensitivity in capturing the
full vaginal microbiome diversity, as many fastidious, slow-
growing, or strictly anaerobic bacteria remain unculturable
by standard techniques, potentially missing clinically relevant
organisms that contribute to dysbiosis and adverse reproduc-
tive outcomes (96, 97). The limitations have driven the devel-
opment of culture-independent molecular diagnostic
approaches to complement traditional microbiology in
comprehensive vaginal microbiome assessment (Table 1).

Diagnostic criteria on the basis of the traditional
method

The two most widely employed diagnostic frameworks for
BV diagnosis are the Nugent scoring system and the Amsel
criteria, each offering distinct advantages and limitations
in the fertility context. The Nugent score provides a semi-
quantitative microscopic assessment on the basis of Gram-
stained vaginal smear morphology, using a standardized
scoring system to evaluate bacterial morphotypes. The Amsel
criteria represent a clinical diagnostic approach on the basis
of four parameters: presence of a thin homogenous vaginal
discharge, vaginal pH > 4.5, a positive amine “whiff test” af-
ter the addition of 10% KOH, and the presence of clue cells
(Table 1). The diagnosis of BV is made when at least three
of the four criteria are met (98). In addition, some fertility
clinics offer specialized reproductive microbiome testing,
such as endometrial microbiome analysis using commercial
assays (EMMA/ALICE, Igenomix), in cases of recurrent im-
plantation failure (RIF), unexplained infertility, or recurrent
pregnancy loss.

In fertility practice, the Nugent score and Amsel criteria
serve complementary diagnostic roles: Amsel criteria enable
rapid point-of-care assessment for immediate treatment de-
cisions during time-sensitive cycles, whereas Nugent score
provides a structured framework for in vitro fertilization
(IVF) or intrauterine insemination (IUI) screening
(62, 98-100). The intermediate Nugent category may be
clinically relevant in fertility settings as it reflects partial
shifts in vaginal microbial composition rather than
symptoms. Even though sometimes, both intermediate and
BV-range scores can be asymptomatic, reduced Lactobacillus
dominance and associated changes in microbial composition
have been linked to adversely affect implantation and early
pregnancy outcomes (101, 102).

However, both methods provide a graded evaluation of
vaginal cells and microbes, which require specialized exper-
tise in microscopy and laboratory support; therefore, they
may exhibit interobserver variability (103). Critically, neither
provides species-level taxonomic resolution, cannot detect
fastidious or unculturable anaerobes, and fails to distinguish
clinically significant Lactobacillus species (L. crispatus vs. L.
iners vs. L. gasseri vs. L. jensenii) with distinct reproductive
outcome associations (16, 104). Consequently, comprehen-
sive vaginal microbiome assessment in modern fertility
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practice requires integrating traditional diagnostic methods
with advanced molecular and multiomics technologies to
achieve the species-level resolution, functional characteriza-
tion, and personalized therapeutic targeting necessary to
optimize reproductive outcomes.

MOLECULAR METHODS FOR VAGINAL
MICROBIOME ANALYSIS

The inherent limitations of traditional culture-based and
microscopic diagnostic methods have driven a paradigm
shift toward technologies in fertility microbiome assessment.
These technologies have fundamentally transformed our un-
derstanding of the vaginal microbiome-fertility axis,
enabling identification of specific microbial signatures asso-
ciated with implantation success, pregnancy outcomes, and
treatment response, thereby facilitating more accurate diag-
nostic assessment and personalized, microbiome-targeted
therapeutic interventions in clinical fertility practice.

Quantitative PCR (qPCR) and Digital Droplet PCR
(ddPCR)

qPCR and ddPCR enable precise enumeration of specific mi-
crobial targets, including bacteria, fungi, and viruses,
through targeted amplification and fluorescence-based
detection. qPCR enables real-time quantification of deter-
mined microbial DNA targets, allowing rapid assessment of
taxa relevant to the reproductive microbiome, with custom
qPCR panel kits available that target the main species found
in the reproductive microbiome (105, 106). The subsequent
emergence of ddPCR advanced this capability by partitioning
samples into thousands of nanoliter droplets, enabling abso-
lute quantification of DNA copy numbers without reliance on
standard curves and achieving superior sensitivity for low-
abundance targets (107) (Figure 1).

These complementary technologies have proven particu-
larly valuable in fertility microbiome research: qPCR anal-
ysis of vaginal and endometrial samples from women with
unexplained infertility revealed significantly depleted Lacto-
bacillus spp. and elevated G. vaginalis and Mycoplasma
hominis compared with fertile controls (108). Zhou et al.
developed a ddPCR assay targeting the 23S rRNA gene of
G. vaginalis that reported good analytical performance,
with no cross-reactivity observed for common vaginal com-
mensals or pathogenic bacteria (109). ddPCR also provides a
unique advantage in precise absolute quantification of low
abundant nucleic acids, enabling detection of subtle allelic
imbalances, such as maternally inherited mutations in
noninvasive prenatal testing (110). However, both technolo-
gies are inherently limited to detecting taxa with known
target sequences, precluding the discovery of novel or un-
characterized microorganisms. Additionally, ddPCR exhibits
reduced dynamic range at very high bacterial concentrations
and requires specialized instrumentation, rigorous assay
optimization, and greater technical expertise, resulting in
higher costs and longer turnaround times compared with
gPCR, particularly in clinical fertility practice. Moreover,
the high genomic similarity among prevalent vaginal micro-
biome species poses significant challenges for taxonomic
discrimination using targeted PCR approaches. Although
numerous studies have employed species-specific primers
or probes for vaginal bacteria, rigorous validation of their
specificity against closely related taxa is frequently lacking,
potentially leading to cross-reactivity and misidentification
that compromise diagnostic accuracy in clinical fertility ap-
plications (111-113).

16S rRNA gene sequencing

16S rRNA gene sequencing identifies bacteria by analyzing a
highly conserved molecular marker containing nine hyper-
variable regions (V1-V9) that enable genus- and species-

FIGURE 1

gPCR and ddPCR
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. Py qPCR
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. A dvpo DNA?ample
Sample Collection DNA extraction R 50 _—— . '_7 M
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Droplet generation d‘?PCR' Read droplets Analyses
amplification

Graphical schematic of the workflow of gPCR and ddPCR. DNA is extracted from samples, and specific target sequences are amplified using
sequence-specific primers. In gPCR, amplification is measured using fluorescent dyes or probes, allowing quantification based on cycle
threshold (Ct) values. In ddPCR, the PCR reaction mix is first partitioned into thousands of nanoliter-sized droplets through droplet
generation, with each droplet acting as an independent PCR microreaction. Endpoint PCR amplification occurs within each droplet, followed
by droplet reading, during which fluorescence is measured to classify droplets as positive or negative. Created using Biorender.com.
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16S rRNA Gene Sequencing

16S rRNA
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4. Sequencing of
PCR products

v

Taxonomic Profiling Phylogenic Classification

Downstream Applications of 16S rRNA Gene Sequencing

LefSE identification of

biomarkers Alpha and Beta Diversity

16S rRNA gene sequencing workflow. DNA was extracted from samples using standard protocols. The bacterial 16S rRNA gene was amplified
with targeted primers and sequenced using high-throughput sequencing. Resulting sequences were used for taxonomic profiling and
phylogenetic classification of microbial communities. Microbial diversity was assessed using alpha diversity metrics to evaluate community
richness and evenness, and beta diversity metrics to evluate the dissimilarity in community composition between samples. LEfSe analysis was
applied to identify differentially abundant taxa and potential microbial biomarkers. This single-gene amplicon approach enables high-
throughput profiling of microbial communities. Created using Biorender.com.
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level taxonomic discrimination. Compared with other
commonly used 16S regions (e.g., V1-V2, V1-V3, V3-V4),
direct comparisons have shown that V3-V4 provide
improved representation of key vaginal taxa and more accu-
rate CST assignment compared with V1-V2, likely due to
reduced primer mismatches leading to biased detection of
clinically relevant organisms like Gardnerella and Chlamydia
(114). Nevertheless, full-length 16S rRNA gene sequencing
using long-read technologies (PacBio, Oxford Nanopore)
maximizes resolution yet incurs higher costs vs. short-read
platforms (115-116) (Figure 2).

16S rRNA gene sequencing has revealed critical vaginal
microbiome-fertility associations. Infertile women exhibit
significantly reduced wvaginal Lactobacillus abundance
compared with fertile controls. Vaginal L. gasseri enrichment
enhanced fecundability while elevated Fannyhessea vaginae
(previously called Atopbium) reduced it, and L. iners-domi-
nant microbiomes conferred approximately 55% reduced
per-cycle conception rates compared with L. crispatus/L. gas-
seri-enriched profiles (117). A longitudinal vaginal micro-
biome analysis by D. MacIntyre et al. in a British pregnancy
cohort revealed dramatic postpartum shifts toward reduced
Lactobacillus dominance and increased diversity regardless
of pregnancy composition or ethnicity (9). Furthermore,

vaginal Lactobacillus dominance was associated with higher
IVF success rates. In contrast, the presence of Streptococcus
spp., Staphylococcus spp., and Escherichia coli was associated
with reduced live birth rates and lower embryo transfer suc-
cess (118, 119). Prospective studies collecting vaginal samples
immediately before embryo transfer have confirmed these as-
sociations in patients undergoing assisted reproductive tech-
nology (ART) with single euploid blastocyst transfer (120).

A multicenter study of 342 infertile patients showed that
dysbiotic endometrial microbiota comprised genera such as
Fannyhessea, Gardnerella, Klebsiella, Neisseria, Staphylo-
coccus, and Streptococcus. At the same time, Lactobacillus
dominance was associated with live birth (121). 16S rRNA
gene sequencing of endometrial samples showed that 38%
of IVF patients had a Lactobacillus-dominant microbiome,
compared with 85.7% in healthy volunteers. In the same
study, among women who have achieved pregnancy, the me-
dian relative abundance of Lactobacillus is approximately
960%, suggesting that higher endometrial Lactobacillus levels
may favor implantation (122). Microbiomes in a receptive
endometrium that are dominated by non-Lactobacillus spe-
cies have been shown to significantly decrease rates of im-
plantation, pregnancy, ongoing pregnancy, and live births
(8, 43, 123-126).
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Although 16S rRNA gene sequencing provides cost-
effective bacterial community profiling, fundamental
biological and technical limitations constrain its taxonomic
resolution. The method, particularly in short-read 16S rRNA
amplicon sequencing, may not reliably distinguish closely
related species or strains, as many taxa previously considered
monophyletic comprise multiple genomovars (127). Intrage-
nomic heterogeneity further complicates taxonomic assign-
ment. Intragenomic heterogeneity of the 16S rRNA gene has
been documented; certain Lactobacillus species with multiple
highly similar but nonidentical 16S copies within a single
genome complicating species level resolution (128). Data-
base quality represents an additional confounding factor. A
United Kingdom sovereign audit of 1,399 reference se-
quences revealed ~5% contained substantial errors,
including chimeric artifacts, sequencing errors, or taxonomic
misannotations (127, 129). Full length 16S rRNA sequencing
can reliably identify dominant Lactobacillus species (130);
however, in contexts where finer taxonomic resolution or
function insight is of interest, complementary approaches,
including whole-genome sequencing or shotgun metage-
nomics, can provide additional genetic information. These
methods enable strain-level characterization and functional

FIGURE 3

profiling and are primarily used to address specific mecha-
nistic questions rather than routine community
classification.

Shotgun metagenomics

Shotgun metagenomics, enabled by next-generation
sequencing platforms, revolutionized microbiome science
by allowing culture-independent, unbiased analysis of entire
microbial communities directly from clinical specimens.
Unlike amplicon-based methods that target specific marker
genes, shotgun metagenomics sequences all DNA present
in a sample, providing comprehensive taxonomic profiling
across kingdoms (bacteria, archaea, fungi, and viruses)
alongside functional gene characterization, including meta-
bolic pathways, virulence determinants, and antibiotic resis-
tance mechanisms (131) (Figure 3).

Sequencing-based methods, initially using 16S rRNA
gene profiling, then subsequently expanded through
shotgun metagenomics, have provided evidence against the
long-standing assumption of sterility in the female upper
reproductive tract by demonstrating the presence of microbi-
al DNA across the cervical canal, uterine cavity, and
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peritoneal fluid (132). Building on classical CSTs, mgCSTs are
novel categories of microbiomes that reflect unique combi-
nations of metagenomically resolved species, demonstrate
associations with demographic factors and vaginal health in-
dicators, particularly BV, and offer a framework for investi-
gating functional diversity and its implications for women'’s
genital health (133). While mgCSTs represent a promising
approach for capturing microbial diversity, their relevance
for guiding fertility care has yet to be established. Further-
more, Feehily et al. used shotgun metagenomic sequencing
to show that L. crispatus-dominated communities associated
with full-term pregnancy differ structurally and functionally
from preterm communities, including strain-level differ-
ences within Gardnerella and distinct metabolic profiles
that extend beyond the resolution of 16S rRNA gene
profiling. This highlights distinct structural and functional
differences in the vaginal microbiota of women at high risk
for preterm birth (PTB) compared with low-risk controls,
which may help identify microbial traits that influence PTB
(134). These findings demonstrate the clinical relevance of
metagenomic approaches in advancing personalized medi-
cine for reproductive health and better fertility outcomes
(135).

Shotgun metagenomics faces substantial technical chal-
lenges in low-biomass reproductive tract environments, such
as the endometrium, requiring substantial sequencing depth,
specialized bioinformatic expertise, and comprehensive
reference databases to address functions that remain incom-
plete for many reproductive taxa. Host DNA contamination
poses a critical confounding factor, with human DNA consti-
tuting >99% of sequencing reads in endometrial samples,
necessitating microbial enrichment strategies, such as
methylation-based host DNA depletion (e.g., NEBNext Mi-
crobiome Enrichment) or differential lysis methods to
achieve adequate microbial genome coverage. However,
standardized protocols for low-biomass reproductive sam-
ples remain under development (134, 136). Like other
sequencing methods, contamination during sampling or
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sequence library preparation is an issue, and proper controls
are needed for each step. Additional limitations include
computational intensity, high per-sample costs, and poten-
tial false-positive taxonomic assignments from database
contamination or misannotation. Despite these challenges,
shotgun metagenomics is promising to be used for compre-
hensive characterization of the reproductive microbiome,
enabling combined analysis of community structure, func-
tional potential, and strain-level variation, which could be
important for understanding microbiome-fertility relation-
ships and developing targeted microbiome-based interven-
tions (137).

Fluorescent in situ hybridization (FISH)

FISH employs fluorescently labeled nucleic acid probes to
visualize specific microorganisms within their spatial
context (138). FISH combined with immunohistochemical
detection of bacterial lipopolysaccharide (LPS) and lipotei-
choic acid (LTA) identified Gram-negative and Gram-
positive bacteria in endometrial tissues from women with
and without endometriosis (139). FISH has also been used
to visualize structured polymicrobial G. vaginalis biofilms
adherent to endometrial and fallopian tube epithelium,
demonstrating vaginal microbiota ascension into the upper
genital tract (34, 140). These findings have significant impli-
cations for understanding bacterial vaginosis-associated
adverse pregnancy outcomes (Figure 4).

Although not directly applicable to the vaginal micro-
biome, next-generation single-cell spatial methods have
dramatically enhanced FISH capabilities. SRS-FISH (Stimu-
lated Raman Scattering-FISH) combines phylogenetic identi-
fication with metabolic activity profiling via deuterium
incorporation (141). GenomeFISH employs metagenome-
assembled genome-derived probes to achieve strain-level
resolution with up to 27-fold higher signal intensity than
conventional rRNA-FISH, successfully distinguishing Prevo-
tella copri, Agathobacter rectalis, and Faecalibacterium
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Graphical schematic of the workflow of fluorescent in situ hybridization (FISH). Microbial samples are first fixed to preserve cell structure and
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sequences. Probes hybridize to their complementary rRNA sequences within bacterial cells. Unbound sequences are removed by washing, and
fluorescence microscopy is used to detect and visualize target bacterial taxa; created with Biorender.com.
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prausnitzii species in human fecal samples (142). Despite
these advances, FISH is limited by probe availability for
only a subset of commensal bacteria, insufficient resolution
for closely related taxa, restricted multiplexing because of
spectral overlap, complex probe design, and the inability to
capture live-cell dynamics because of sample fixation.
Future efforts enhance signal sensitivity and taxonomic
specificity to advance spatially resolved FISH studies of the
reproductive microbiome.

MULTIOMICS APPROACHES

Advanced multiomics technologies are revolutionizing
reproductive microbiome research by integrating comple-
mentary layers. Although not applied in the fertility clinic
yet, metatranscriptomics captures actively expressed mi-
crobial genes through RNA sequencing, revealing real-
time metabolic activity rather than mere taxonomic
presence (143). Proteomics characterizes microbial and
host-derived proteins, while metabolomics profiles small-
molecule metabolites that mediate host-microbe crosstalk
(143-146).

Both metatranscriptomics and metaproteomics remain in
their infancy because of limited reference databases, a lack of
standardized protocols, and an abundance of uncharacter-
ized microbial genes and proteins. Researchers have begun
developing innovative analytical tools (147). Metatranscrip-
tomic analysis by the J. Ravel group revealed that microbial
abundance does not predict transcriptional activity, with
non-Lactobacillus-dominated = communities  exhibiting
distinct mucin-degradation patterns potentially linked to
adverse outcomes. It demonstrated that the pathogenic po-
tential of L. iners and G. vaginalis, particularly their cyto-
lysin expression, varies with community composition
(145). Metaproteomic analysis offers valuable functional in-
sights into microbial communities relevant to disease mech-
anisms and holds promise for future clinical diagnostic
applications (144, 146, 148).

The evidence consistently demonstrates that Lactoba-
cillus produces distinct metabolic signatures compared
with BV-associated polymicrobial states. The relationship
between these profiles and fertility outcomes shows a
coherent pattern: Lactobacillus dominance is associated
with beneficial metabolite production (lactate, mannitol,
indole-3-lactate) and improved fertility outcomes (149),
whereas dysbiosis characterized by increased diversity
and anaerobic overgrowth correlates with metabolic shifts
toward biogenic amines, short-chain fatty acids, and amino
acid catabolites that may impair implantation and preg-
nancy success (150-153). Using glycan microarrays,
V. Tajadura-Ortega et al. (154) demonstrated that vaginal
pathogens (E. coli, F. nucleatum, S. agalactiae) exhibit
distinct glycan-binding profiles compared with Lactoba-
cillus species, with chondroitin sulfate-mediated epithelial
adhesion being competitively inhibited by L. crispatus,
highlighting glycan interactions as key determinants of
vaginal microbiome composition and reproductive health
and pregnancy outcomes. The mechanistic explanations

proposed across studies provide a coherent understanding,
whereby Lactobacillus species maintain low pH through
lactate production and exclude pathogens through compet-
itive mechanisms, including mannitol-mediated tonicity
optimization and immunomodulation via aryl hydrocarbon
receptor binding (149). Conversely, BV-associated bacteria
use amino acids as carbon and nitrogen sources, producing
catabolites and biogenic amines that may create an inflam-
matory microenvironment unfavorable for implantation
(149, 150, 155). The metabolic changes observed in success-
ful vs. unsuccessful IVF cycles support the concept that a
metabolic state may be optimal for embryo implantation
(152, 153).

The convergence of spatial transcriptomics and single-
cell technologies with microbiome research represents a
methodological shift from bulk compositional analysis
toward spatially and cellularly resolved profiling. The
technologies examined fall into two complementary cate-
gories: spatial approaches (10x Visium, GeoMx, MaPS-
seq, HiPR-FISH) that preserve tissue architecture and
reveal microbial localization patterns (156, 157), and
single-cell methods (INVADEseq, SPLiT-Seq, SAG
sequencing) that capture cellular heterogeneity and indi-
vidual cell responses (158). The main challenge lies in the
mismatch between capture methods for eukaryotic mRNA
(which rely on poly-A) and those for prokaryotic RNA,
which lacks polyadenylation. This discrepancy leads to
low capture efficiency for microbial sequences, often re-
sulting in the recovery of ribosomal RNA instead of
messenger RNA. Additional sample preparation issues
include bacterial cell wall permeabilization, aggregation,
and contamination. The field is advancing with solutions
such as lysozyme treatment to improve microbial capture,
random hexamer primers to replace poly-T capture, and
specifically designed capture oligos for bacterial se-
quences. As these technologies develop, their use is ex-
pected to extend from high-microbial-burden areas, such
as the intestine, to more sterile tissues, enabling explora-
tion of microbial presence in previously inaccessible
environments.

Integrating genomics, transcriptomics, proteomics, me-
tabolomics, and microbiome profiling has highlighted inter-
actions driving age-related fertility decline (159).
Characterization of extracellular vesicles in uterine fluid re-
vealed dynamic shifts in miRNA, transcripts, and surface pro-
teins across the menstrual cycle, reflecting molecular
preparation for implantation (160). In endometriosis, com-
bined analyses of microbial, metabolic, hormonal, immune,
and genetic pathways revealed how chronic inflammation,
oxidative stress, and endometriosis impair fertility (161).
These findings illustrate how functional multiomics can
inform fertility care, as successful implantation and preg-
nancy outcomes are increasingly understood to depend on
microbial functional activity and host-microbe interaction,
rather than microbial composition alone. However, substan-
tial clinical translation challenges remain. Metatranscriptom-
ics provides only transient snapshots of gene expression, as
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RNA degrades rapidly and fluctuates with sampling condi-
tions. Proteomics faces technical hurdles, including
low-abundance protein detection, sample complexity in
mixed host-microbe specimens, and ambiguous protein iden-
tification. Metabolomics cannot definitively attribute metab-
olite origins when multiple microbial species and host tissues
contribute to shared biochemical pathways. All these ap-
proaches require expensive instrumentation, such as mass
spectrometry and high-throughput sequencing platforms,
specialized bioinformatic expertise, and computationally
intensive data integration across platforms. For fertility
clinics, these limitations translate to high per-sample costs,
prolonged turnaround times spanning weeks to months,
and interpretation challenges that currently preclude routine
clinical implementation (162).

The reproductive tract virome, which includes bacte-
riophages and eukaryotic viruses, adds a layer of microbial
complexity; however, it is comparatively understudied
relative to bacterial communities, with its relevance in
fertility care remaining unclear (163). Viral infections
such as Human Immunodeficiency Virus (HIV), Human
Papillomavirus (HPV), and Herpes Simplex Virus can
disrupt this balance, leading to dysbiosis and increased
susceptibility to BV, VVC, and sexually transmitted infec-
tions (164-166). Studies are increasingly focusing on
characterizing the phage populations present in the
vagina, understanding their dynamics, and exploring their
therapeutic potential as a novel approach to restore healthy
microbial communities (25, 167-169). Understanding the
interactions between viral infections and the female
microbiome is crucial for developing targeted therapeutic
strategies to restore microbial balance and improve
reproductive health.

Perspective

The integration of microbiome assessment into fertility prac-
tice offers substantial promise for addressing unexplained
infertility. However, a critical gap exists between the wealth
of multiomics research data and the paucity of validated
clinical tools. Although commercial vaginal microbiome
testing using qPCR and 16S rRNA sequencing is now avail-
able, widespread adoption requires addressing methodolog-
ical limitations, establishing clinical utility through
rigorous trials, and developing standardized interpretive
frameworks.

Importantly, many microbial patterns discussed in rela-
tion to fertility are supported primarily by associative evi-
dence, and the extent to which these represent mechanistic
drivers rather than downstream biomarkers reflecting
broader host, hormonal, immunological, or behavioral
changes remains uncertain. This limitation extends beyond
the reproductive tract itself. Recent evidence suggests that
microbiomes, such as those of the gut and oral cavity, may
be associated with fertility outcomes. However, most current
data remain largely associative and lack causal validation
(170, 171). Clarifying this distinction is critical for clinical

Fertil Steril®

translation and will require longitudinal and interventional
studies linked to clinically meaningful endpoints such as im-
plantation success and live birth.

Although endometrial microbiome profiling may more
directly correlate with reproductive outcomes, vaginal mi-
crobiome assessment offers practical advantages: noninva-
sive sampling, self-collection capability, and established
correlations with upper tract colonization. Additionally,
although a low-biomass endometrial microbiome has been
proposed, it remains unclear if detected bacterial DNA rep-
resents a stable autochthonous community or transient al-
lochthonous bacteria repeatedly introduced by the lower
reproductive tract. This distinction has important implica-
tions for interpretation and clinical translation (172). A
hybrid approach integrating traditional microbiology with
molecular methods may therefore optimize clinical imple-
mentation. As cross-cohort datasets expand, validating
key microbial biomarkers enables the development of
user-friendly diagnostic platforms requiring minimal
specialized training. Traditional culture rapidly identifies
pathogens and guides antimicrobial therapy, while molecu-
lar approaches provide comprehensive taxonomic resolu-
tion and detect fastidious anaerobes. This integrated
strategy streamlines workflows and facilitates broader
adoption of microbiome diagnostics in reproductive
medicine.

In addition to diagnostic applications, emerging evi-
dence suggests potential clinical utility of microbiome-
targeted interventions, although current findings are
variable and predominantly derived from limited, non-
randomized studies. In women with RIF, one study reported
higher pregnancy rates following targeted antibiotics and
probiotics (64.5%) compared with controls (33.3%) (173);
however, these findings require validation in larger random-
ized trials with standardized outcome measures. Probiotic
trials for BV and VVC demonstrate variable efficacy, which
shows the need for "the right bug in the right place” (174).
In a landmark, randomized trial, intravaginal Lactobacillus
crispatus CTV-05 (LACTIN-V), administered after antibiotic
therapy, reduced recurrence compared with placebo (175).
More recent early-phase trials of multistrain vaginal bio-
therapeutics have demonstrated successful colonization of
Lactobacillus-dominant community states (176, 177).
Furthermore, increasing evidence suggests that BV-
associated microbiota can be sexually transmissible, with
male partner treatment reducing recurrence, though the im-
plications of these findings for fertility outcomes are yet to be
established (178).

Whole vaginal microbiome transplantation represents
an emerging approach that demonstrates modification of
vaginal microbiome community structure, most clearly
observed in refractory BV (179). Evidence to date remains
limited, consisting primarily of case series without controls,
in which microbiome shifts variably and with some individ-
uals requiring repeated administration. Isolated case reports,
including microbiome restoration in a woman with recurrent
late pregnancy losses who subsequently delivered a healthy
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infant (180), serve as preliminary observations. Together,
these findings suggest potential relevance beyond BV
while underscoring the need for cautious interpretation and
further validation of clinical efficacy before -clinical
implementation.

A pragmatic framework for integrating microbiome
assessment into fertility practice would treat testing as a
complement to already established diagnostic workflows
rather than a substitute. In this context, noninvasive
vaginal sampling in patients with unexplained infertility
or RIF offers a practical starting point, with molecular
profiling used to characterize broad dysbiosis patterns
rather than basing interpretation on the absence or pres-
ence of individual taxa. These findings would primarily
inform hypothesis-driven interventions or stratify patients
for clinical trials, rather than guide routine treatment
decisions. Equally important is a stewardship-oriented
approach to interpretation, as overdiagnosis or indiscrimi-
nate antimicrobial use risks disrupting microbial homeo-
stasis and contributing to resistance. This reinforces the
need to treat microbial assessment as an adjunctive input
to clinical interpretation rather than a basis for routine
intervention.

Realizing this potential will require standardized proto-
cols for specimen collection and processing, validated refer-
ence databases linking microbial functions to reproductive
physiology and machine learning frameworks integrating
multiomics data with clinical endpoints, including live birth
rates and implantation success. While microbiome profiling
is extremely data-rich, its clinical uptake has been limited
by interpretive complexity, motivating the development of
tools aimed at supporting nonspecialist use. Al-driven plat-
forms are being developed to support the interpretation of
complex microbiome data in clinical settings, with the aim
of improving consistency and interpretability rather than
automating clinical decisions. Current efforts largely focus
on identifying broad dysbiosis patterns across multiomics
layers, alongside the development of digital tools intended
to support longitudinal monitoring and more consistent
data interpretation. However, these approaches remain
contingent on robust clinical validation through randomized
controlled trials, as well as practical considerations such
as cost, automation, and clinically feasible turnaround
times before routine integration into fertility care can be
justified.

Despite current limitations, multiomics approaches hold
transformative potential for precision reproductive medi-
cine. As understanding of microbial-host-reproductive inter-
actions deepens, microbiome-informed care may transition
from investigational to a standard fertility evaluation
component, offering new therapeutic avenues for patients
with previously intractable infertility.

CONCLUSION

In addition to traditional methods for evaluating the repro-
ductive microbiome, multiple molecular approaches offer
complementary insights. Targeted methods such as qPCR

and droplet digital PCR (ddPCR) provide sensitive quantifica-
tion of specific taxa. At the same time, broad profiling tech-
niques, including 16S rRNA sequencing, shotgun
metagenomics, and multiomics platforms, reveal community
composition, functional potential, and host-microbe interac-
tions. Each method presents distinct advantages and limita-
tions, and no single approach captures the full complexity of
microbiome-fertility relationships. Translating these tech-
nologies into fertility clinic practice will require integrating
complementary techniques, developing clinically validated
biomarkers, and demonstrating improved patient outcomes
through rigorous clinical trials. Such advances are essential
for establishing evidence-based diagnostics and
microbiome-targeted therapeutic strategies for infertility
and reproductive disorders.
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