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Abstract

Background/Objectives: The role of the endometrial microbiome in reproductive fail-
ure remains incompletely understood. This study aimed to describe the composition of
the endometrial microbiome in women evaluated for infertility or recurrent miscarriage.
Methods: In this single-center descriptive study, endometrial samples were collected
from women evaluated for infertility or recurrent miscarriage. Microbiome profiling was
performed using 16S rRNA gene next-generation sequencing. Samples were classified
as Lactobacillus-dominant when Lactobacillus spp. accounted for >90% of the total bacte-
rial community. Alpha diversity was assessed using the Shannon and Simpson indices,
while beta diversity was evaluated using Bray—Curtis dissimilarity, principal coordinates
analysis (PCoA), PERMANOVA, and PERMDISP. Results: Of the 60 samples, 20 (33.3%)
were Lactobacillus-dominant and 40 (66.7%) were non-Lactobacillus-dominant. Across all
samples, Firmicutes was the predominant phylum (76.6%). Non-Lactobacillus-dominant
samples showed significantly higher alpha diversity than Lactobacillus-dominant samples
for both the Shannon and Simpson indices (p = 1.19 x 107® and p = 1.51 x 107, respec-
tively), as well as higher observed taxa richness (p = 0.000017). PCoA based on Bray—Curtis
dissimilarity demonstrated clear separation between microbiome profiles, supported by
PERMANOVA (pseudo-F = 13.87, R? = 0.193, p = 0.001). PERMDISP showed signifi-
cantly greater dispersion among non-Lactobacillus-dominant samples (F = 566.94, p < 0.001).
Non-Lactobacillus-dominant samples showed greater representation of Enterococcus and
Prevotella. Conclusions: In this cohort non-Lactobacillus-dominant communities were more
frequent with greater diversity, richness, and compositional heterogeneity than Lactobacil-
lus-dominant communities. These findings highlight the need for larger, standardized
studies with appropriate control populations to clarify their clinical significance.

Diagnostics 2026, 16, 1920

https://doi.org/10.3390/diagnostics16121920


https://crossmark.crossref.org/dialog?doi=10.3390/diagnostics16121920&domain=pdf&date_stamp=2026-06-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0001-9409-8608
https://orcid.org/0000-0001-7716-1521
https://orcid.org/0009-0005-3333-2620
https://orcid.org/0009-0002-9553-6803
https://orcid.org/0000-0003-2106-5922
https://orcid.org/0000-0001-7108-211X
https://orcid.org/0000-0001-8899-3040
https://doi.org/10.3390/diagnostics16121920

Diagnostics 2026, 16, 1920

2of 16

Keywords: endometrial microbiome; infertility; Lactobacillus; next-generation sequencing;
recurrent miscarriage

1. Introduction

Worldwide, approximately 17% of reproductive-aged males and females face infertility
issues, with the phenomenon being more prevalent in Western-type societies. In about
one third of these cases, a routine diagnostic workup fails to identify a specific cause,
often leading to feelings of self-doubt and mistrust towards the healthcare system [1,2].
Although guidelines from highly respected scientific bodies, including ESHRE and ASRM,
recommend a structured evaluation of infertile individuals, several aspects of reproductive
failure remain insufficiently understood. Among these, the potential role of the human
microbiome in fertility, implantation, and early pregnancy maintenance has attracted
increasing scientific interest, but a consensus regarding its clinical relevance has not yet
been reached [3-5].

The female reproductive tract microbiome represents a complex and dynamic ecosys-
tem that may influence local immune responses, epithelial barrier function, inflammation,
and susceptibility to ascending infection. Historically, the upper reproductive tract, includ-
ing the uterine cavity, was considered sterile. In 2011, the landmark study by Ravel et al.
classified the vaginal microbiome of reproductive-aged women into five community state
types according to the dominance or absence of Lactobacillus species [6]. This pioneering
work inspired others to further investigate uterine microbiome, ultimately demonstrating
that the uterine cavity is not sterile as previously believed.

Recent advances in molecular biology and genomics, particularly next-generation
sequencing of the 165 rRNA gene, have provided new insights into the composition of
the endometrial microbiome and its possible association with reproductive outcomes.
Lactobacillus-dominant endometrial communities are generally considered more stable
and potentially favorable. In the available literature, reduced Lactobacillus predominance
is commonly described using relative-abundance thresholds, most often defining non-
Lactobacillus-dominant profiles as those in which Lactobacillus spp. account for less than
90% of the bacterial community. Such profiles have been associated in some studies with
impaired implantation, lower pregnancy rates, and reduced chances of term live birth
in women undergoing assisted reproductive treatment. However, this threshold should
be understood as an operational microbiome classification rather than as a validated
diagnostic cut-off or evidence of a proven pathological state [7-11]. However, the biological
mechanisms underlying these associations remain insufficiently understood. It has been
hypothesized that altered microbial communities may contribute to reproductive failure
through local inflammation, disruption of endometrial receptivity, changes in cytokine
expression, or impaired immune tolerance during the implantation window.

Given this uncertainty over the potential cause-and-effect relationship between the en-
dometrial microbiome and reproductive failure, ESHRE currently recommends microbiome
testing primarily for research purposes in selected individuals [5]. Accordingly, our team
incorporated endometrial microbiome assessment into the evaluation of women attending
our clinic for infertility or recurrent miscarriage, particularly when routine investigations
had not identified an alternative explanation. The present study aimed to describe the
endometrial microbiome composition in this cohort, classify samples according to Lac-
tobacillus dominance, and compare microbial diversity and taxonomic profiles between
Lactobacillus-dominant and non-Lactobacillus-dominant communities.
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2. Materials and Methods
2.1. Ethical Approval and Study Setting

This was a single-center observational study conducted at Alexandra University
Hospital in Athens, Greece. The study was approved by the Research Ethics Committee of
the National and Kapodistrian University of Athens under protocol number 45203, with
approval granted on 2 May 2025. All study procedures were performed in accordance with
the ethical principles outlined in the Declaration of Helsinki [12].

Women were recruited among patients attending the outpatient reproductive medicine
and gynecology services of Alexandra University Hospital for evaluation of infertility or
recurrent miscarriage. Prior to inclusion, all participants received information regarding the
purpose of the study, the sampling procedure, the type of data collected, and the potential
use of anonymized clinical and microbiome data for scientific and research purposes.
Written informed consent was obtained from all participants before endometrial sampling
was performed. All data were anonymized before analysis, and each participant was
assigned a unique study identifier to ensure confidentiality.

Eligible participants were women of any reproductive age undergoing evaluation
for infertility or recurrent miscarriage. Infertility was defined as failure to achieve a
clinical pregnancy after at least 12 months of regular unprotected intercourse. Women
were included in this group when standard infertility investigations, including semen
analysis, assessment of tubal patency, and basic endocrine evaluation, had not identified
an alternative explanatory cause. Recurrent miscarriage was defined as the loss of two or
more first-trimester pregnancies. Women were considered eligible if they were clinically
suitable for endometrial sampling and had provided written informed consent for the use
of their anonymized data for research purposes.

2.2. Endometrial Sampling Procedure, Sample Handling and Storage

Endometrial sampling was conducted during the mid-luteal phase of the menstrual
cycle, corresponding to the expected window of implantation. The procedure was brief,
typically lasting 1-2 min and was performed without the need for anesthesia. Following
placement of the patient in the lithotomy position, the perineum, vagina, and cervix were
thoroughly cleansed using sterile saline to minimize contamination that could compromise
NGS analyses, given the low-biomass composition of the uterine microbiome. A sterile
speculum was then inserted to allow visualization of the cervix. Endometrial tissue was
collected using a sterile Pipelle catheter. Upon advancing the catheter to the uterine fundus,
negative pressure was generated by withdrawing the plunger. The device was then gently
rotated and retracted while maintaining suction, enabling the acquisition of an adequate
endometrial sample.

Immediately after collection, each specimen was labeled with a unique anonymized
identifier and transferred into a sterile cryotube pre-filled with nucleic acid stabilization
medium. Samples were either stored at 4 °C when processing was expected within a few
hours or frozen at —80 °C for long-term preservation. This handling protocol was used to
preserve microbial DNA integrity and reduce the risk of degradation before downstream
molecular analysis [13].

To ensure a standardized and clinically feasible sampling approach across the co-
hort, a single endometrial sample was collected from each participant. Although repeated
sampling could provide information on temporal microbiome variability, it was not con-
sidered appropriate in the present clinical setting because repeated endometrial biopsy is
invasive, increases participant discomfort and burden, and incurs additional cost. There-
fore, a single mid-luteal sample was considered the most pragmatic approach for this
observational study.

https://doi.org/10.3390/diagnostics16121920


https://doi.org/10.3390/diagnostics16121920

Diagnostics 2026, 16, 1920

4of 16

2.3. Microbiome Analysis by 16S rRNA Gene Next-Generation Sequencing

Total bacterial DNA was extracted from endometrial biopsy specimens using a CE IVD
certified DNA extraction kit according to the manufacturer’s instructions. DNA quality
and quantity were assessed prior to sequencing, using the Qubit™ 1X dsDNA HS Assay
Kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA) (High Sensitivity).

Bacterial 16S rRNA gene libraries were generated using the Ion 165 Metagenomics
Kit (Thermo Fisher Scientific, Waltham, MA, USA), which amplifies seven hypervariable
regions (V2, V3, V4, V6, V7, V8, and V9) of the 165 rRNA gene to improve taxonomic
resolution at the genus and species level. Amplicons were barcoded with Ion Xpress™
adapters(Thermo Fisher Scientific, Waltham, MA, USA), purified (Vahts DNA Clean Beads),
quantified, and pooled at equimolar concentrations [14].

Template preparation and chip loading were performed on the Ion Chef Instrument
(Thermo Fisher Scientific), and sequencing was carried out on the Ion GeneStudio S5
System (Thermo Fisher Scientific) using semiconductor next-generation sequencing [15].

Primary sequencing data processing was performed through the Ion Torrent/Torrent
Suite workflow, including base calling, quality control, and demultiplexing. Downstream
taxonomic profiling was performed using the Ion Reporter™ Metagenomics Workflow
with MicroSEQ™ ID and Greengenes databases (Thermo Fisher Scientific). The Ion 16S
Metagenomics Kit amplifies seven 165 rRNA hypervariable regions (V2, V3, V4, V6, V7,
V8, and V9). These regions were evaluated within the Ion Reporter™/MicroSEQ ID
workflow to generate a single taxonomic profile for each sample. The MicroSEQ™ ID 16S
rRNA database was used to support high-confidence species-level identification, while
the Greengenes database supported broader taxonomic assignment, including genus-level
classification. Taxonomic calls were therefore based on the platform-generated proprietary
classification output rather than on an independent ASV- or OTU-based bioinformatic
pipeline. Taxonomic profiles were analyzed using relative-abundance data generated
after quality filtering and chimera removal. Relative abundances of bacterial taxa were
calculated at the phylum, family, genus, and species levels when assignable. Unclassified
or non-assignable reads were retained as unclassified /other taxa where applicable and
were not manually reassigned [7,16].

According to the laboratory workflow, positive-control samples were not included
in the sequencing analysis of the present endometrial biopsy specimens. Positive-control
samples had been used previously during the initial method-validation stage in early 2023,
together with clinical samples. For the present analysis, the laboratory applied internal
contaminant-exclusion guidelines. Microorganisms belonging to taxa previously recorded
or reported as possible laboratory contaminants, including Sphingomonadaceae, Methy-
lobacteriaceae, Rhodobacteraceae, Xanthomonadaceae, and Rhizobium, were excluded
from the analysis and were therefore not included in the final taxonomic profiles. En-
dometrial biopsy samples with satisfactory DNA concentration but low sequencing output,
defined as fewer than 30,000 reads in Ion Reporter™, were not evaluated. Analyses were
therefore based on samples that passed the laboratory sequencing-quality criteria. No
rarefaction was performed; diversity metrics and taxonomic summaries were calculated
from the final post-filtering relative-abundance taxonomic profiles.

Samples were classified as Lactobacillus-dominant when Lactobacillus spp. accounted
for >90% of the bacterial community. Samples with Lactobacillus relative abundance < 90%
were classified as non-Lactobacillus-dominant. This threshold was used as an operational
microbiome classification criterion and was not intended to define a validated diagnostic
cut-off or a proven pathological state.
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For transparency, per-sample sequencing and diversity information is provided in
Supplementary Table S1, including available read counts, Lactobacillus relative abundance,
classification status, observed richness, Shannon index, Simpson index, and dominant genera.

2.4. Post-Test Clinical Management

Post-test clinical management was not part of the study objectives and was not eval-
uated as an intervention. When a non-Lactobacillus-dominant endometrial microbiome
profile was identified, subsequent management was individualized by the treating clinician
according to the patient’s microbiological findings, clinical context, reproductive plan,
and antimicrobial susceptibility testing when available. Antibiotic or probiotic use after
microbiome assessment was not standardized within the study protocol, and no systematic
pre-/post-treatment microbiome assessment was performed.

2.5. Data Collection and Analysis

Baseline demographic, lifestyle, clinical, reproductive, and sociodemographic charac-
teristics were recorded for all participants at the time of enrolment. Data were collected
from clinical records and participant-reported information during the initial evaluation
and were entered into an anonymized study database using the unique identifier assigned
to each participant. These variables were selected to describe the study population and to
capture factors that may be relevant to reproductive health, infertility, pregnancy loss, and
microbiome composition.

Demographic and anthropometric variables included age, height, and weight. Body
mass index (BMI) was calculated from recorded height and weight and expressed as
kg/ m2. Lifestyle characteristics included smoking status, alcohol consumption, and caffeine
intake. Smoking status was classified as non-smoker, current smoker, occasional smoker,
or previous smoker. Alcohol and caffeine consumption were recorded according to the
participant’s usual intake. Relevant medical history was also documented, including
thyroid disease, diabetes, and other comorbidities, as these conditions may be associated
with reproductive outcomes or may influence clinical management.

Reproductive and gynecological history was collected in detail. Recorded variables
included gravidity, parity, history of miscarriage, history of ectopic pregnancy, history of
termination of pregnancy, previous gynecological surgery, and age at menarche. These
data were included to provide a comprehensive clinical profile of the cohort and to allow
description of previous reproductive outcomes. The primary indication for evaluation was
classified as infertility or recurrent miscarriage, according to the eligibility definitions used
in the study.

Sociodemographic characteristics such as nationality, race, religion, education level,
and socioeconomic status were additionally documented. For the purposes of this study,
socioeconomic status (SES) was classified into three categories based on annual income,
using cut-offs derived from the ELSTAT EU-SILC 2024 survey (income year 2023): low
SES (<€9513/year), middle SES (€9514—€12,150/year), and high SES (>€12,151/year) [17].
Education status was classified according to the International Standard Classification of
Education (ISCED) as low education (ISCED 0-2), medium education (ISCED 3-4), and
high education (ISCED 5-8) [18].

Continuous variables were summarized as mean =+ standard deviation (SD) when
approximately normally distributed, or as median and interquartile range (IQR) when
skewed. Categorical variables were presented as frequencies and percentages.

2.6. Microbial Diversity Metrics

Microbial diversity within each endometrial sample was assessed using alpha diver-
sity metrics, specifically the Shannon and Simpson indices. The Shannon index accounts
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for both the number of different taxa (richness) and the relative abundance of each taxon
(evenness). Higher Shannon values indicate a more diverse and evenly distributed mi-
crobiome, whereas lower values reflect dominance by one or a few taxa. The Simpson
index was reported as 1—D. This metric is derived from the probability that two randomly
selected individuals from a given sample belong to the same taxon; when expressed as
1 — D, higher values indicate greater diversity, whereas lower values indicate dominance
by one or a few taxa.

The Mann-Whitney U test was used to compare alpha diversity indices between
microbiome groups.

To further describe the taxonomic composition of non-Lactobacillus-dominant commu-
nities, an exploratory genus-level analysis was performed. Key non-Lactobacillus genera
were selected based on their mean relative abundance in non-Lactobacillus-dominant sam-
ples, excluding Lactobacillus and unclassified / other taxa. The relative abundance of these
selected genera was then compared between Lactobacillus-dominant and non-Lactobacillus-
dominant samples using the Mann-Whitney U test. Given the data-driven and exploratory
nature of this analysis, p-values were interpreted descriptively and no adjustment for
multiple comparisons was applied [19,20].

Between-sample (beta) diversity was assessed to characterize differences in overall
microbiome composition across study participants. Beta diversity was quantified using
Bray—Curtis dissimilarity, and the resulting distance matrix was visualized by principal co-
ordinates analysis (PCoA). Permutational multivariate analysis of variance (PERMANOVA)
was applied to test for global differences in microbiome composition between Lactobacillus-
dominant vs. non-Lactobacillus-dominant microbiomes. Because PERMANOVA may be
influenced by differences in within-group dispersion, permutational analysis of multivari-
ate dispersion (PERMDISP) was additionally performed using Bray—Curtis dissimilarity to
assess whether multivariate dispersion differed between microbiome groups. Accordingly,
beta-diversity findings were interpreted as evidence of overall compositional differences
between groups, potentially reflecting both differences in group centroids and differences
in within-group dispersion [21,22].

In addition, exploratory analyses were conducted to assess whether microbiome pro-
file was associated with the primary indication for evaluation (infertility vs. recurrent
miscarriage) and with a history of at least one previous miscarriage (yes vs. no). Associa-
tions between categorical variables were evaluated using Fisher’s exact test. All tests were
two-sided, and p < 0.05 was considered statistically significant.

To address the threshold-dependent nature of the Lactobacillus-dominant versus non-
Lactobacillus-dominant comparison, exploratory correlation analyses were performed using
Lactobacillus relative abundance as a continuous variable. Spearman’s rank correlation was
used to assess associations between Lactobacillus relative abundance and observed richness,
Shannon index, and Simpson index (1 — D).

Statistical analyses reported in this study were conducted using Stata Statistical Soft-
ware: Release 17 (StataCorp LLC, College Station, TX, USA).

3. Results

From 3 May to 31 December 2025, a total of 60 women were recruited and included
in the final analysis. No participants were excluded after recruitment. The mean age
of the study population was 37.1 years, with a standard deviation of 6.9 years, indicat-
ing that the cohort mainly consisted of women in the later reproductive age range. The
mean age at menarche was 12.2 & 1.3 years, while the mean body mass index (BMI) was
23.3 4 2.6 kg/m?, corresponding overall to a normal-weight population. The main indica-
tion for evaluation was infertility, which accounted for 48/60 cases (80.0%). The remaining
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12/60 women (20.0%) were evaluated for recurrent miscarriage. Regarding reproduc-
tive history, 21/60 participants (35.0%) had experienced at least one previous pregnancy,
whereas only 5/60 women (8.3%) had a history of at least one live birth. A history of
miscarriage was reported by 19/60 participants (31.7%), while previous termination of
pregnancy and ectopic pregnancy were reported by 7/60 (11.7%) and 6/60 women (10.0%),
respectively. The cohort was relatively homogeneous in terms of demographic and so-
ciodemographic characteristics. Most participants were Greek (96.7%), of Caucasian/White
ethnicity (98.3%), and Christian Orthodox (98.3%). Most women had high educational
attainment, with 41/60 participants (68.3%) classified as having high education according
to ISCED criteria. The majority also belonged to the high socioeconomic status category
according to the predefined income-based classification. Detailed baseline demographic,
clinical, lifestyle, reproductive, and sociodemographic characteristics are presented in
Table 1.

Table 1. Baseline demographic, clinical, lifestyle, and sociodemographic characteristics of the

study population.
Parameter Mean (SD) or n (%)
Baseline characteristics
Age (years) 37.1(6.9)
Age at menarche (years) 12.2(1.3)
Height (m) 1.66 (0.06)
Weight (kg) 64.1 (9.6)
BMI (kg/m?) 23.3 (2.6)
BMI classification
Normal weight 44 (73.3)
Overweight 15 (25.0)
Obese 1(1.7)
Indication
Infertility 48 (80.0)
Recurrent miscarriage 12 (20.0)
Reproductive history
At least one previous pregnancy * 21 (35.0)
At least one live birth ** 5(8.3)
History of miscarriage 19 (31.7)
History of termination of pregnancy 7 (11.7)
History of ectopic pregnancy 6 (10.0)
Medical history
Thyroid disease 14 (23.3)
Diabetes 5(8.3)
Smoking status
Non-smoker 31 (51.7)
Current smoker 15 (25.0)
Occasional smoker 10 (16.7)
Previous smoking history 4 (6.6)
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Parameter Mean (SD) or n (%)
Coffee consumption
1 coffee/day 31 (51.7)
>1 coffee/day 17 (28.3)
No coffee 12 (20.0)
Alcohol consumption
No alcohol 50 (83.3)
1 drink/day 9 (15.0)
>1 drink/day 1(1.7)
Socioeconomic status (SES)
High SES (>€12,151/year) 44 (73.3)
Middle SES (€9514—€12,150/ year) 12 (20.0)
Low SES (<€9513/year) 4(6.7)
Education status
High (ISCED 5-8) 41 (68.3)
Medium (ISCED 3-4), 14 (23.3)
Low (ISCED 0-2) 5(8.3)
Nationality
Greek 58 (96.7)
Other 2 (3.3)
Ethnicity
Caucasian/White ethnicity 59 (98.3)
Other 1(1.7)
Religion
Christian Orthodox 59 (98.3)
Other 1(1.7)

* Previous pregnancy was defined as any prior clinical pregnancy, irrespective of outcome. Pregnancy outcome
categories, including miscarriage, ectopic pregnancy, termination of pregnancy, and live birth, were not mutually
exclusive. ** Live birth referred only to pregnancies resulting in a live-born infant.

Baseline characteristics stratified by endometrial microbiome profile are presented in
Supplementary Table S2. Overall, Lactobacillus-dominant and non-Lactobacillus-dominant
groups were broadly comparable with respect to age, BMI, current/occasional smok-
ing, primary indication for evaluation, miscarriage history, thyroid disease, and diabetes.
No statistically significant differences were identified between the two groups for these
baseline characteristics.

Endometrial microbiome profiling identified two distinct microbiome patterns across
the 60 analyzed samples. Overall, 20/60 samples (33.3%) were classified as Lactobacillus-
dominant, whereas 40/60 samples (66.7%) were classified as non-Lactobacillus-dominant.
Therefore, non-Lactobacillus-dominant communities represented the most frequent micro-
biome profile in this cohort.

At the phylum level, Firmicutes was the predominant bacterial phylum, accounting
for 76.6% of total relative abundance across all samples. This was followed by Actinobac-
teria (9.3%), Proteobacteria (5.1%), unclassified /other taxa (5.0%), Bacteroidetes (3.4%),
and Fusobacteria (0.6%). Overall, the phylum-level distribution showed that although

https:/ /doi.org/10.3390/diagnostics16121920


https://doi.org/10.3390/diagnostics16121920

Diagnostics 2026, 16, 1920

9o0f 16

Firmicutes represented the dominant component of the endometrial microbiome, several
additional bacterial phyla were also detected at lower relative abundance (Figure 1).
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Figure 1. Composition and diversity of the endometrial microbiome in 60 samples stratified by
microbiome profile. (A) Mean relative abundance of the major bacterial phyla across all samples.
(B) Shannon index according to microbiome profile, showing significantly higher alpha diversity in
non-Lactobacillus-dominant samples compared with Lactobacillus-dominant samples. (C) Simpson
index (1 — D) according to microbiome profile, also showing significantly higher alpha diversity in
non-Lactobacillus-dominant samples compared with Lactobacillus-dominant samples. In panels (B,C),
individual coloured dots represent individual samples; boxes indicate the interquartile range, the
horizontal line within each box indicates the median, whiskers indicate the data range according
to the boxplot convention, and black circles indicate outliers. (D) Principal coordinates analysis
(PCoA) based on Bray—Curtis dissimilarity, showing separation between Lactobacillus-dominant and
non-Lactobacillus-dominant samples. The beta-diversity difference was supported by PERMANOVA
(pseudo-F = 13.87, R? = 0.193, p = 0.001). PERMDISP analysis is presented separately in Supplementary
Figure 52.

Genus-level heatmap analysis demonstrated clear compositional differences be-
tween Lactobacillus-dominant and non-Lactobacillus-dominant samples. Non-Lactobacillus-
dominant samples showed a more heterogeneous microbial profile, with increased relative
abundance of several non-Lactobacillus genera, including Enterococcus, Streptococcus, Pre-
votella, Gardnerella, and Atopobium (Figure 2). This pattern suggested broader taxonomic
variability among non-Lactobacillus-dominant communities.

Alpha diversity differed significantly between the two microbiome groups. Lac-
tobacillus-dominant samples had significantly lower within-sample diversity than non-
Lactobacillus-dominant samples, both for the Shannon index and the Simpson index (1 — D)
(p=1.19 x 10~® and p = 1.51 x 107, respectively) (Figure 1). Observed taxa richness was
also significantly higher in non-Lactobacillus-dominant samples compared with Lactobacillus-
dominant samples (p = 0.000017), further supporting the presence of greater within-sample
microbial diversity in the non-Lacfobacillus-dominant group (Supplementary Figure S1).
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Figure 2. Genus-level heatmap of endometrial microbiome composition according to microbiome
profile. Heatmap showing genus-level relative abundance across endometrial samples classified as
Lactobacillus-dominant or non-Lactobacillus-dominant. Samples are grouped by microbiome profile,
with Lactobacillus-dominant samples shown first and non-Lacfobacillus-dominant samples shown
subsequently. The heatmap illustrates the predominance of Lactobacillus in the Lactobacillus-dominant
group and the broader taxonomic heterogeneity observed among non-Lactobacillus-dominant samples.
Relative abundance is displayed on a 0-1 scale.

Because the comparison between Lactobacillus-dominant and non-Lactobacillus-dominant
groups is inherently threshold-dependent, we additionally examined Lactobacillus relative
abundance as a continuous variable. Lactobacillus relative abundance was inversely cor-
related with the observed richness (Spearman’s p = —0.380, p = 0.0028), Shannon index
(p = —0.441, p = 0.00043), and Simpson index (1 — D) (p = —0.444, p = 0.00038). These
findings support a continuous inverse relationship between Lactobacillus predominance
and microbial diversity, while remaining descriptive in nature.

In addition to differences in alpha diversity, beta-diversity analysis also demonstrated
distinct microbial community structures between the two groups. PCoA based on Bray—
Curtis dissimilarity showed clear separation between Lactobacillus-dominant and non-
Lactobacillus-dominant samples, with PC1 and PC2 explaining 44.4% and 18.4% of the
variance, respectively. This separation was supported by PERMANOVA, which confirmed
a statistically significant difference in overall microbial community composition between
the two microbiome profiles (pseudo-F = 13.87, R? = 0.193, p = 0.001) (Figure 1). Because
PERMANOVA may be influenced by differences in within-group dispersion, PERMDISP
analysis was performed based on Bray—Curtis dissimilarity. PERMDISP showed signif-
icantly greater multivariate dispersion among non-Lactobacillus-dominant samples com-
pared with Lactobacillus-dominant samples (F = 566.94, p < 0.001; Supplementary Figure S2),
supporting greater compositional heterogeneity in the non-Lactobacillus-dominant group.
Therefore, the PERMANOVA result should be interpreted as reflecting overall composi-
tional differences that may include both differences in group centroids and differences in
within-group dispersion. Taken together, these findings indicate that the two groups dif-
fered not only in the relative abundance of Lactobacillus, but also in their broader microbial
community composition and within-group heterogeneity.

To further characterize the microbial composition of non-Lactobacillus-dominant com-
munities, the relative abundance of the main non-Lactobacillus genera was compared
between non-Lactobacillus-dominant and Lactobacillus-dominant samples. Enterococcus
showed markedly higher relative abundance in non-Lactobacillus-dominant samples than
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in Lactobacillus-dominant samples (25.1% vs. 0.0%, unadjusted p = 0.003). Higher relative
abundance was also observed for Prevotella (4.7% vs. 0.0%, unadjusted p = 0.035). Strepto-
coccus, Atopobium, and Gardnerella were also more abundant in non-Lactobacillus-dominant
samples, although these exploratory comparisons did not reach conventional statistical
significance. Overall, these findings indicate that non-Lactobacillus-dominant communities
were characterized not only by reduced Lactobacillus predominance but also by increased
representation of specific alternative genera (Figure 3).
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Figure 3. Relative abundance of key non-Lactobacillus genera according to microbiome profile.
Boxplots show the distribution of genus-level relative abundance (%) in Lactobacillus-dominant and
non-Lactobacillus-dominant endometrial samples. The displayed genera were selected based on the
highest mean relative abundance among non-Lactobacillus-dominant samples, excluding Lactobacillus
and unclassified /other taxa. Genus-level comparisons were exploratory; p-values are unadjusted and
should be interpreted descriptively. (A) Enterococcus, (B) Streptococcus, (C) Prevotella, (D) Atopobium,
and (E) Gardnerella.

Given the relatively small sample size, additional exploratory analyses were limited
to selected clinically relevant variables. Microbiome profile was not significantly asso-
ciated with the primary indication for evaluation, categorized as infertility or recurrent
miscarriage. Specifically, the distribution of Lactobacillus-dominant and non-Lactobacillus-
dominant profiles did not differ significantly between women evaluated for infertility and
those evaluated for recurrent miscarriage (Fisher’s exact p = 0.511). Likewise, no significant
association was identified between microbiome profile and a history of at least one previous
miscarriage (yes vs. no; Fisher’s exact p = 0.560). These exploratory findings suggest that,
within the limits of this sample size, microbiome profile was not clearly associated with
these selected clinical characteristics.

4. Discussion

In the present study, endometrial microbiome profiling identified two distinct micro-
bial patterns, namely Lactobacillus-dominant and non-Lactobacillus-dominant communities.
The non-Lactobacillus-dominant profile was more frequent in our cohort and was character-
ized by significantly higher alpha diversity, greater observed taxa richness, and significantly
different beta diversity compared with Lactobacillus-dominant samples. In addition, non-
Lactobacillus-dominant samples showed increased relative abundance of genera such as
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Enterococcus, Prevotella, Streptococcus, Gardnerella, and Atopobium, supporting the presence
of a more heterogeneous microbial ecosystem.

The present study adds to the limited evidence on the endometrial microbiome in
infertility-related populations by characterizing the endometrial microbiome in a clinically
well-characterized cohort of women undergoing evaluation for infertility or recurrent mis-
carriage. To the best of our knowledge, this may represent one of the first such studies from
Greece in this field. This geographical aspect is relevant because microbiome composition
may be influenced by population-level factors, including ethnicity, lifestyle, diet, sexual
and reproductive history, healthcare practices, antibiotic exposure, and environmental
factors. Therefore, data from different populations may contribute to a more complete
understanding of the range of endometrial microbiome profiles observed in women with
reproductive difficulties.

When interpreting these findings, several methodological strengths and limitations
should be considered. The strengths of this study include the use of direct endometrial
sampling, detailed baseline phenotyping, and the combined assessment of taxonomic
composition together with complementary ecological metrics, including Shannon diversity,
Simpson diversity, observed richness, and Bray—Curtis/PCoA/PERMANOVA /PERMDISP.
However, several limitations should be acknowledged. This was a single-center study
with a relatively small sample size, limiting statistical power and generalizability. In
addition, the analysis was based on a single specimen per participant and therefore did not
capture temporal microbiome variability. The absence of a control group of fertile women
precluded direct comparison with a reference population and limited interpretation of
whether the observed microbial profiles were specific to women with reproductive failure.
As with all endometrial microbiome research, interpretation is further constrained by the
low-biomass nature of uterine samples and the corresponding risk of contamination and
methodological variability [23,24]. Although internal contaminant-exclusion procedures
were applied, no run-specific sequenced negative controls were processed alongside the
clinical samples, and contaminant filtering relied on a predefined laboratory exclusion
list rather than on a statistical contaminant-identification approach such as decontam. In
addition, raw sequencing reads have not been deposited in a public repository because
public raw-read deposition was not covered by the current ethics approval and consent
framework, which limits external reproducibility despite the availability of processed
supplementary data.

Our findings are broadly consistent with the existing literature, showing that reduced
Lactobacillus predominance is associated with increased microbial diversity and compo-
sitional heterogeneity within the female reproductive tract. The foundational work of
Moreno and colleagues established the distinction between Lactobacillus-dominated and
non-Lactobacillus-dominated endometrial profiles and linked non-Lactobacillus dominance
to poorer reproductive outcomes [7,16,25]. Subsequent studies and recent reviews have
generally supported the concept that Lactobacillus-dominant communities are associated
with a more stable and potentially more favorable reproductive environment, whereas
non-Lactobacillus-dominant communities are characterized by greater ecological complex-
ity [9,10,26-32]. In our cohort, this pattern was reflected quantitatively by markedly higher
Shannon and Simpson diversity, higher observed taxa richness, and significant separa-
tion on beta-diversity analysis in non-Lactobacillus-dominant samples. However, these
comparisons should be interpreted descriptively, because higher diversity in the non-
Lactobacillus-dominant group is partly expected from the Lactobacillus-based classification
threshold. To reduce reliance on the binary cutoff, we additionally examined Lactobacillus
relative abundance as a continuous variable; this analysis supported an inverse relation-
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ship between Lactobacillus predominance and observed richness, Shannon diversity, and
Simpson diversity.

Recent studies in women with implantation failure, recurrent pregnancy loss, and other
forms of reproductive failure point in a similar direction. Contemporary evidence suggests
that non-Lactobacillus states are not defined by a single alternative genus, but rather by a
broader shift toward heterogeneous communities enriched with taxa such as Enterococcus,
Streptococcus, Gardnerella, Prevotella, and other non-Lactobacillus organisms [26,30-32]. This
is in keeping with our results, in which Enterococcus and Prevotella showed the clearest
enrichment in non-Lactobacillus-dominant samples, while Streptococcus, Gardnerella, and
Atopobium were also more abundant. At the same time, recent reviews emphasize that no
universally accepted pathological endometrial microbiome profile has yet been established,
and that differences across studies may partly reflect heterogeneity in sampling methods,
sequencing pipelines, patient selection, and reproductive endpoints [23,29].

In the broader context of the available literature, endometrial microbiome profiling has
been proposed as a potential research tool for characterizing the endometrial microenviron-
ment in women with unexplained infertility, recurrent miscarriage, repeated implantation
failure, or poor reproductive outcomes after assisted reproduction. However, the present
study was not designed to evaluate diagnostic accuracy, prognostic value, or treatment
efficacy. Therefore, our findings should not be interpreted as establishing the clinical
utility of microbiome profiling or supporting its use as a diagnostic test in this setting.
At present, endometrial microbiome profiling should be regarded as an investigational
approach whose clinical relevance remains to be validated.

In conclusion, this study identified Lactobacillus-dominant and non-Lactobacillus-
dominant endometrial microbiome profiles in a selected cohort of women evaluated for
infertility or recurrent miscarriage. Non-Lactobacillus-dominant samples were more fre-
quent and showed greater microbial diversity, richness, and compositional heterogeneity.
These findings are descriptive and hypothesis-generating. The study does not establish
causality, diagnostic accuracy, prognostic value, or treatment efficacy. Larger controlled
longitudinal studies with standardized sampling, fertile control groups, harmonized labo-
ratory and bioinformatic workflows, and systematically collected reproductive outcomes
are required to clarify the clinical significance of these microbiome patterns. In addition,
collaborative microbiome reference initiatives, as illustrated by the Isala vaginal micro-
biome project, may help establish robust population-level reference profiles and improve
biological interpretation across studies [33-36].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/diagnostics16121920/s1: Figure S1: Observed taxa richness
according to microbiome profile. Boxplots show the number of observed taxa per sample in Lacto-
bacillus-dominant and non-Lactobacillus-dominant endometrial samples. Non-Lactobacillus-dominant
samples showed significantly higher taxa richness than Lactobacillus-dominant samples. Figure S2:
Multivariate dispersion according to endometrial microbiome profile. Boxplots show the Bray—-Curtis
distance of each sample to the centroid of its corresponding microbiome group. Individual points
represent endometrial samples, and triangles indicate group means. Non-Lactobacillus-dominant
samples showed significantly greater distance to the group centroid than Lactobacillus-dominant sam-
ples, indicating greater within-group compositional heterogeneity (PERMDISP F = 566.94, p < 0.001).
Table S1: Per-sample sequencing and diversity metrics of the endometrial microbiome. The table
presents available per-sample read counts, Lactobacillus relative abundance, taxonomic assignment
status, microbiome profile, observed richness, Shannon index, Simpson index (1 — D), and dominant
genus. Lactobacillus relative abundance is reported as a proportion of the total bacterial community.
Samples were classified as Lactobacillus-dominant when Lactobacillus spp. accounted for >90% of
the bacterial community and as non-Lactobacillus-dominant when Lactobacillus relative abundance
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was <90%. Table S2: Baseline characteristics according to endometrial microbiome profile. The table
summarizes key demographic and clinical characteristics of women with Lactobacillus-dominant
and non-Lactobacillus-dominant endometrial microbiome profiles, allowing assessment of baseline
comparability between the two groups.
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