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Abstract

Background: Previous evidence indicates associations between the female reproductive tract microbiome com-
position and reproductive outcome in infertile patients undergoing assisted reproduction. We aimed to determine
whether the endometrial microbiota composition is associated with reproductive outcomes of live birth, biochemical
pregnancy, clinical miscarriage or no pregnancy.

Methods: Here, we present a multicentre prospective observational study using 165 rRNA gene sequencing to ana-
lyse endometrial fluid and biopsy samples before embryo transfer in a cohort of 342 infertile patients asymptomatic
for infection undergoing assisted reproductive treatments.

strategies.

Results: A dysbiotic endometrial microbiota profile composed of Atopobium, Bifidobacterium, Chryseobacterium,
Gardnerella, Haemophilus, Klebsiella, Neisseria, Staphylococcus and Streptococcus was associated with unsuccessful
outcomes. In contrast, Lactobacillus was consistently enriched in patients with live birth outcomes.

Conclusions: Our findings indicate that endometrial microbiota composition before embryo transfer is a useful
biomarker to predict reproductive outcome, offering an opportunity to further improve diagnosis and treatment

Introduction

Humans have co-evolved as holobionts with microbial
companions including bacteria, viruses, fungi, yeast and
archaea [59]. These microbes and their genetic infor-
mation (the microbiome) are now well-characterised;
the Human Microbiome Project has revealed that
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approximately 9% of the total human microbiome is
found in the female reproductive tract [51]. Historically,
all microbes were believed to inhabit only the lower por-
tion of the tract; the cervix was considered a perfect bar-
rier between the vagina and the upper genital tract that
maintained sterility of the uterine cavity [64]. However,
accumulating evidence demonstrates that this tract is an
open system with a microbiota continuum that gradually
changes from the outer to the inner organs, with decreas-
ing bacterial abundance and increasing bacterial diversity
from the vagina to the ovaries [9, 31, 40, 50, 67]. There are
reportedly 1010 fewer bacteria in the uterine cavity
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than in the vaginal microbiota [9, 41]. Thus, the uterine
cavity contains a low-abundance bacterial community,
also known as a low-biomass microbiota.

The presence of different microorganisms in the female
and male reproductive tracts might influence reproduc-
tive function [19, 31, 52]. Recent studies indicate that
the chance of becoming pregnant before the start of an
in vitro fertilisation (IVF) treatment is stratified based
on the vaginal microbiota composition, as women with
a low percentage of Lactobacillus in their vaginal sample
are less likely to have a successful embryo implantation
[32]. Analyses by 16S ribosomal RNA (16S rRNA) gene
sequencing of endometrial samples suggest that this
microbiome impacts reproductive outcomes in infertile
patients. Having a Lactobacillus-dominated microbiota,
defined as > 90% or > 80% Lactobacillus spp., is asso-
ciated with significantly increased implantation, preg-
nancy, ongoing pregnancy and live birth rates [33, 44].
Lately, 16S rRNA and whole metagenomics sequencing
have been used to investigate the endometrial microbi-
ome (EM) in cases of spontaneous clinical miscarriage
[45], recurrent miscarriage [22] and at 4 weeks gestation
in a pregnancy resulting in a live birth [45]. Interestingly,
the EM during early successful pregnancy exhibited no
bacterial diversity and higher Lactobacillus abundance
[45].

In this prospective multicentre observational study, we
investigated the EM composition in 342 infertile patients
undergoing assisted reproductive technology (ART) in
13 different centres on 3 continents by analysing endo-
metrial fluid (EF) and endometrial biopsy (EB) samples
using 16S rRNA sequencing. The objective of the study
was to determine whether EM composition is associated
with reproductive outcomes: live birth (LB), biochemical
pregnancy (BP), clinical miscarriage (CM) or no preg-
nancy (NP). Lactobacillus was consistently more abun-
dant than dysbiotic or pathogenic bacteria in women that
achieved a pregnancy with a LB. Lactobacillus spp. deple-
tion and increased abundance of specific taxa including
Gardnerella, Haemophilus, Klebsiella, Neisseria, Staphy-
lococcus, Streptococcus, Atopobium, Bifidobacterium and
Chryseobacterium were associated with NP or CM. The
microbiota composition in EF did not fully reflect that in
EB, although their association with clinical outcome was
consistent.

Methods

Study design and sample size calculation

This was a multicentre prospective observational study
analysing the EM of infertile patients with maternal age
< 40 years undergoing IVF or < 50 years undergoing
ovum donation. The EM was analysed in the same endo-
metrial sample in which endometrial receptivity analysis
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(ERA) was conducted in a cycle prior to embryo trans-
fer of frozen blastocyst stage embryos (day 5/6). Patients
were all assessed in a hormone replacement therapy cycle
after 120 h of progesterone administration. The EF sam-
ple was aspirated before EB collection for EM analysis
by 16S rRNA sequencing. The EB was divided into two
pieces for the study of endometrial receptivity and EM
analysis. Patients were treated following the standard
protocols in each clinic and the embryo was transferred
on the day recommended by the ERA test result using the
same hormonal protocol as for the diagnostic cycle.

The main objectives of this prospective study were to
validate our pilot study of the endometrial microbiome
and its impact on assisted reproduction in a larger num-
ber of patients [44], and to study the topologic effect of
the endometrial microbiome by comparing the micro-
bial populations found in EF versus EB. To achieve these
objectives, we relied on the formula described for esti-
mating the difference between two proportions (hypoth-
esis of contrasts in unilateral sense), with implantation,
pregnancy and ongoing pregnancy rates expected to be
about 20% higher in patients with a normal microbiome
than in patients with an altered microbiome (95% CI and
80% of statistical power). To detect this difference, we cal-
culated that we would need to assess 146 patients. To val-
idate and compare the two endometrial sample types, we
used the endometrial tissue as the gold standard and the
most known and standardised test (ERA). We aimed to
assess at least 100 non-receptive patients and 234 recep-
tive patients to obtain a sensitivity and specificity of 90%
(estimated using 10 cases in each marginal box of a 2 x
2% table). Because this last calculation requires the great-
est number of patients, we added 30% for possible losses,
bringing the total target number of patients to 434.

Study population—inclusion and exclusion criteria

From August 2017 to February 2019, 452 participants
were recruited from 13 reproductive clinics in Europe,
America and Asia. As this was a competitive study, each
centre recruited patients and sent their samples to Igeno-
mix Foundation until the target sample size of the study
was reached. Inclusion criteria were patients undergo-
ing IVF aged < 40 years or patients undertaking ovum
donations aged < 50 years; BMI of 18.5-30 kg/m? (both
inclusive); negative serological tests for human immu-
nodeficiency virus, hepatitis B and C viruses and syphi-
lis; regular menstrual formula (3-4/26-35 days); and >
2 million sperm/mL. Exclusion criteria included carriers
of intrauterine devices or patients who took antibiot-
ics in the last 3 months before sample collection (except
mandatory prophylactic antibiotic treatment before egg
retrieval, which occurred 1 month before sample col-
lection); presence of uncorrected adnexal or uterine
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pathologies as uterine malformations; patients with
severe or uncontrolled bacterial, fungal or viral infections
or any illness or medical condition that risks the patient’s
safety.

Sample collection

EF and EB were collected following the previously
described procedures [60, 65]. Briefly, with the patient
in the lithotomy position, the vagina and cervix were
cleaned with a dry cotton swab to eliminate mucus or
debris. After introduction of the disinfected specu-
lum, a sterile and flexible catheter (the same one used
for embryo transfer) (Gynétics, Lommel, Belgium) was
introduced into the uterine cavity to aspirate EF, obtain-
ing a volume between 20 and 80 pL. To prevent con-
tamination, any contact with vaginal walls was avoided
and suction was stopped at the entrance of the internal
cervical os (the opening between the uterus and the cer-
vix) during catheter removal. Then, an EB sample (about
50-70 mg tissue) was obtained with a cannula of Cornier
(CCD Laboratories; Paris, France) by scraping the endo-
metrium. Once the EF and EB samples were obtained,
the external surfaces of the catheters were cleaned with a
sterile gauze and their contents were transferred to cryo-
tubes containing 50 pL and 1.5 mL of RNAlater solution
(Qiagen, Hilden, Germany), respectively. Both samples
were stored at 4 °C for 4 h, subsequently sent to Igenomix
at room temperature and stored at —80 °C until use.

Endometrial receptivity diagnosis

The ERA test (https://www.igenomix.com/genetic-solut
ions/era-endometrial-receptivity-analysis/) ~was per-
formed on the human RNA in each obtained EB sample.
This test is used to assess the personalised window of
implantation of a given patient and determine the opti-
mal time frame for embryo transfer [13, 54, 60].

DNA isolation

Total DNA was isolated from EF samples by performing
a pre-digestion step at 37 °C for 30 min with 25 ug/pL
lysozyme, 0.12 U/pL lysostaphin, 0.4 U/uL mutanolysin
and 1.8% Triton X-100 to degrade the bacterial cell walls.
DNA was then extracted with the QIAamp DNA Blood
Mini kit (Qiagen) following the manufacturer’s instruc-
tions. Finally, the DNA was eluted with 35 pL of nuclease
free water and quantified using a photometric technology
(Nanodrop, Waltham, MA, USA).

Total DNA was isolated from the EB samples by per-
forming a pre-digestion step for difficult-to-lyse bac-
teria. For this digestion, 25 mg of tissue was cut into
small pieces and treated with proteinase K at 56 °C for
3 h under agitation. Samples were then mixed with ATL
buffer and disrupted mechanically in a TissueLyser LT for
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5 min at 50 Hz using stainless-steel beads (all acquired
from Qiagen). After these pretreatments, bacterial
nucleic acids were purified using the DNA tissue pro-
gramme V7-200-LC of the QIAsymphony (Qiagen) fol-
lowing the manufacturer’s instructions. Finally, the DNA
was eluted with 50 pL of nuclease free water and quan-
tified using MultiskanGO (Thermo Scientific, Waltham,
MA, USA).

16S ribosomal RNA gene sequencing

The EM profiles were obtained by next-generation
sequencing using the Ion 16S metagenomics kit (Thermo
Fisher Scientific), which selectively amplifies 7 of the
9 hypervariable regions of the bacterial gene encod-
ing the 16S ribosomal subunit (V2-4-8 and V3-6, 7-9).
After amplification of the hypervariable regions with 10
uL of sample (per set of primers) and 30 PCR cycles, the
library was prepared starting from 50 ng of the pooled
short amplicons using the Ion Plus Fragment Library kit
and Ion Xpress Barcode Adaptors following the manu-
facturer’s instructions. The library concentration was
adjusted using the Ion Universal Library Quantitation Kit
and QuantStudio 5 Real-Time PCR System. The diluted
individual libraries were then pooled for amplification
by emersion PCR in the Ion OneTouch 2 System (10
pM) or Ion Chef System (30 pM). Finally, libraries were
sequenced on the Ion S5 XL system using the Ion 530
Chip (all acquired from Thermo Fisher Scientific).

To detect eventual contamination, each sequencing
run included between two and four blank samples as well
as negative and positive PCR controls. The blank sam-
ples consisted of an aliquot of the sample preservation
buffer (RNA later; Qiagen), whilst positive and negative
PCR controls were pure microbial DNA from E. coli (3
ng) and nuclease-free water, respectively (Thermo Fisher
Scientific).

Sequencing-based microbiome analysis

The 16S rRNA sequencing results were analysed using
the QIIME 2.0 package (https://qiime2.org) and RDP
classifier 2.2 for taxonomic assignment along with the
greengenes database version 13.8 (http://greengenes.
second.genome.com), an update of version 13.5 released
to address missing genus and species names. For all
processed samples, the RDP classifier was run with the
default minimum confidence estimate of 0.5 to record an
assignment (i.e. an operational taxonomic unit [OTU]).
The results were generated using the default parameters
in the original QIIME 2 [7] and RDP [68] methods. Iden-
tification and removal of contaminant sequences was
conducted using the decontam R Bioconductor pack-
age [12], using bacterial prevalence in blank samples for
statistical identification of contaminant taxa. Data were
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transformed to log-ratios using the clr transformation [1]
making them symmetric and linearly related, and thus
potentially avoiding spurious correlations and sub-com-
positional incoherencies [8, 24, 49].

Taking into account the quality parameters such as the
percentage of empty reads, the dispersion index and the
ratio between filtered and mapped reads, samples were
classified as detectable or not detectable biomass based
on the filtered versus mapped reads ratio threshold of
0.65 in EF and 0.7 in EB samples. For further analysis,
only the detectable samples (i.e. samples with filtered
versus mapped reads ratios greater than 0.65 and 0.7 in
EF and EB, respectively) were included. In each data-
set of endometrial 16S rRNA profiles, the abundance of
each taxa was analysed, and low-abundance species were
removed from further consideration. We retained taxa
that either (1) exhibited an abundance of at least 1% in 5%
of the samples or (2) exhibited an abundance of at least
0.1% in at least 15% of samples [18]. Taxa that failed to
meet both criteria were removed. Genera not colonising
humans or associated with kitome contaminants were
also removed from the analysis. Specifically, taxa consist-
ently reported to be contaminants in more than 5 of the
11 published references were excluded [4, 23, 25, 26, 29,
34-36, 61, 63, 69]. After applying these criteria, 15 and 19
OTUs were evaluated in EF and EB microbiota respec-
tively, with 12 OTUs shared between sample types (Sup-
plementary Table 4).

Correlation network analysis

Pearson matrices for network analysis were generated
using the Scipy Stats package (version 1.4.1) and visu-
alised with Networkx (version 2.4), considering taxa
with significant Pearson correlation coefficient [37]. To
account for both the correlation and significance, each
edge was assigned a weight w computed as: abs(corr)—
pval, where abs(corr) was the absolute correlation value
between each pair of taxa and pval was the correspond-
ing p value. Negative correlations were represented as
red edges. Network analysis was performed on each data
type (i.e. EF and EB) and for each outcome (i.e. LB, NP,
BP and CM).

Taxa reference ranges
The log-ratio-transformed 16S rRNA profiles from LB
samples were used to define the reference range for each
taxon. A confidence interval of 95% was calculated to
establish reference ranges for the Student’s ¢ distribution
taxa distribution model [2]. The Scipy Stats package (ver-
sion 1.4.1) was used for calculations [66].

Taxa contributions to different outcomes were statisti-
cally inferred using a two-sided Mann-Whitney U test.
The difference between samples outside the range and
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upper/lower bound reference values was used to assess
the role of the taxa in each outcome. Taxa were reported
when a significant difference was observed between
upper and lower difference distributions. The Scipy Stats
package (version 1.4.1) [66] was used for statistical meth-
ods and Plotly was used to visualise significant taxa dis-
tributions ([27]).

Bayesian inference for reproductive outcome differences

Differences between Lactobacillus and other reproduc-
tive tract taxa were modelled using Bayesian inference
following a normal distribution with mean y,,,,,,,. and

dispersion ¢,,,,,,,.for each reproductive outcome,

Yij ~ N (Ioutcomes Ooutcome)-

Priors selected to estimate parameters were normal
distribution for #,,, ... centred on the mean differ-
ence between Lactobacillus and other taxa in the data-
set and a dispersion of 10 (Uomcome ~ N (x,10)) and,
for o,,,.ome Vague continuous distribution from 0 to 10
(Oputcome ~ Uniform(0,10). Markov chain Monte Carlo
sampling for posterior distribution parameter inference
and predictive probability analysis were implemented

using the PyMC3 Python library [56].

Statistical analysis
All data were analysed on a per-protocol basis. One-way
analysis of variance was used to compare non-categori-
cal variables amongst groups by reproductive outcomes.
Mean differences and standard deviation or median and
interquartile ranges were used when the variables were
not homogeneous, as well as the mean differences with
95% CI values. Categorical variables were described by
counts (n) and percentages (%), and the Chi-square test
and two-sided Fisher’s exact test were used to compare
groups by reproductive outcomes with respect to per-
centages. Multiple-comparison post-hoc correction
(Bonferroni) was applied for all pairwise comparisons.
Multinomial logistic regression analysis was conducted
to control possible confounding factors, effect modifiers,
to demonstrate the homogeneity of the key variables and
the absence of bias towards our final endpoint. A multi-
nomial endpoint was included as a dependent variable
(LB/NP/BP/CM) and predictors shown in Supplemen-
tary Tables 1 and 2. P < 0.05 was considered to be statis-
tically significant. All analyses were conducted using the
SPSS 25 software (IBM, MD, USA) and R version 3.6.3
(The CRAN project).

Results

Patient cohort, characteristics and outcomes

A total of 452 patients with infertility undergoing IVF
were assessed for eligibility in 13 reproductive clinics



Moreno et al. Microbiome (2022) 10:1

in Europe, America and Asia between August 2017 and
February 2019 (Fig. 1). Forty-four patients were excluded
from the study because they did not meet the inclusion
criteria (n = 42) or declined to participate (n = 2). The
remaining 408 women were recruited and their EB and
EF microbiota composition was assessed by 165 rRNA
sequencing. However, 66 patients were lost to follow-
up. Of the 342 remaining patients, 198 (57.9%) became
pregnant [141 (41.2%) had a LB, 27 (7.9%) had a BP and
28 (8.2%) a CM], whilst 144 (42.1%) did not become
pregnant (Supplementary Table 1). Moreover, 2 patients
experienced an ectopic pregnancy, but their results were
not considered for further comparisons due to the small
sample size (Fig. 1). Analysed patients had a mean age
of 36 years (range 21-49), and a mean body mass index
(BMI) of 23.3 (range 18.5-30.0). The ethnic distribution
was Caucasian (57.3%), East Asian (14.0%), Hispanic
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(11.4%) and others (17.3%). The indications for IVF were
advanced maternal age, male factor infertility, unex-
plained infertility and ovarian pathology. The assessed
clinical and embryological variables displayed homoge-
neity and no bias towards the clinical outcome categories
was observed (Supplementary Table 2).

Endometrial microbiota composition in EF and EB

The EM was profiled in EF from 336 patients and EB for
296 patients, with paired EF-EB results in 290 (84.8%)
participants. The mean total sequencing reads per sample
was 302,299 (range, 110,050—394,659) in EF samples, and
335,659 (range, 237,889-430,675) in EB samples, with an
average of 89,883 (range, 27,960-137,956) and 103,539
filtered reads (range, 61,650—162,653), respectively (Sup-
plementary Table 3).

Assessed for eligibility
n =452

EXCLUDED (total = 44)

Ineligible (n = 42)
-2 no HRT cycle
-7 women >40 years with own oocytes
-13 BMI

A

-8 sperm concentration < 2 million/mL
-10 antibiotics in the last three months
-1 uterine pathology

-1 uncontrolled medical condition

Eligible but not recruited (n = 2)
.2 declined to participate

Total recruited
HRT cycle for endometrial receptivity assessment &
endometrial sample collection

n =408
LOST DURING FOLLOW-UP (total = 66)
After 1% biopsy No endometrial samples collected (n=8)
=377 Deviation from study protocol (n = 50)
W= .22 did not receive ET
.15 no ERA compliance
nd .5 fresh ET
After 2_ biopsy -8 ET with embryos other than day 5/6 blastocysts
n=23 Spontaneous pregnancy (n = 4)
Loss of follow-up or clinical data (n = 4)
A 4
Subjects available for analysis
Endometrial Microbiota & reproductive outcomes
n =342
; [
Pregnancy
n=198
[
v v v v y
Live birth Biochemical pregnancy Clinical miscarriage Ectopic pregnancy No pregnancy
n=141 n=27 n=28 n=2 n=144

Fig. 1 Flowchart of the study population. Of all patients assessed for eligibility (n = 452), 44 were excluded from the analysis and 66 were lost to
follow-up. Thus, 342 patients were ultimately included in our assessment of the impact of the endometrial microbiome on pregnancy outcomes.
Abbreviations: BMI, body mass index; ERA, endometrial receptivity analysis; ET, embryo transfer; HRT, hormonal replacement therapy
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Because the endometrium presents a low-abundance
microbiota, stringent analysis was performed to ensure
that contaminating reads did not interfere with down-
stream analysis. Samples were classified as detectable
and not-detectable by comparing them to blank sam-
ples included in each run and assessing certain qual-
ity parameters (see criteria in Materials and Methods).
Despite starting with equivalent amounts of extracted
DNA, detectable samples showed a different clustering
behaviour as compared with not-detectable/low-biomass
samples (with a higher 16S amplicon concentration),
which clustered together with blank controls (Fig. 2).
After applying these criteria, 208 EF samples and 190 EB
samples were classified as detectable and included in the
analysis (Fig. 2).

Lactobacillus was the major genus in both EF and EB
samples. Bacterial genera such as Anaerococcus, Atopo-
bium, Bifidobacterium, Corynebacterium, Gardnerella,
Haemophilus, Microbacterium, Prevotella, Propionibac-
terium, Staphylococcus and Streptococcus were also com-
monly identified in both sample types (Supplementary
Fig. 1). Streptomyces, Clostridium and Chryseobacterium
were detected in EF but not EB, whereas Cupriavidus,
Escherichia, Klebsiella, Bacillus, Finegoldia, Micrococcus
and Tepidimonas were detected in EB but not EF (Sup-
plementary Fig. 1).

The co-occurring EM bacterial networks showed sev-
eral differences between the sample types: (i) the EF
microbiota had two linked communities, whilst the EB
microbiota had four linked communities and two isolated
nodes; (ii) the EF microbiota network was more strongly
connected than the EB community and (iii) Lactobacil-
lus had positive and negative connected neighbours in
the EF microbiota, but only negative relations in the EB
microbiota (Fig. 3). In the EB microbiota, Lactobacillus
was negatively correlated with pathogenic bacteria Gard-
nerella, Bifidobacterium and Atopobium, whereas in EF,
Lactobacillus was negatively correlated with Gardnerella,
Bifidobacterium, Atopobium, Staphylococcus, Streptococ-
cus and Chryseobacterium, and positively correlated to
commensal bacteria (Clostridium and Streptomyces).

Endometrial microbiota composition and reproductive
outcome

To analyse the association between EM composition in
EF and EB and reproductive outcome, we built micro-
biota networks for each reproductive outcome. We
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found that the LB category was denser and had a higher
node degree distribution than co-occurrence networks
of unsuccessful reproductive outcomes. Additionally,
we found potential interactions that only occurred in
patients with LB, reflecting the relevance of these rela-
tionships to successful pregnancy and how their disrup-
tion may lead to ecosystem instability. We also noted that
in the EF microbiota of patients who had a LB, Lactoba-
cillus was negatively related to dysbiotic bacteria such as
Chryseobacterium, Staphylococcus and Haemophilus, and
positively correlated to Streptomyces, which in turn was
part of a dense community mainly composed of com-
mensal bacteria such as Corynebacterium, Microbacte-
rium, Propionibacterium and Clostridium. In patients
with NP, we identified a similar behaviour, with Lactoba-
cillus negatively correlated with Gardnerella, Bifidobac-
terium, Atopobium, Staphylococcus, Streptococcus and
Chryseobacterium, and positively related to Streptomyces.
Interestingly, in the group of patients with BP and CM,
these interactions disappeared, and the resulting net-
works were disconnected and formed sparse communi-
ties (Fig. 4A). Finally, the EB microbiota networks were
more dispersed than the EF ones, with fewer interactions
between Lactobacillus and other taxa. Thus, in this case,
the eventual beneficial/deleterious connections amongst
taxa were less evident (Fig. 4B).

To avoid potential bias when comparing samples ana-
lysed in different runs, bacterial profiles were trans-
formed into centred log ratio (clr) data, and the bacterial
communities were analysed according to the difference
between Lactobacillus and other reproductive tract taxa
using z-score-normalised values. Using these conditions,
higher abundance of Lactobacillus was observed in both
EF and EB in patients with LB compared to patients with
negative reproductive outcomes (Fig. 5A). Taxa with
a higher average abundance in unsuccessful outcomes
than in LB included Streptococcus, Chryseobacterium,
Corynebacterium, Haemophilus, Bifidobacterium, Staph-
ylococcus, Atopobium, Gardnerella and Propionibacte-
rium in the EF microbiota and Gardnerella, Klebsiella,
Atopobiumi Finegoldia, Escherichia, Propionibacterium,
Haemophilus, Anaerococcus and Bacillus in the EB
microbiota (Supplementary Fig. 2). Predictive prob-
ability analysis using a Bayesian inference model showed
a different highest posterior density (HPD) interval
of the difference ‘Lactobacillus — other taxa’ for each
ART outcome: LB (—0.12-1.51), NP (—1.05-0.65), BP

(See figure on next page.)

Fig. 2 Distribution of sequencing data. PCA showing the clustering of the (A) endometrial fluid samples (n = 336) and (B) endometrial biopsy
samples (n = 296) and their corresponding blank controls, based on quality parameters such as percentage of empty reads, dispersion index for
each sample and the ratio between the filtered and mapped reads. Samples are coloured using a filtered/mapped reads threshold of 0.65 for EF and
0.7 for EB. Abbreviations: BP, biochemical pregnancy; EP, ectopic pregnancy; LB, live birth; CM, clinical miscarriage; NP, no pregnancy
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(—3.45-0.81) and CM (—2.81-0.55). Patients with a LB
were more likely to have a higher abundance of Lacto-
bacillus (Fig. 5B). This increased probability of higher
Lactobacillus abundance in LB was especially distinct in
EF samples, where the HPD for LB samples showed less
overlap with unsuccessful outcome intervals.

Finally, we compared the EM bacterial profiles in
patients who achieved a successful pregnancy with LB
versus those with unsuccessful outcomes (BP, CM and
NP). Our hypothesis was that the microbiota composi-
tion in patients with LB is the physiological scenario and
does not interfere with functional reproductive potential.
Therefore, we evaluated the distance between the abun-
dance of each bacterial taxon and reproductive outcome
in the upper and lower 95% confidence intervals estab-
lished for patients with LB (Supplementary Fig. 3). In
patients with NP, the EF taxa with significantly higher
abundance exceeding the established upper confidence
interval were Atopobium, Bifidobacterium, Chryseo-
bacterium, Gardnerella and Streptococcus, and in those
with CM, Haemophilus and Staphylococcus exceeded the
physiological levels. By contrast, taxa with a significantly
higher distance to the lower established confidence
interval were Lactobacillus and Microbacterium in NP
patients, and Lactobacillus in patients with CM (Fig. 6A).
In the EB microbiota of NP patients, Bifidobacterium,

Gardnerella and Klebsiella were significantly more abun-
dant, and the abundance of Cupriavidus, Finegoldia, Lac-
tobacillus and Tepidomonas was significantly below the
established confidence interval (Fig. 6B). The remaining
comparisons did not reach statistical significance, possi-
bly due to the small number of patients with BP and CM.

Endometrial microbiota composition in chronic
endometritis and reproductive outcome

We also evaluated the abundance of the main patho-
genic bacteria reported to cause chronic endometritis
(CE): Enterococcus, Escherichia, Klebsiella, Streptococcus,
Staphylococcus, Gardnerella, Mycoplasma, Ureaplasma,
Chlamydia and Neisseria. These bacteria are considered
to be a potential cause of infertility as well as obstetric
and neonatal complications [28, 30]. We compared the
abundance of these bacteria with the confidence interval
generated for infertile patients that achieved a LB.

Of the CE pathogens, Gardnerella, Klebsiella and
Streptococcus were significantly increased in the EF
microbiota of NP patients, whereas Enterococcus
was increased in patients that experienced BPs, and
Klebsiella and Staphylococcus were increased in CM
(Fig. 7A). In the EB microbiota, Gardnerella, Neisseria
and Klebsiella were significantly enriched in women
with NP compared to those that achieved LB, whilst
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Enterococcus abundance was below the confidence
interval (Fig. 7B). In the remaining unsuccessful repro-
ductive categories (BP and CM), no significant taxa
were detected. Interestingly, Gardnerella and Klebsiella
were the only common pathogens significantly enriched
in both EF and EB from patients with NP.

Endometrial microbiota composition fingerprinting

is associated with reproductive outcome

In summary, the pathogenic profile associated with repro-
ductive failure in our cohort of infertile patients consisted
of Atopobium, Bifidobacterium, Chryseobacterium, Gard-
nerella, Haemophilus, Klebsiella, Neisseria, Staphylococcus
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and Streptococcus. In contrast, Lactobacillus was consist-
ently enriched in the EM (both in EF and EB) from patients
that achieved LB. Therefore, patients with a higher abun-
dance of lactobacilli are more likely to achieve reproductive
success. Also, some commensal bacteria such as Cupri-
avidus, Finegoldia, Microbacterium and Tepidimonas were
positively associated with LB.

Discussion

Some diseases or organ malfunctions are marked by the
presence of potentially pathogenic microbes, whereas oth-
ers are characterised by depletion of health-associated
bacteria. The vaginal microbiota composition is associated
with obstetrical outcome [18, 32]. However, no consen-
sus has been reached on the profile of endometrial bacte-
rial pathogens and the mechanisms by which they could
interfere with embryo implantation [3, 5]. Moreover, no
consensus has been reached on the required presence or
abundance of lactobacilli in the uterine cavity at the time of
embryo implantation. Some studies have observed an asso-
ciation between the abundance of Lactobacillus spp. with
reproductive outcomes [22, 34, 44, 45], whilst others have
detected non-significant associations between EM compo-
sition and ART success [20, 26, 53].

In this study, we investigated the relationship between
EM composition and the reproductive fate of a cohort of
342 ethnically diverse infertile patients from three differ-
ent continents. Our results suggest that the composition
of the EM at the time of conception is associated with the
reproductive outcome. The co-occurrence bacterial associ-
ation plots built separately for each ART outcome showed
that the LB networks were denser and had a higher node
degree distribution than the networks of failed outcomes.
Moreover, Lactobacillus was generally negatively corre-
lated to pathogenic bacteria and positively correlated to
commensal bacteria, which may be important for stability
in the ecosystem. Lactobacillus depletion and the presence
of specific pathogenic bacteria such as Atopobium, Bifido-
bacterium, Chryseobacterium, Gardnerella, Streptococcus
and Klebsiella in EF, and/or Bifidobacterium, Gardnerella,
Klebsiella and Neisseria in EB were associated with unsuc-
cessful reproductive outcomes.

Atopobium vaginae and Gardnerella vaginalis are the
major bacterial vaginosis-associated pathogens; they
stimulate an innate immune response from vaginal epi-
thelial cells [38]. However, the deleterious impact of these
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pathogens is not restricted to the vagina. Women with
bacterial vaginosis subjected to laparoscopic salpingec-
tomy or curettage present significantly increased risk of
developing endometrial polymicrobial biofilms with G.
vaginalis and other bacteria [62]. Streptococcus agalac-
tiae, Klebsiella pneumoniae, Enterococcus faecalis, Neis-
seria gonorrhoeae and, in some studies, G. vaginalis, are
the major pathogens of CE [11, 30, 43]. This condition
impairs reproductive outcomes in natural conception and
after ART, further contributing to obstetric and neonatal
complications [28]. A case series study of three women
with recurrent implantation failure and CE showed the
elimination of CE-associated pathogens and subsequent
restoration of fertility after intrauterine antibiotic admin-
istration [58]. Moreover, bacteria such as S. agalactiae are
known to be one of the leading causes of neonatal infec-
tions by vertical transmission [48]. Finally, in the absence
of Lactobacillus, Bifidobacterium are hypothesised to be
able to maintain healthy vaginal balance by the produc-
tion of lactic acid [21, 33]. However, our results show a
negative association of Bifidobacterium with LB, in agree-
ment with other reports demonstrating Bifidobacterium
species to be pathogenic in various infectious conditions
6, 10, 47].

Current evidence suggests that what might really inter-
fere with fertility is the presence of pathogens in the
uterine cavity, and not the requirement of a specific com-
mensal taxon. This is supported by our results showing
that the absence of bacteria (not detectable samples) may
also be found in association to good reproductive out-
comes. Our study showed that in both EF and EB sam-
ples the LB rates in not detectable samples were 50.00%
and 49.06% compared to 35.58% and 40.53% in detectable
samples. These data suggest that the absence of bacteria,
including Lactobacillus, does not impede implantation
and reinforces the evidence supporting the role of path-
ogenic bacteria as a risk factor in reproduction. This is
consistent with results reported by others showing that
the isolation of bacterial pathogens from the embryo
transfer catheter tip associates with poor IVF outcomes
[14, 15, 17, 42, 55, 57]. Then, we could hypothesise that
the main role of Lactobacillus spp. in reproduction con-
sists of avoiding the colonisation of the uterine cavity by
pathogenic bacteria. Hence, the role of members colo-
nising the upper reproductive tract should be further
investigated.

(See figure on next page.)

Fig. 7 Chronic endometritis profile associated with reproductive outcomes. Box plots showing differential abundance in chronic
endometritis-causing bacteria in no pregnancy (NP), biochemical pregnancy (BP) and clinical miscarriage (CM) compared to live birth (LB).
Differential abundance was calculated using the distance of each value to the upper (U) or lower (L) bounds for the 95% Cl in LB (Supplementary
Fig. 3) in A endometrial fluid and B endometrial biopsy samples. Only taxa with significant differential abundance, calculated with a two-sided
Mann-Whitney U test, are represented in the graphs. BP, biochemical pregnancy; LB, live birth; CM, clinical miscarriage; NP, no pregnancy
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We observed a close relationship between EF and
EB microbiota, although there were some differences
between the sample types. Specifically, 12 of the 15 most
abundant taxa detected in EF overlapped with the taxa
identified in the EB samples, but three taxonomies were
unique for EF (Streptomyces, Clostridium and Chryseo-
bacterium) and seven were detected only in EB (Cupri-
avidus, Escherichia, Klebsiella, Bacillus, Finegoldia,
Micrococcus and Tepidimonas). Despite the small taxo-
nomic differences associated to ART outcome in EF and
EB, both sample types show compatible results from the
clinical point of view when predicting pregnancy, as in
both types of samples, the abundance of pathogens was
associated to worse reproductive outcomes after embryo
transfer. However, the Z-score value of (Lactobacillus-
other taxa) presented higher predictive indexes for LB in
EF that in EB.

A possible explanation for the difference in bacterial
taxa between the sample sources is that bacteria present
on the surface of the luminal epithelium may be differ-
ent than those found deeper, close to the glandular epi-
thelium and stroma. However, these differences may
also be due to the different processing and DNA extrac-
tion protocols used for the different sample types. The
occurrence bacterial networks also revealed differences
between the sample types. The EB microbiota networks
were more dispersed than the EF networks, suggesting
that the microbiota found in the EF could be more sta-
ble [46]. Only one previous study compared the EM of EF
and EB, indicating that the microbiota composition in EF
does not fully reflect that in the EB [39].

To our knowledge, this is the first observational multi-
centre study to prospectively analyse EM composition in
two types of endometrial samples (EF and EB) obtained
simultaneously from the same patient and assess the
association of the uterine microbial environment with
pregnancy outcomes in infertile patients undergoing
IVE. The data presented here are robust because both
sample types were sequenced from the same bacterial
16S rRNA hypervariable regions and analysed using the
same bioinformatics pipeline. However, the high sensitiv-
ity of this technology might detect DNA contamination,
which can confound the interpretation of microbiome
data [16], specifically in low-biomass sites such as the
uterus. Therefore, we ensured that contaminating reads,
but not sample-related reads, were removed from down-
stream analyses. For this purpose, we first classified sam-
ples as detectable or non-detectable, excluding samples
that clustered with and had a roughly equivalent ampli-
con concentration to the blanks. Another strength of our
work is that endometrial receptivity was analysed, and
personalised embryo transfer was performed to synchro-
nise endometrial receptivity with embryo development,
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avoiding displacement of the implantation window.
Additionally, all samples were collected in a hormone
replacement therapy cycle, preventing the potential bias
introduced by different hormonal status. Hormonal
therapy may have influenced the endometrial microbi-
ome, but the hormonal regimen and sampling day were
consistent between the sample collection analysis and
embryo transfer cycles.

The main limitation of our work was the small number
of BP and CM outcomes. Moreover, transcervical collec-
tion of the samples may have influenced the endometrial
microbial results. Caution was taken to avoid contact of
the catheter with the vaginal walls during sample col-
lection, and although cervical contamination cannot be
fully discarded, there is no other way to clinically access
the endometrium. Moreover, it is now accepted that
the female reproductive tract presents a continuum of
microbiota [9], so even if some contamination from the
cervix was carried over into the endometrial samples,
the resulting microbial profiles would be consistent with
the microbial environment of the uterine cavity. Another
factor to be considered is that whilst sample collection
and microbial analysis were performed in a cycle before
embryo transfer, the microbiome may change over time.

Conclusions

We conclude that the presence of pathogenic bacte-
ria such as Atopobium, Bifidobacterium, Chryseobacte-
rium, Gardnerella, Haemophilus, Klebsiella, Neisseria,
Staphylococcus and Streptococcus in the endometrium
together with depletion of Lactobacillus spp. is associ-
ated with impaired reproductive function. These data
indicate that the EM should be considered as a possible
emerging cause of implantation failure and/or pregnancy
loss. More studies are needed to analyse the mecha-
nism of how pathogenic bacteria might affect embryo
implantation.
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