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Background. It is widely assumed that the uterine cavity in non-pregnant women is
physiologically sterile, also as a premise to the long-held view that human infants develop in a
sterile uterine environment, though likely reflecting under-appraisal of the extent of the
human bacterial metacommunity. In an exploratory study, we aimed to investigate the
putative presence of a uterine microbiome in a selected series of non-pregnant women through

deep sequencing of the V1-2 hypervariable region of the 16S ribosomal RNA (rRNA) gene.
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Methods. Nineteen women with various reproductive conditions, including subfertility,
scheduled for hysteroscopy and not showing uterine anomalies were recruited. Subjects were
highly diverse with regard to demographic and medical history and included nulliparous and
parous women. Endometrial tissue and mucus harvesting was performed by use of a
transcervical device designed to obtain endometrial biopsy, while avoiding cervicovaginal
contamination. Bacteria were targeted by use of a barcoded Illumina MiSeq paired-end
sequencing method targeting the 16S rRNA gene V1-2 region, yielding an average of 41,194
reads per sample after quality filtering. Taxonomic annotation was pursued by comparison

with sequences available through the Ribosomal Database Project and the NCBI database.

Results. Out of 183 unique 16S rRNA gene amplicon sequences, 15 phylotypes were present
in all samples. In some 90% of the women included, community architecture was fairly
similar in as much B. xylanisolvens, B. thetaiotaomicron, B. fragilis and an undetermined
Pelomonas taxon constituted over one third of the endometrial bacterial community. On the
singular phylotype level, six women showed predominance of L. crispatus or L. iners in the
presence of the Bacteroides core. Two endometrial communities were highly dissimilar,
largely lacking the Bacteroides core, one dominated by L. crispatus and another consisting of
a highly diverse community, including Prevotella spp., Atopobium vaginae, and Mobiluncus

CUrtisii.

Discussion. Our findings are, albeit not necessarily generalizable, consistent with the
presence of a unique microbiota dominated by Bacteroides residing on the endometrium of
the human non-pregnant uterus. The transcervical sampling approach may be influenced to an
unknown extent by endocervical microbiota, which remain uncharacterised, and therefore

warrants further validation. Nonetheless, consistent with our understanding of the human
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microbiome, the uterine microbiota are likely to have a previously unrecognized role in
uterine physiology and human reproduction. Further study is therefore warranted to document
community ecology and dynamics of the uterine microbiota, as well as the role of the uterine

microbiome in health and disease.

INTRODUCTION

The human body harbours a vast number of bacteria, organised in distinct communities
associated with various skin sites, mucosal tract surfaces, and even deeper tissues (Ribet &
Cossart, 2015), whereby site-specific host-microbe interactions (Faust et al., 2012) are
collectively found to be essential to many aspects of human physiology (Dethlefsen, McFall-
Ngai & Relman, 2007; Cho & Blaser, 2012). Even body niches widely cited as
physiologically devoid of bacteria, such as the lung (Dickson et al, 2015) and the urinary
bladder (Brubaker & Wolfe, 2015; Whiteside et al., 2015), have recently been shown to
harbour unique microbiota, indicating that conventional compartmentalisation of the human
body in sterile and non-sterile body cavities reflects under-appraisal of the extent of the

human bacterial metacommunity.

The sterile womb paradigm, coined by French paediatrician Henry Tissier at the turn of the
twentieth century, is another enduring dogma also as a premise to the widely held view that
human infants develop within a sterile environment (Funkhouser & Bordenstein, 2013),
though not supported by empirical evidence. During the second half of the 20™ century,
several researches have challenged the paradigm of the sterility of the uterus through culture
of endometrial samples obtained by different approaches, including transcervical sampling
with special devices that aim at minimizing the risk of cervicovaginal contamination,

perioperative transfundal aspiration, and direct sampling of the endometrial cavity after
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hysterectomy (Butler, 1958; Bollinger, 1964; Mishell et al., 1966; Ansbacher, Boyson &
Morris, 1967; Spore et al., 1970; Grossman et al., 1978; Pezzlo et al., 1979; Sparks et al.,
1981; Knuppel et al., 1981; Heinonen et al., 1985; Nelson & Nichols, 1986; Eschenbach et al.,
1986; Teisala, 1987; Hemsell et al., 1989; Cowling et al., 1992; Mgller et al., 1995). Rates of
demonstrable bacterial colonisation of the endometrium varied widely in these studies form

zero (Teisala, 1987) up to 89.0% (Hemsell et al., 1989).

With the advent of 16S rRNA gene-based bacterial detection and identification techniques,
the sterile womb paradigm has been briefly revisited in recent years. We have previously
shown through fluorescence in situ hybridization (FISH) with 16S rRNA-targeted probes that
in pregnant and non-pregnant women with bacterial vaginosis, half of the patients present
with a polymicrobial Gardnerella vaginalis biofilm that spreads from the vagina into the
uterus covering the endometrium (Swidsinski et al., 2013). Mitchell et al recently studied
endometrial colonisation by vaginal bacteria, by targeting a series of 12 bacterial taxa through
gPCR in hysterectomy patients, including three keystone Lactobacillus species and nine
bacterial vaginosis indicator species, and found that in 52 out of the 58 women included, at
least one of the selected vaginal species was present in the uterine cavity (Mitchell et al.,
2015). Hence, as previously hypothesized (Viniker, 1999; Espinoza et al., 2006), the view of
the endometrial cavity as a sterile body compartment may not be longer tenable. In the present
study, we aimed to explore the putative presence of a uterine microbiome in a cohort of non-
pregnant women with reproductive failure, using a barcoded Illumina paired-end sequencing

method targeting the V1-2 hypervariable region of the 16S ribosomal RNA (rRNA) gene.
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METHODS

Patient recruitment and ethical considerations

Between March to June 2013, consecutive patients with reproductive failure attending our
outpatient hysteroscopy facility were invited to participate in the study. Basically, we
recruited specifically these patients as they were all reproductive-aged women, including
nulliparous and parous women, in whom hysteroscopy was performed immediately following
endometrial sampling, which allowed us to exclude any visible uterine anomaly. All study
participants gave their oral and written informed consent for endometrial sample collection
and subsequent microbiological analysis. All experiments were performed in accordance with
relevant guidelines and regulations. Ethical approval was obtained from the Ghent University

Hospital Institutional Review Board under reference EC2013/053.

Patient characteristics

Patients included (n=19) were Belgian or Dutch residents of white Caucasian origin who were
referred to the Ghent University Hospital Department of Reproductive Medicine for recurrent
implantation failure (n=11), recurrent pregnancy loss (n=7), or both (n=1), and who
underwent a hysteroscopic examination as part of the diagnostic work up. Study participants
had a median age of 32 years with a range of 25 to 39 years. Among patients with recurrent
implantation failure six were nulligravid, while five had a history of at least one biochemical
pregnancy (median 1, range 1 to 3). Patients with recurrent pregnancy loss had a history of
multiple previous pregnancies (median 4, range 3 to 6). One patient was referred for both
recurrent implantation failure and recurrent pregnancy loss and had five early pregnancy
losses. Accordingly, apart from having reproductive failure in common, our limited patient
series was highly diverse with regard to a number of clinical characteristics including age,

gravidity, parity, educational level, and comorbidity. In all patients it was verified that no
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pregnancy or intra-uterine procedure was documented for at least six months preceding their
inclusion in the study. In none of the patients uterine anomalies could be documented during

hysteroscopy.

Endometrial sampling approach

Endometrial samples in previous studies with the same study goal have been obtained by
different approaches, including transcervical sampling with special devices that aim at
minimizing the risk of cervicovaginal contamination, perioperative transfundal aspiration, and
direct sampling of the endometrial cavity after hysterectomy. As transcervical approaches
have been criticized in the past for potential cervicovaginal contamination, we reviewed at the
outset of study, the existing literature and carefully considered our options with regard to the
different approaches described to obtain endometrial samples, while aiming for reproductive-
aged women. Perioperative transfundal needle aspiration approaches are likely to be biased,
as such approaches do not readily allow to sample a broad endometrial area with sufficiently
deep endometrial tissue harvesting, needle aspiration specimens typically confined to a small
volume of endometrial fluid. Approaches were the uterine cavity can be sampled directly,
clearly are a superior method to the study goal, though also a major constraint to the study of
various patient sets, as only in highly selected patients the uterus is removed or opened during
surgery. In addition, in our setting, hysterectomy in otherwise healthy, premenopausal women
in the absence of oncological conditions, severe comorbidity, or perioperative antibiotic
treatment is an uncommon indication, and mostly performed because of dysfunctional uterine
bleeding and/or benign uterine wall tumours, potentially altering the intra-uterine environment
and affecting uterine bacterial colonisation as previously documented (Kristiansen et al.,
1987; Larsson et al., 1990; Mgller et al., 1995; Bhattacharjee et al., 2000). Accordingly, we

did opt for a transcervical approach with the Tao Brush™ [UMC Endometrial Sampler (Cook

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2016




151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

OB-GYN, Bloomington, Ind., USA), a device that appeared suitable, albeit undoubtedly

imperfect, as further specified.

Endometrial sampling procedure

Patients assumed a classic dorsal lithotomy position for the endometrial sampling procedure
and the subsequent hysteroscopy. All procedures were performed by two gynaecologists (NV
and SW) with substantial experience in performing intra-uterine procedures and adhered to a
strict study protocol. A non-lubricated, sterile, stainless steel Collin speculum was inserted
into the vagina to allow for proper visualisation of the ectocervix and the external cervical os
in particular. Subsequently, the cervical surface and external os were thoroughly rinsed with

an aqueous 0.5% chlorhexidine gluconate solution.

As the endometrial sampling device we used the Tao Brush™ IUMC Endometrial Sampler
(Cook OB-GYN, Bloomington, Ind., USA), an FDA Class II device. This particular device
has been developed at the Indiana University Medical Center and is primarily intended for the
early detection of endometrial carcinoma (Tao, 1997). Briefly, the endometrial sampling
device is equipped with a brush that is protected by a plastic covering sheath laterally and by a
small plastic bead on top to protect the brush on all sites from contamination during passage

through the vaginal lumen and endocervical canal.

In the present study, the Tao Brush™ IUMC Endometrial Sampler was carefully inserted into
the vagina thereby avoiding contact with the vulva and the vaginal introitus. During passage
through the vagina the device was allowed to make contact with the sterile speculum, but not
with the vaginal walls. After insertion of the sheathed brush into cervical canal the brush was

further moved upwards into the uterine cavity, thereby unsheathing the brush, following
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which the small, flexible brush is rotated five times thereby virtually sampling the entire
endometrial surface. The brush is then re-sheathed before it is withdrawn from the uterine
cavity. Following the above procedure, the brush was separated in a sterile manner from all
other parts of the device. The brush was then placed in a sterile Falcon tube and stored at -80

°C until transport to the laboratory for further processing.

Hence, due to the specific design of the endometrial sampler, and when correctly used, the
brush does not make contact at any time during the procedure with the vulva, the vagina, the
cervical os, or the endocervical cervical, thereby minimizing the risk of cervicovaginal
contamination. In a cytology study of the [IUMC Endometrial Sampler, contamination with
endocervical cells could be attributed to operators who failed to replace the sheath over the
Tao brush before removing it from the uterine cavity, either by inaccessibility of the uterine
cavity due to a tight or stenotic cervix (Maksem, 2000). It has to be acknowledged however
that the performance of the Tao Brush™ [UMC Endometrial Sampler for the procurement of
endometrial samples for microbiological analysis has not been studied before. While we
believe that direct contact between the brush and tissue surface before unsheathing in the
uterine cavity has been largely prevented due to the stringent study protocol, it cannot be
ignored that the protective attributes of the device, the plastic bead on top and the plastic
cover sheath did make ample contact with the endocervical canal. The plastic top bead in
particular, is inserted into the endometrial cavity and likely introduces endocervical mucus-
contained bacteria in the endometrial cavity, though the extent of contamination can be
expected to be low relative to the broad and deep endometrial tissue collection, while it is

further unknown to which extent endocervical microbiota differ from uterine microbiota.
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DNA extraction and Illlumina sequencing

Genomic DNA was extracted essentially as previously described (Vilchez-Vargas et al.,
2013). Samples were suspended in 1 ml Tris/HCl (100 mM, pH 8.0), supplemented with 100
mM EDTA, 100 mM NaCl, 1% (w/v) polyvinylpyrrolidone and 2% (w/v) sodium dodecyl
sulfate, and transferred to a 2 mL Lysing Matrix E tube (Qbiogene, Alexis Biochemicals,
Carlsbad, CA) and subjected to mechanical lysis in a FastPrep®-24 Instrument (MP
Biomedicals, Santa Ana, California, USA) (40 s, 6.0 m s') and purified as described

(Vilchez-Vargas et al., 2013).

The V1-2 region of the 16S rRNA gene was amplified as previously described (Camarinha-
Silva et al., 2014). However, in a first 20 cycle PCR reaction, the 16S rDNA target was
enriched using the well-documented 27F and 338R primers (Lane, 1991; Etchebehere &

Tiedje, 2005) as previously specified (Chaves-Moreno et al., 2015).

One pL of this reaction mixture served as template in a second 15 cycle PCR reaction where
the forward primer contains a 6 nucleotide (nt) barcode and a 2 nt CA linker and where both
primers comprised sequences complementary to the Illumina specific adaptors to the 5’-ends
as previously described (Camarinha-Silva et al., 2014). One pL of the reaction mixture
obtained, served as template in a third 10 cycle PCR reaction using PCR primers designed to
integrate the sequence of the specific Illumina multiplexing sequencing primers and index
primers. Libraries were prepared by pooling equimolar ratios of amplicons and sequenced on

a MiSeq (Illumina, Hayward, CA, USA).
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Data-analysis and reporting

After quality filtering (Camarinha-Silva et al., 2014), a total of 782,683 paired-end reads, with
an average of 41,194 reads per sample (a minimum of 30,101 reads and a maximum of 62,232
reads) were obtained. All reads were conservatively trimmed to 140 nucleotides and the
paired ends subsequently matched yielding 280 nucleotides. Reads were clustered allowing
for two mismatches using mothur (Schloss et al., 2009). The data-set was then filtered to
consider only those phylotypes that were present in at least one sample at a relative abundance
> 0.1% or that were present in all samples at a relative abundance > 0.001%. Accordingly, a
total of 676,206 reads were obtained (an average of 35,590 reads per sample with a minimum
of 25,756 reads and a maximum of 52,165 reads) and grouped into 183 phylotypes. All
samples were randomly re-sampled to equal the smallest read size of 25,756 reads using the
phyloseq package (McMurdie & Holmes, 2013) from the free software R package for

statistical computing and graphics (R core Team, 2012).

Rarefaction curves were generated using the vegan package from the R program (R core
Team, 2012). All phylotypes were assigned a taxonomic affiliation based on the naive
Bayesian classification (RDP classifier) (Wang et al., 2007). Phylotypes were then manually
analysed against the RDP database using the Seqmatch function (Cole et al., 2014) as well as
against the NCBI database (NCBI Resource Coordinators, 2015) to define the discriminatory
power of each sequence read. A species name was assigned to a phylotype when only 16S
rRNA gene fragments of previously described isolates of that species showed <2 mismatches
with the respective representative sequence read. Similarly, a genus name was assigned to a
phylotype when only 16S rRNA gene fragments of previously described isolates belonging to

that genus and of 16S rRNA gene fragments originating from uncultured representatives of
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that genus showed <2 mismatches. Table S| gives an overview of the amplicon sequences of

the 183 unique phylotypes and their phylogenetic assignment.

Similarities between samples were calculated on a data matrix comprising the percent
standardized (untransformed) abundances of all phylotypes using the Bray-Curtis algorithm
(Bray & Curtis, 1957) with PRIMER (v.6.1.6, PRIMER-E, Plymouth Marine Laboratory). A
heat map was generated using the free software R package for statistical computing and
graphics (http://www.r-project.org) and the packages gplots (Warnes et al., 2012) and
RColorBrewer (Brewer, 2015), considering only those phylotypes present at an abundance

>1% of the total bacterial community in at least one sample.

Since this was an exploratory study on the putative presence of an endometrial microbiome,
we aimed for patients with reproductive failure from a mere pragmatic approach, considering
these patients had to undergo a hysteroscopy, which also allowed us to confirm the absence of
visible uterine anomalies. However, apart from having reproductive failure in common, our
limited patient series was highly diverse with regard to a number of clinical characteristics

and we therefore refrained from any attempt in correlating clinical and microbiological data.

RESULTS

Sampling depth

Rarefaction curves were constructed to estimate whether the sampling depth in each
endometrial sample was sufficient to cover the overall bacterial diversity. The curves show
that saturation was reached at >15,000 reads per sample (Fig. S1), and hence sufficient for all

samples.
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Species diversity

Sequencing of the V1-2 region of the 16S rRNA genes present in the complete endometrial
bacterial communities of the 19 subjects with a minimum of 25,756 sequence reads after
quality filtering, resulted in a total of 183 bacterial phylotypes, which could be annotated at
the phylogenetic levels of Order (93.4% of phylotypes), Family (91.3% of phylotypes), Genus
(84.2% of phylotypes) and Species (33.3% of phylotypes). An overview of all 183 bacterial
phylotypes along with their relative abundances can be found in Table S2. Out of the 183
phylotypes, 123 phylotypes had a relative abundance of less than 1% of sequence reads per
sample in all samples and these phylotypes are therefore provisionally considered as minor
components of the uterine microbiome. The highest taxonomical level to which the 60 more
abundant phylotypes could be assigned, were Species for 23 phylotypes, Genus for 30
phylotypes, Family for three phylotypes, Order for one phylotype, and Class for three
phylotypes, respectively. The endometrial bacterial community structure of the 19 subjects by
accounting for the 60 phylotypes with an abundance of at least 1%, is shown as a heat map in

Fig. 1.

Interindividual variability in community structure and core microbiome

An overview of the degree of similarity in bacterial community structure of the 19
endometrial samples is shown in Fig. 2. Twelve out of the 19 bacterial communities (S6, S7,
S9, S10, S11, S12, S14, S15, S16, S17, S18, and S19), were quite similar with a mutual
similarity of approximately 75% (average Bray-Curtis dissimilarity 24.6%, range 13.2% to
34.3%), and hence characterised by the consistent presence of several phylotypes present with
comparable abundances. Except for two samples (S15 and S17) also showing a high relative
abundance of L. crispatus, several phylotypes within the Bacteroidetes phylum, were the most

abundant taxa in these communities, primarily Bacteroides xylanisolvens (Phyl), Bacteroides
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thetaiotaomicron (Phy2), and Bacteroides fragilis (Phy7), while Bacteroides vulgatus
(Phy12) and Bacteroides ovatus (Phy20) were although consistently present, less abundant.
Several taxa from the Proteobacteria phylum were the second most abundant in these
communities, including Betaproteobacteria taxa from the Pelomonas genus (Phy3 and Phy14)
and incompletely assigned Betaproteobacteria (Phy6), and Gammaproteobacteria related to
Escherichia/Shigella (Phy8 and Phy11). Finally, among the more abundant Bacteroidetes

were also taxa belonging to Chitinophagaceae family (Phy9).

Another 5 out of the 19 bacterial communities (S2, S3, S4, S5, S8) were still similar to the
former with regard to the relative abundances of the aforementioned Bacteroidetes and
Proteobacteria taxa, however diverged from the more similar communities due to the co-
abundance of typical vaginal taxa: community S8 (Bray-Curtis dissimilarity of 43.6% relative
to all other samples) also characterized by Lactobacillus iners (Phy4) as an abundant species
(18.4% of the overall number of reads), S5 (Bray-Curtis dissimilarity of 45.9% relative to all
other samples) showing abundant presence of Prevotella amnii (Phy28) (19.1% of the overall
number of reads in this sample), S3 and S4 (Bray-Curtis dissimilarity of 50.8 and 53.5%
relative to all other samples, respectively), co-dominated by Lactobacillus crispatus (Phy5)
(35.5% and 52.1% of the overall number of reads in these samples, respectively), and S2
(Bray-Curtis dissimilarity of 60.1%) showing dominance of Lactobacillus iners (Phy4)

(55.4% of the overall number of reads in this sample).

Accordingly, while a relatively large bacterial diversity was observed in the intra-uterine
environment with 183 phylotypes detected through 16S rRNA V1-2 region sequencing, a
defined set of 15 phylotypes with an abundance of at least 1% was observed in all subjects

(Table S2 and Fig. 1), suggesting that these phylotypes may constitute the uterine core
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microbiome. This core microbiome includes the more abundant taxa previously mentioned,
Bacteroides xylanisolvens (Phyl), Bacteroides thetaiotaomicron (Phy2), Bacteroides fragilis
(Phy7), Bacteroides vulgatus (Phyl2), Bacteroides ovatus (Phy20), Pelomonas (Phy3 and
Phyl4), Betaproteobacteria  (Phy6),  Escherichia/Shigella  (Phy8 and Phyll),
Chitinophagaceae (Phy9), and several taxa that were consistently present, however with
lower and variable abundances including Pseudomonas (Phyl13), Caulobacter (Phy34), and
Acidovorax (Phy21) (Fig. 1). The presumed uterine core microbiome therefore basically
consists of three bacterial phyla, in particular Proteobacteria, Firmicutes and Bacteroidetes,
with Bacteroidetes dominating the endometrial community in almost 90% of the women

included.

Finally, in two subjects, S1 and S13, the endometrial bacterial community largely diverged
from all other communities (Bray-Curtis dissimilarity of 79.0 and 90.7%, respectively). In
subject S1, the bacterial community was largely dominated by Lactobacillus crispatus (Phy5)
(79.1% of the overall number of reads in this sample). In subject S13, the endometrial
bacterial community was highly different from all other community structures, dominated by
Prevotella phylotypes (P. timonensis (Phyl0), Prevotella (Phyl5), and P. disiens (Phy56),
and further characterised by a number of phylotypes uncommon or even unique to the niche in
this patient series, such as Afopobium vaginae (Phyl7), Porphyromonas uenonis (Phy38),
Mobiluncus curtisii (Phy47), Dialister (Phy55), Peptostreptococcus anaerobius (Phy72),

Peptoniphilus (Phy60), Moryella (Phy67), and Saccharofermentans (Phy44).

Vaginal key species
A limited number of phylotypes, though not consistently present across all endometrial

bacterial communities, were more abundant than the aforementioned core phylotypes in some
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women. Lactobacillus crispatus (PhyS) was present in 12 out of the 19 samples, and the most
abundant phylotype compared to the remainder of individual phylotypes in subjects S17, S15,
S3, S4, and S1 (17.1%, 25.3%, 35.5%, 52.1%, and 79.1% of the total number of sequence
reads respectively). Similarly, Lactobacillus iners (Phy4) was present in 7 out of the 19
samples, and the predominant phylotype in two subjects (18.4 and 55.4% in subjects S8 and
S2, respectively). Prevotella species in turn, including Prevotella amnii (Phy28), Prevotella
timonensis (Phyl0), Prevotella (Phyl5), and Prevotella disiens (Phy56) were predominant in
subjects S5 and S13. Noteworthy, Gardnerella vaginalis (Phy79) was present in six samples,
but always as a minor component (less than 1% of the total sequence reads per sample) of the
uterine microbiome. Atopobium vaginae (Phyl7) was also present in six samples, but only a

dominant phylotype in subject S13.

DISCUSSION

We sought to demystify the longstanding contention that the non-pregnant human uterus is
sterile and obtained deep endometrial tissue samples through a transcervical approach from 19
non-pregnant women of reproductive age with reproductive failure and revealed through a
barcoded Illumina paired-end sequencing method targeting the V1-2 hypervariable region of
the 16S ribosomal RNA (rRNA) gene, that the uterine cavity in this patient series harbours a

unique microbiome.

Although a large number of mostly low-abundant phylotypes were identified, the endometrial
bacterial community was remarkably similar in a majority of women and characterised by a
limited number of particular phylotypes consistently present in a rather similar distribution,
presumptively considered the uterine core microbiome. This core assemblage primarily

consisted of taxa belonging to the Bacteroidetes and Proteobacteria phyla, the most abundant
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core taxa identified as Bacteroides xylanisolvens, Bacteroides thetaiotaomicron, Bacteroides
fragilis, and a phylotype belonging to the poorly characterized Betaproteobacteria Pelomonas
genus. This community assembly pattern was also observed in five women in whom a single
Firmicutes taxon, Lactobacillus iners (n=2) or Lactobacillus crispatus (n=2), or Prevotella
amnii (n=1) were the single most abundant species. In one of two communities that lacked the
typical Bacteroides core, L. crispatus also largely dominated the endometrial microbiota.
Though these Lactobacillus phylotypes have recently been shown to be present in the uterus
by others (Mitchell et al., 2015), such marked abundance of a single species has not been
observed with the human microbiota outside the vaginal environment (van de Wijgert et al.,

2014), and may therefore be artifactual.

In ~90% of the women included in our study, the genus Bacteroides, primarily B.
xylanisolvens, B. thetaiotaomicron, and B. fragilis and to a lesser extent B. vulgatus and B.
ovatus constituted ~30% of the endometrial bacterial community. This is quite similar to what
is observed with the human colonic microbiota at the genus level in several studies, though no
such consistency has been observed in Bacteroides species distribution in the human colon,
which is highly variable. Of note is that B. xylanisolvens, B. thetaiotaomicron, and B. fragilis
occurred at very similar abundances with the endometrial microbiome in our preliminary
study, while in the human colon, B. fragilis strains are 10- to 100-fold less abundant
compared to other intestinal Bacteroides species, constituting less than 1% of the colonic
microbiota. Bacteroides species are obligately anaerobic, gram-negative rods and are one of
the most numerous bacteria found in the colon of many different animal species (Bernhard &
Field, 2000; Thomas et al., 2011), evidence building that various Bacteroides species
coevolved with different hosts (Bernhard & Field, 2000; Bickhed et al., 2005), also involving

substantial genomic changes outside of the 16S rRNA gene (Atherly & Ziemer, 2014).
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Unique features of Bacteroides relate to their tremendous, conserved genetic repertoire in
utilising a wide variety of carbohydrates, from small sugars to complex polysaccharides, as
substrates, as well as their genomic plasticity (Wexler, 2007; Thomas et al., 2011), likely also
explaining their fitness to very different anaerobic environments and hence their abundance as

mutualists in the Animalia domain.

Bacteroides have been extensively studied with regard to host-bacterial mutualism and are
involved in host physiology through a number of mechanisms in the gut, including epithelial
cell maturation and maintenance, mucosal barrier reinforcement, and key immunomodulatory
functions such as T-cell differentiation (Wexler, 2007; Thomas et al., 2011, Furusawa, Obata,
and Hase, 2015), which also enables Bacteroides to control their environment by
interacting with the host immune system so that it controls other bacteria, such as
competing symbionts and pathogens. In this respect, B. thetaiotaomicron (Comstock &
Coyne, 2003; Zocco et al., 2007) and B. fragilis (Wexler, 2007) have been widely studied and
serve as a model to host-bacterial mutualism, further insight gained since the completion of
the sequencing projects for B. thetaiotaomicron (Xu et al., 2003) and B. fragilis (Kuwahara et
al., 2004; Cerdefo-Tarraga et al., 2005) and subsequent multi-omics approaches. B.
xylanisolvens in contrast, which was found in a similar abundance in the endometrial
communities as the well-known B. thetaiotaomicron and B. fragilis taxa, has only recently
been described as a novel species in the human gut (Chassard et al., 2008), though
presumably also widely spread in the Animal domain (Atherly & Ziemer, 2014). Further
study of the uterine Bacteroides is warranted however, as a high diversity of clades at
increasing phylogenetic depth beyond the species and even strain level is expected (Coyne &

Comstock, 2008; Atherly & Ziemer, 2014).
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Overall, species diversity and richness of the endometrial communities was significantly
higher than in the anatomically closely related vaginal environment and grossly different
showing a number of Bacteroidetes and Proteobacteria taxa primarily associated with the
gastrointestinal tract, as well as Firmicutes and Actinobacteria taxa commonly found with the
vaginal microbiome. The origins of the uterine microbiota within the human bacterial
metacommunity remain therefore unclear. Historically, the reluctance to the idea of a non-
sterile intra-uterine environment has been attributed to the barrier function of the endocervix
in preventing the ascent of bacteria from the vagina, the endocervix having assumed mythic
proportions and described as the Colossus of Rhodes of the female genital tract (Quayle,
2002). Though the barrier properties of the endocervix have not been fully elucidated,
endocervical barrier function is generally attributed to the physical barrier provided by the
viscoelastic endocervical mucus (Linden et al., 2008) and to unique innate and adaptive
mucosal immunity features (Quayle, 2002; Wira et al., 2005; Hickey et al., 2011). Such
widely cited theory has been challenged however in many ways. Twenty years ago, Kunz et al
for instance, performed an elegant experiment in which they administered radioactively
labelled albumin macrospheres of sperm size at the external cervical os and documented
through hysterosalpingoscintigraphy that following their vaginal deposition, albumin
macrospheres reached the uterine cavity within minutes (Kunz et al., 1997). These
experiments have been corroborated by others showing rapid spread to the uterine cavity even
when radioactively labelled albumin macrospheres were placed at the posterior vaginal fornix
at distance of the cervical os (Zervomanolakis et al., 2007). By these and related experiments
Kunz et al documented the uterine peristaltic pump function as a fundamental mechanism in
human reproduction, the uterus actively harvesting vaginal content (Kunz et al., 1997). Even

the previously considered impregnable endocervical mucus plug that develops in pregnancy,
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has recently been shown to inhibit though not block the passage of ascending bacteria from

the vagina (Hansen et al., 2014).

Though the ascent from the vagina therefore appears the most plausible route, it is noteworthy
that alternative routes have been suggested with regard to colonisation of the intra-uterine
environment, though all related studies have focused on bacterial metacommunity migration
related to pregnancy. Aagaard et al recently reported a comprehensive study of the placental
microbiome and pointed at the similarity between the placental and oral microbiota (Aagaard
et al., 2014), feeding the concept of a haematogenous oral-placental route (Mendz, Kaakoush
& Quinlivan, 2013). Of particular interest however, also in view of the findings obtained in
the present study, is the concept of entero-placental bacterial trafficking proposed by Jiménez
et al (Jiménez et al., 2008). Jiménez et al fed pregnant mice orally with a genetically-
labelled Enterococcus faecium strain and subsequently examined the meconial microbiome of
term offspring after sterile caesarean section in a well-designed and controlled study set-up,
and detected the labelled strain from meconium of the inoculated animals before the onset of
labour (Jiménez et al., 2008), providing strong evidence for entero-placental microbial

transmission in mammals.

The implications of the discovery of the uterine microbiome for human health and disease are
paramount. Viniker suggested more than a decade ago — even before the term ‘microbiome’
was coined — that unrecognised endometrial bacterial colonisation might help us to elucidate a
number of common gynaecological and obstetric conditions (Viniker, 1999). As exemplified
by our knowledge on the gut as the most extensively studied human microbiome site, host-
microbe interactions are increasingly found to be essential to many aspects of human

physiology (Dethlefsen, McFall-Ngai & Relman, 2007). Accordingly, the upper female
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genital tract microbiota can reasonably be expected to have a role 1n uterine physiology and in
human reproduction, as recently also suggested by others (Funkhouser & Bordenstein, 2013;
Reid et al., 2015). We have previously documented that subfertile women are considerably
more prone to present with dysbiosis of the vaginal microbiome as compared to the
background population (van Oostrum et al., 2013). We have further shown that bacterial
vaginosis involves the presence of an adherent vaginal polymicrobial biofilm (Verstraelen &
Swidsinski, 2013) and that this dysbiotic biofilm also adheres to the endometrium in half of
the patients presenting with bacterial vaginosis (Swidsinski et al., 2013). Hence, albeit the
vaginal and uterine microbiomes appear to be quite different bacterial communities residing
in completely different physicochemical and immune environments, dysbiosis of the vagina
may still predispose to dysbiosis of the uterine microbiome. This would explain for instance
the consistent association between dysbiosis of the vaginal microbiome and unfavourable
outcomes of human reproduction, such as subfertility (van Oostrum et al., 2013; Siro, Zarek
& Segars, 2014), assisted reproductive technology failure (van Oostrum et al., 2013; Siro,
Zarek & Segars, 2014) and preterm birth (Espinoza, Erez & Romero, 2006; Mysorekar &
Cao, 2014; Payne & Bayatibojakhi, 2014). Interestingly, in our patient series one subject
presented with an endometrial bacterial community that was highly different from all other
community structures, largely lacking the Bacteroides core, while resembling the vaginal
microbiome in the setting of bacterial vaginosis, with phylotypes including Prevotella spp.,
Atopobium vaginae, Mobiluncus curtisii, Porphyromonas, Dialister spp., Peptostreptococcus
spp. Our preliminary data do not allow us however to make any firm statements on

community states or dysbiosis of the endometrial microbiome.

We do acknowledge that the results of our exploratory study should be taken with

considerable caution. Firstly, since we included only a small number of white Caucasian

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(2Q




499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

patients with reproductive failure, our microbiome data are not necessarily generalizable to all
reproductive-aged women. We explicitly aimed for non-pregnant women without documented
uterine anomalies and in whom samples were obtained distant from pregnancy, to avoid any
potential influence of gestation on genital tract colonisation. At the same time, it may be
recognized that while we designated our patient group under the heading ‘“reproductive
failure”, study subjects presented with quite different idiopathic reproductive conditions
grouped under the umbrella terms “recurrent implantation failure” and “recurrent pregnancy
loss”. While these reproductive conditions may result from a variety of causes (Practice
Committee of the American Society for Reproductive Medicine, 2012; Coughlan et al., 2014),
we specifically aimed to exclude through hysteroscopy all known uterine pathology including
fibroids, endometrial polyps, congenital anomalies and intrauterine adhesions, that have been
associated with these conditions (Practice Committee of the American Society for
Reproductive Medicine, 2012; Coughlan et al., 2014). This approach further allowed us to
include nulliparous as well as parous women, that were highly diverse with regard to a
number of clinical characteristics including age, educational level, and medical history.
Hence, while definitely a selected group not representative for the background population of
healthy non-pregnant women, it cannot be ignored that a high consistency in endometrial
community architecture was observed. Secondly, the most contentious issue in the study of
the uterine microbiome since the 1950s has been the debate over cervicovaginal
contamination in studies applying transcervical techniques. Alternative approaches have been
described, in particular perioperative uterine transfundal needle aspiration and hysterotomy
and hysterectomy procedures. Perioperative transfundal needle aspiration is a procedure that
might be considered in selected patients undergoing elective abdominal surgery procedures,
and allows for the collection of endometrial fluid. Microbiome study of the vagina (Kim et al.,

2009) and the gut (Marteau et al., 2001; Zoetendal et al., 2002; Eckburg et al., 2005; Gillevet
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et al., 2010) has shown however that luminal bacteria do not adequately reflect the mucosal
microbiome, which is also a constraint to gut microbiome studies based on faecal sampling
for instance. Approaches were the uterine cavity can be sampled directly during surgery or
following hysterectomy clearly provide the most unbiased approach. However, such an
approach can only be performed in a limited set of premenopausal women without uterine
pathology or major morbidity and hence do prevent further study of the role of the uterine
microbiome in various patient sets. Accordingly, we made use of a transcervical approach
with a device intended for the procurement of uncontaminated endometrial tissue sampling,
which allowed us to sample a broad endometrial area with deep endometrial tissue harvesting.
While we maximized efforts as described above to avoid contamination from non-endometrial
tissue, we do acknowledge that the sampling procedure likely introduces mucus-contained
luminal endocervical bacteria in the endometrial cavity, though the extent of such
contamination can be expected to be low relative to the broad and deep endometrial tissue
collection, while it is further unknown to which extent endocervical microbiota differ from
uterine microbiota. While the inconsistent, yet occasionally pronounced abundance of
lactobacilli in particular is therefore potentially of concern in our study, we further obtained a
particularly uniform microbiome profile in a majority of study subjects, consistent with other
human microbiota showing a few dominant taxa and a long tail of less abundant species.
Further validation of our approach is definitely warranted, though it is also clear that further
study of the uterine microbiota will rely on transcervical approaches, preferably following
further optimisation. Thirdly, we did not control for recent intercourse, though vaginal
transfer of seminal bacteria has recently been documented (Borovkova et al., 2011; Méndar et

al., 2015), possibly influencing the uterine microbiota.
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We conclude that the present study along with other recent studies are consistent with the
presence of distinct microbiota residing in the upper female genital tract including the uterus,
fallopian tubes and ovaries (Pelzer et al., 2011; Pelzer et al., 2012; Pelzer et al., 2013a; Pelzer
et al., 2013b; Swidsinski et al., 2013) as part of the human microbiome in women of
childbearing age, and hence that further study is warranted to establish the role of the female

genital tract microbiome in women’s health and human reproduction.

FUNDING STATEMENT
We obtained no funding for this study. At the time of the study conduct, Dr. R. Vilchez-

Vargas was supported as a postdoctoral fellow by the Belgian Science Policy Office

(BELSPO).

ACKNOWLEDGEMENTS

We thank Iris Plumeier and Silke Kahl for their support in the sequencing procedures.

REFERENCES

Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. 2014. The placenta harbors a unique

microbiome. Science translational medicine 6:237ra65. doi: 10.1126/scitranslmed.3008599.

Ansbacher R, Boyson WA, Morris JA. 1967. Sterility of the uterine cavity. American journal of

obstetrics and gynecology 99:394-6.

Antony KM, Ma J, Mitchell KB, Racusin DA, Versalovic J, Aagaard K. 2015. The preterm placental

microbiome varies in association with excess maternal gestational weight gain. American journal of

obstetrics and gynecology 212:653.e1-16. doi: 10.1016/j.ajog.2014.12.041.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(23



574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

Atherly T, Ziemer CJ. 2014. Bacteroides isolated from four mammalian hosts lack host-specific 16S
rRNA gene phylogeny and carbon and nitrogen utilization patterns. Microbiology open 3:225-38. doi:

10.1002/mbo3.159.

Bickhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. 2005. Host-bacterial mutualism in the

human intestine. Science 307:1915-20.

Bhattacharjee B, Ghosh AK, Murray A, Murray AE. 2000. A study on the possible association of
dysfunctional uterine bleeding with bacterial vaginosis, mycoplasma, ureaplasma, and Gardnerella

vaginalis. Sexually transmitted infections 76:407.

Beals EW. 1984. Bray-Curtis ordination: an effective strategy for analysis of multivariate ecological
data. In: MacFadyen A. & Ford ED, eds. Advances in Ecological Research. London: Academic Press,

1-55.

Bernhard AE, Field KG. 2000. A PCR assay To discriminate human and ruminant feces on the basis
of host differences in Bacteroides-Prevotella genes encoding 16S rRNA. Microbiology 66: 4571-

4574. doi:10.1128/AEM.66.10.4571-4574.2000

Bollinger CC. 1964. Bacterial flora of the nonpregnant uterus: a new culture technique. Obstetrics and

gynecology 23:251-5.

Borovkova N, Korrovits P, Ausmees K, Tiirk S, Joers K, Punab M, Mindar R. 2011. Influence of
sexual intercourse on genital tract microbiota in infertile couples. Anaerobe 17:414-8. doi:

10.1016/j.anaerobe.2011.04.015.

Bray JR, JT Curtis. 1957. An ordination of upland forest communities of southern Wisconsin.

Ecological Monographs 27:325-349.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 234



https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1128%2FAEM.66.10.4571-4574.2000

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

Brewer CA. 2015. Available at: http://www.ColorBrewer.org.

Brubaker L, Wolfe AJ. 2015. The new world of the urinary microbiota in women. American journal of

obstetrics and gynecology 213:644-9. doi: 10.1016/j.ajog.2015.05.032.

Butler B. 1958. Value of endometrial cultures in sterility investigation. Fertility and sterility 9:269-73.

Camarinha-Silva A, Jauregui R, Chaves-Moreno D, Oxley AP, Schaumburg F, Becker K, Wos-Oxley
ML, Pieper DH. 2014. Comparing the anterior nare bacterial community of two discrete human

populations using Illumina amplicon sequencing. Environmental microbiology 16:2939-52. doi:

10.1111/1462-2920.12362.

Cerdefio-Tarraga AM, Patrick S, Crossman LC, Blakely G, Abratt V, Lennard N, Poxton I, Duerden
B, Harris B, Quail MA, Barron A, Clark L, Corton C, Doggett J, Holden MT, Larke N, Line A, Lord
A, Norbertczak H, Ormond D, Price C, Rabbinowitsch E, Woodward J, Barrell B, Parkhill J. 2005.
Extensive DNA inversions in the B. fragilis genome control variable gene expression. Science

307:1463-5.

Chassard C, Delmas E, Lawson PA, Bernalier-Donadille A. 2008. Bacteroides xylanisolvens sp. nov.,
a xylan-degrading bacterium isolated from human faeces. International journal of systematic and

evolutionary microbiology 58:1008-13. doi: 10.1099/ijs.0.65504-0.

Chaves-Moreno D, Plumeier I, Kahl S, Krismer B, Peschel A, Oxley AP, Jauregui R, Pieper DH.

2015. The microbial community structure of the cotton rat nose. Environmental microbiology reports.

Aug 26. doi: 10.1111/1758-2229.12334. [Epub ahead of print]

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(25



http://www.colorbrewer.org/

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

Cho I, Blaser MJ. 2012. The human microbiome: at the interface of health and disease. Nature

reviews. Genetics 13:260-70. doi: 10.1038/nrg3182.

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-Alfaro A, Kuske CR,
Tiedje JM. 2014. Ribosomal Database Project: data and tools for high throughput rRNA analysis.

Nucleic acids research 42:D633-42. doi: 10.1093/nar/gkt1244.

Comstock LE, Coyne MJ. 2003. Bacteroides thetaiotaomicron: a dynamic, niche-adapted human

symbiont. Bioessays 25:926-9.

Coughlan C, Ledger W, Wang Q, Liu F, Demirol A, Gurgan T, Cutting R, Ong K, Sallam H, Li TC.
2014. Recurrent implantation failure: definition and management. Reproductive biomedicine online

28:14-38. doi: 10.1016/j.rbmo.2013.08.011.

Cowling P, McCoy DR, Marshall RJ, Padfield CJ, Reeves DS. 1992. Bacterial colonization of the
non-pregnant uterus: a study of pre-menopausal abdominal hysterectomy specimens.

European journal of clinical microbiology & infectious diseases 11:204-5.

Coyne MJ, Comstock LE. 2008. Niche-specific features of the intestinal bacteroidales. Journal of

bacteriology 190:736-42.

Dethlefsen L, McFall-Ngai M, Relman DA. 2007. An ecological and evolutionary perspective on

human-microbe mutualism and disease. Nature 449:811-8.

Dickson RP, Erb-Downward JR, Martinez FJ, Huffnagle GB. 2015. The Microbiome and the

Respiratory Tract. Annual review of physiology. Nov 2. [Epub ahead of print]

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(26




656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill SR, Nelson KE,

Relman DA. 2005. Diversity of the human intestinal microbial flora. Science 308:1635-8.

Eschenbach DA, Rosene K, Tompkins LS, Watkins H, Gravett MG. 1986. Endometrial cultures
obtained by a triple-lumen method from afebrile and febrile postpartum women. The Journal of

infectious diseases 153:1038-45.

Espinoza J, Erez O, Romero R. 2006. Preconceptional antibiotic treatment to prevent preterm birth in

women with a previous preterm delivery. American journal of obstetrics and gynecology 194:630-7.

Etchebehere C, Tiedje J. 2005. Presence of two different active nirS nitrite reductase genes in a
denitrifying Thauera sp. from a high-nitrate-removal-rate reactor. Applied and environmental

microbiology 71:5642-5.

Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J, Huttenhower C. 2012. Microbial

co-occurrence relationships in the human microbiome. PLoS computational biology 8:¢1002606. doi:

10.1371/journal.pcbi.1002606.

Funkhouser LJ, Bordenstein SR. 2013. Mom knows best: the universality of maternal microbial

transmission. PLoS biology 11:¢1001631. doi: 10.1371/journal.pbio.1001631.

Furusawa Y, Obata Y, Hase K. 2015. Commensal microbiota regulates T cell fate decision in the gut.

Seminars in immunopathology 37:17-25. doi: 10.1007/s00281-014-0455-3.

Gillevet P, Sikaroodi M, Keshavarzian A, Mutlu EA. 2010. Quantitative assessment of the human gut

microbiome using multitag pyrosequencing. Chemistry & biodiversity 7:1065-75. doi:

10.1002/cbdv.200900322.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 223




684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

Grossman JH 3rd, Adams RL, Hierholzer WJ Jr, Andriole VT. 1978. Endometrial and vaginal cuff
bacteria recovered at elective hysterectomy during a trial of antibiotic prophylaxis. American journal

of obstetrics and gynecology 130:312-6.

Hansen LK, Becher N, Bastholm S, Glavind J, Ramsing M, Kim CJ, Romero R, Jensen JS, Uldbjerg
N. 2014. The cervical mucus plug inhibits, but does not block, the passage of ascending bacteria from
the vagina during pregnancy. Acta obstetricia et gynecologica scandinavica 93:102-8. doi:

10.1111/a0gs.12296.

Heinonen PK, Teisala K, Punnonen R, Miettinen A, Lehtinen M, Paavonen J. 1985. Anatomic sites of

upper genital tract infection. Obstetrics and gynecology 66:384-90.

Hemsell DL, Obregon VL, Heard MC, Nobles BJ. 1989. Endometrial bacteria in asymptomatic,

nonpregnant women. The journal of reproductive medicine 34:872-4.

Hickey DK, Patel MV, Fahey JV, Wira CR. 2011. Innate and adaptive immunity at mucosal surfaces
of the female reproductive tract: stratification and integration of immune protection against the
transmission of sexually transmitted infections. Journal of reproductive immunology 88:185-94. doi:

10.1016/j.jri.2011.01.005.

Jiménez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, Ferndndez L, Rodriguez JM.
2008. Is meconium from healthy newborns actually sterile? Research in microbiology 159:187-93.

doi: 10.1016/j.resmic.2007.12.007.

Kim TK, Thomas SM, Ho M, Sharma S, Reich CI, Frank JA, Yeater KM, Biggs DR, Nakamura N,
Stumpf R, Leigh SR, Tapping RI, Blanke SR, Slauch JM, Gaskins HR, Weisbaum JS, Olsen GJ,
Hoyer LL, Wilson BA. 2009. Heterogeneity of vaginal microbial communities within individuals.
Journal of clinical microbiology 47:1181-9. doi: 10.1128/JCM.00854-08.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(A8




712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

Knuppel RA, Scerbo JC, Dzink J, Mitchell GW Jr, Cetrulo CL, Bartlett J. 1981. Quantitative

transcervical uterine cultures with a new device. Obstetrics and gynecology 57:243-8.

Kristiansen FV, Oster S, Frost L, Boustouller Y, Korsager B, Mgller BR. 1987. Isolation of
Gardnerella vaginalis in pure culture from the uterine cavity of patients with irregular bleedings.

British journal of obstetrics and gynaecology 94:979-84.

Kunz G, Beil D, Deiniger H, Einspanier A, Mall G, Leyendecker G. 1997. The uterine peristaltic
pump. Normal and impeded sperm transport within the female genital tract. Advances in experimental

medicine and biology 424:267-77.

Kuwahara T, Yamashita A, Hirakawa H, Nakayama H, Toh H, Okada N, Kuhara S, Hattori M,
Hayashi T, Ohnishi Y. 2004 Genomic analysis of Bacteroides fragilis reveals extensive DNA

inversions regulating cell surface adaptation. Proceedings of the National Academy of Sciences of

the United States of America 101:14919-24.

Lane DJ. 1991. 16S/23S rRNA sequencing. In: Stackebrandt E. & Goodfellow M, eds. Nucleic acid

techniques in bacterial systematics. Chichester, United Kingdom: Wiley & Sons, 115-175.

Larsson PG, Bergman B, Forsum U, Pahlson C. 1990. Treatment of bacterial vaginosis in women with

vaginal bleeding complications or discharge and harbouring Mobiluncus. Gynecologic and obstetric

investigation 29:296-300.

Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA. 2008. Mucins in the mucosal barrier

to infection. Mucosal immunology 1:183-97. doi: 10.1038/mi.2008.5.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(28




739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

Maier E, Anderson RC, Roy NC. 2014 Understanding how commensal obligate anaerobic bacteria

regulate immune functions in the large intestine. Nutrients 7:45-73. doi: 10.3390/nu7010045.

Maksem JA. 2000. Performance characteristics of the Indiana University Medical Center endometrial
sampler (Tao Brush) in an outpatient office setting, first year's outcomes: recognizing histological

patterns in cytology preparations of endometrial brushings. Diagnostic cytopathology 22:186-95.

Mindar R, Punab M, Borovkova N, Lapp E, Kiiker R, Korrovits P, Metspalu A, Krjutskov K, Nélvak
H, Preem JK, Oopkaup K, Salumets A, Truu J. 2015. Complementary seminovaginal microbiome in

couples. Research in microbiology 166:440-7. doi: 10.1016/j.resmic.2015.03.009.

Marteau P, Pochart P, Doré J, Béra-Maillet C, Bernalier A, Corthier G. 2001. Comparative study of
bacterial groups within the human cecal and fecal microbiota. Applied and environmental

microbiology 67:4939-42.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interactive analysis and

graphics of microbiome census data. PLoS one 8:¢61217. doi: 10.1371/journal.pone.0061217.

Mendz GL, Kaakoush NO, Quinlivan JA. 2013. Bacterial aetiological agents of intra-amniotic
infections and preterm birth in pregnant women. Frontiers in cellular and infection microbiology 3:58.

doi: 10.3389/fcimb.2013.00058.

Mishell DR Jr, Bell JH, Good RG, Moyer DL. 1966. The intrauterine device: a bacteriologic study of

the endometrial cavity. American journal of obstetrics and gynecology 96:119-26.

Mitchell CM, Haick A, Nkwopara E, Garcia R, Rendi M, Agnew K, Fredricks DN, Eschenbach D.
2015. Colonization of the upper genital tract by vaginal bacterial species in nonpregnant women.
American journal of obstetrics and gynecology 212:611.e1-9. DOI:10.1016/j.ajog.2014.11.043.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2B




767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

Mgller BR, Kristiansen FV, Thorsen P, Frost L, Mogensen SC. 1995. Sterility of the uterine cavity.

Acta obstetricia et gynecologica scandinavica 74:216-9.

Mysorekar IU, Cao B. 2014. Microbiome in parturition and preterm birth. Seminars in reproductive

medicine 32:50-5. doi: 10.1055/5-0033-1361830.

NCBI Resource Coordinators. 2015. Database resources of the National Center for Biotechnology

Information. Nucleic acids research 43:D6-17. doi: 10.1093/nar/gkul130.

Nelson LH & Nichols SB. 1986. Effectiveness of the Isaacs cell sampler for endometrial cultures. The

Jjournal of reproductive medicine 31:473-7.

Oksanen J, Kindt R, Legendre P, O’Hara B, Stevens MHH, Oksanen MJ, Suggests, MASS. 2007. The
vegan package. Community ecology package. R package version 2.0-10. Available at: http://CRAN.R-

project.org/package=vegan.

Payne MS, Bayatibojakhi S. 2014. Exploring preterm birth as a polymicrobial disease: an overview of

the uterine microbiome. Frontiers in immunology 5:595. doi: 10.3389/fimmu.2014.00595.

Pelzer ES, Allan JA, Cunningham K, Mengersen K, Allan JM, Launchbury T, Beagley K, Knox CL.
2011. Microbial colonization of follicular fluid: alterations in cytokine expression and adverse assisted

reproduction technology outcomes. Human reproduction 26:1799-812. doi: 10.1093/humrep/der108.

Pelzer ES, Allan JA, Theodoropoulos C, Ross T, Beagley KW, Knox CL. 2012. Hormone-dependent

bacterial growth, persistence and biofilm formation--a pilot study investigating human follicular fluid

collected during IVF cycles. PLoS one 7:¢49965. doi: 10.1371/journal.pone.0049965.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2%



http://cran.r-project.org/package=vegan
http://cran.r-project.org/package=vegan

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

Pelzer ES, Allan JA, Waterhouse MA, Ross T, Beagley KW, Knox CL. 2013. Microorganisms within

human follicular fluid: effects on IVF. PLoS one 8:¢59062. doi: 10.1371/journal.pone.0059062.

Pelzer ES, Harris JE, Allan JA, Waterhouse MA, Ross T, Beagley KW, Knox CL. 2013. TUNEL
analysis of DNA fragmentation in mouse unfertilized oocytes: the effect of microorganisms within

human follicular fluid collected during IVF cycles. Journal of reproductive immunology 99:69-79. doi:

10.1016/j.jri.2013.07.004.

Pezzlo MT, Hesser JW, Morgan T, Valter PJ, Thrupp LD. 1979. Improved laboratory efficiency and
diagnostic accuracy with new double-lumen-protected swab for for endometrial specimens. Journal of

clinical microbiology 9:56-9.

Practice Committee of the American Society for Reproductive Medicine. 2012. Evaluation and
treatment of recurrent pregnancy loss: a committee opinion. Fertility & sterility 98:1103-11. doi:

10.1016/j.fertnstert.2012.06.048.

Quayle AJ. 2002. The innate and early immune response to pathogen challenge in the female genital

tract and the pivotal role of epithelial cells. Journal of reproductive immunology 57:61-79.

R Core Team. 2012. R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0. Available at: http://www.R-project.org/.

Reid G, Brigidi P, Burton JP, Contractor N, Duncan S, Fargier E, Hill C, Lebeer S, Martin R, McBain
AJ, Mor G, O'Neill C, Rodriguez JM, Swann J, van Hemert S, Ansell J. 2015. Microbes central to

human reproduction. American journal of reproductive immunology 73:1-11. doi: 10.1111/aji.12319.

Ribet D, Cossart P. 2015. How bacterial pathogens colonize their hosts and invade deeper tissues.
Microbes and infection 17:173-83. doi: 10.1016/j.micinf.2015.01.004.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 22



http://www.r-project.org/

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski RA, Oakley BB,
Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG, Van Horn DJ, Weber CF. 2009.
Introducing mothur: open-source, platform-independent, community-supported software for
describing and comparing microbial communities. Applied and environmental microbiology 75:7537-

41. doi: 10.1128/AEM.01541-09.

Sirota I, Zarek SM, Segars JH. 2014. Potential influence of the microbiome on infertility and assisted

reproductive technology. Seminars in reproductive medicine 32:35-42. doi: 10.1055/s-0033-1361821.

Sparks RA, Purrier BG, Watt PJ, Elstein M. 1981. Bacteriological colonisation of uterine cavity: role

of tailed intrauterine contraceptive device. British medical journal. 282:1189-91.

Spore WW, Moskal PA, Nakamura RM, Mishell DR Jr. 1970. Bacteriology of postpartum oviducts

and endometrium. American journal of obstetrics and gynecology 107:572-7.

Swidsinski A, Verstraeclen H, Loening-Baucke V, Swidsinski S, Mendling W, Halwani Z. 2013.
Presence of a polymicrobial endometrial biofilm in patients with bacterial vaginosis. PLoS one

8:€53997. doi: 10.1371/journal.pone.0053997.

Tao LC. 1997. Direct intrauterine sampling: the IUMC Endometrial Sampler. Diagnostic

cytopathology 17:153-9.

Teisala K. 1987. Endometrial microbial flora of hysterectomy specimens. European journal of

obstetrics, gynecology, and reproductive biology 26:151-5.

Thomas F, Hehemann JH, Rebuffet E, Czjzek M, Michel G. 2011. Environmental and gut
bacteroidetes: the food connection. Frontiers in microbiology 30:93. doi: 10.3389/fmicb.2011.00093.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 23




851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

van de Wijgert JH, Borgdorff H, Verhelst R, Crucitti T, Francis S, Verstraelen H, Jespers V. 2014.
The vaginal microbiota: what have we learned after a decade of molecular characterization? PLoS one

9:105998. doi: 10.1371/journal.pone.0105998.

van Oostrum N, De Sutter P, Meys J, Verstraelen H. Risks associated with bacterial vaginosis in
infertility patients: a systematic review and meta-analysis. 2013. Human reproduction 28:1809-15.

doi: 10.1093/humrep/det096.

Verstraelen H, Swidsinski A. 2013. The biofilm in bacterial vaginosis: implications for epidemiology,
diagnosis and treatment. Current opinion in  infectious  diseases  26:86-9. doi:

10.1097/QC0.0b013e32835¢20cd.

Vilchez-Vargas R, Geffers R, Sudrez-Diez M, Conte I, Waliczek A, Kaser VS, Kralova M, Junca H,
Pieper DH. 2013. Analysis of the microbial gene landscape and transcriptome for aromatic pollutants
and alkane degradation using a novel internally calibrated microarray system. Environmental

microbiology 15:1016-39. doi: 10.1111/j.1462-2920.2012.02752.x.

Viniker DA. 1999. Hypothesis on the role of sub-clinical bacteria of the endometrium (bacteria

endometrialis) in gynaecological and obstetric enigmas. Human reproduction update 5:373-85.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and environmental microbiology 73:5261-

7.

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Huber W, Liaw A, Lumley T, Maechler M,
Magnusson A, Moeller S, Schwartz M, Venables B. 2012. gplots: various R programming tools for
plotting data. Available at: http://CRAN.R-project.org/package=gplots.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 2(B4



http://cran.r-project.org/package=gplots

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

Wexler HM. 2007. Bacteroides: the good, the bad, and the nitty-gritty. Clinical microbiology reviews

20:593-621.

Whiteside SA, Razvi H, Dave S, Reid G, Burton JP. 2015. The microbiome of the urinary tract--a role

beyond infection. Nature reviews. Urology 12:81-90. doi: 10.1038/nrurol.2014.361.

Wira CR, Fahey JV, Sentman CL, Pioli PA, Shen L. 2005. Innate and adaptive immunity in female

genital tract: cellular responses and interactions. Immunological reviews 206:306-35.

Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC, Hooper LV, Gordon JI. 2003. A

genomic view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299:2074-6.

Zervomanolakis I, Ott HW, Hadziomerovic D, Mattle V, Seeber BE, Virgolini I, Heute D, Kissler S,
Leyendecker G, Wildt L. 2007. Physiology of upward transport in the human female genital tract.

Annals of the New York Academy of Sciences 1101:1-20.

Zocco MA, Ainora ME, Gasbarrini G, Gasbarrini A. 2007. Bacteroides thetaiotaomicron in the gut:

molecular aspects of their interaction. Digestive and liver disease 39:707-12.

Zoetendal EG, von Wright A, Vilpponen-Salmela T, Ben-Amor K, Akkermans AD, de Vos WM.
2002. Mucosa-associated bacteria in the human gastrointestinal tract are uniformly distributed along
the colon and differ from the community recovered from feces. Applied and environmental

microbiology 68:3401-7.

Peer] PrePrints | https://doi.org/10.7287/peerj.preprints.1269v2 | CC-BY 4.0 Open Access | rec: 3 Dec 2015, publ: 3 Dec 285




906

907

908

909

910

911

912

913

914

915

916

917

918

FIGURE LEGENDS

Figure 1. Endometrial bacterial community structure in subjects included (n=19).

Endometrial bacterial community structure in each subject, showing those 60 phylotypes
which exhibited an abundance of at least 1% in at least one of the samples. The colour code
indicates the relative abundance of these phylotypes per sample (see colour code in the upper

left corner of the figure).

Figure 2. Similarity between bacterial communities in endometrial samples (n=19).
The dendrogram was constructed by agglomerative hierarchical clustering (group-average)
based on a relative abundance matrix of 183 phylotypes. The percentage of similarity between

the communities was calculated using the Bray-Curtis similarity algorithm.
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