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ABSTRACT: There is growing evidence that the upper female genital tract is not sterile, harbouring its own microbial communities.

However, the significance and the potential effect of endometrial microorganisms on reproductive functions remain to be fully elucidated.
Analysing the endometrial microbiome, the microbes and their genetic material present in the endometrium, is an emerging area of study.
The initial studies suggest it is associated with poor reproductive outcomes and with different gynaecological pathologies. Nevertheless,

studying a low-biomass microbial niche as is endometrium, the challenge is to conduct well-designed and well-controlled experiments in or-
der to avoid and adjust for the risk of contamination, especially from the lower genital tract. Herein, we aim to highlight methodological
considerations and propose good practice recommendations for future endometrial microbiome studies.
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Introduction

Few, if any, tissues in our body are totally sterile, with most having a
coevolved microbiota, i.e. community of microorganisms that inhabits
a defined site. Indeed, recent studies have sequenced hyper-variable
regions of the bacterial 16S rRNA gene and have identified a unique
endometrial microbiome, i.e. microorganisms and their genomes
(Baker et al, 2018; Benner et al., 2018; Koedooder et al., 2019).
The uterine (endometrial) microbiome is considered as a low micro-
bial biomass site since the estimation of the uterine bacterial load is
100—10 000 times lower than that of the vagina (Baker et al., 2018).
Endometrial microbiome composition has been associated with vari-
ous gynaecological diseases such as endometriosis, chronic endometri-
tis, dysfunctional endometrial bleeding, endometrial cancer or
hyperplasia, and poorer outcomes in assisted reproduction (Molina
et al., 2020) (see Table | for all studies). Especially, the potential impli-
cations for human reproduction have sparked research in a previously
overlooked infectious cause of infertility. However, there is in fact only

one study to date that has detected a statistically significant difference
in microbiome profiles between successful and unsuccessful reproduc-
tive outcomes (Moreno et al., 2016). Other studies have not detected
any significant associations between endometrial microbiome and re-
productive outcomes (Franasiak et al., 2016; Verstraelen et al., 2016;
Kyono et al, 2018, 2019; Liu et al, 2018; Wee et al, 2018;
Hashimoto and Kyono, 2019; Carosso et al., 2020; Riganelli et dl.,
2020). The study by Moreno et dl. analysed 35 infertile women under-
going IVF and detected Lactobacillus dominance in the uterus.
Interestingly, non-Lactobacillus-dominated microbiome was associated
with decreased implantation, pregnancy and live birth rates among in-
fertile women undergoing IVF (Moreno et al., 2016). In most of the
studies, the endometrial sample was obtained transcervically, which is
prone to the bacterial ‘contamination’ from the lower genital tract.
Notably, studies that obtained endometrial biopsies from hysterec-
tomy (Winters et al., 2019), laparoscopy (Chen et al., 2017) and/or
during caesarean section (Leoni et al., 2019; Younge et al., 2019) (low-
ering the contamination risk from the vagina and cervix) conclude that
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Lactobacillus does not dominate the uterine cavity, and bacteria such
as Pseudomonas, Acinetobacter, Vagococcus and Sphinogobium constitute
a notable fraction of the endometrial microbiome, contradicting the
findings of Lactobacillus-dominance in the uterus in studies using trans-
cervical sampling method (Moreno et al, 2016; Kyono et al., 2018;
Hashimoto and Kyono, 2019). Even more, 40% of the endometrial
samples collected from abdominal hysterectomy did not present any
detectable uterine microbiome above the negative controls (Winters
et al, 2019), which adds to the ongoing debate whether there is in
fact a unique endometrial microbiome in all women, and whether the
detected bacterial sequences refer to tourists, residents, invaders or
contamination.

Difficulty in establishing the endometrial core microbiome is further
hindered by the fact that the original works performed so far are
barely comparable (see Table [), with different study protocols and
several other limitations, leaving us far from drawing any conclusions
on the composition and role of the microbial communities in the en-
dometrium in health and disease. It is important to be meticulous in
designing, analysing and interpreting studies of the endometrial micro-
biome, as many factors starting from patient selection, sampling meth-
ods and handling, laboratory experiments, statistical analyses and other
confounding factors can lead to potential bias and hamper study valid-
ity, reliability and generalisability (Molina et al., 2020). There is an ur-
gent need for standardised methodologies and data processing of the
obtained results in the fast-growing field of endometrial microbiome in
order to improve comparability of studies and facilitate meta-analyses.
With this review, we give an overview of the methodology that is cur-
rently used to study the endometrial microbiome and highlight factors
that can influence studies in niches with low microbial abundance, as is
the endometrium. Furthermore, we aim to provide recommendations
for conducting well-designed, clinically relevant studies with detailed
metadata in order to adequately analyse and explore the clinical impli-
cations of reproductive tract exposure to microorganisms and to en-
sure that quality research in endometrial microbiome studies is
undertaken.

Considerations on study design

Designing an experiment that generates meaningful data is the first im-
portant step. Differences in microbial community structure, composi-
tion and genetics or function between separate cohorts (case-control
or cross-sectional studies) or over time (longitudinal studies) can be
studied in the context of endometrial microbiome. Prospective studies
should aim to collect the samples at identical time points as well as se-
quential samples from the same individual at different time points
(Knight et al., 2018). For instance in the gut, microbial community in-
stability rather than the specific taxa present at a single time point has
been considered as a predictor of a disease (Knight et al., 2018).
Adequate sample size is another important point. Majority of the
endometrial microbiome studies performed to date are under-
powered, including on average 30-60 participants (Table I). Statistical
power and effect size analyses are a challenge, and proper methods
such as Dirichlet Multinomial, PERMANOVA or random forest analy-
ses should be applied in order to determine technical variability and to
obtain true biological results (Knight et al., 2018; Qian et al., 2020).

The next important aspect to consider is the reproducibility of the
studies. Similar microbiome studies can produce different results, and
without detailed documentation of the study population, sample type,
collection method, data processing and analysis workflow, i.e. the cre-
ation of metadata, it is difficult to reproduce the data (Jurburg et al.,
2020). The recorded metadata would ensure that as much variability
as possible is accounted for, and it should be made publicly available
together with the raw data. However, metadata deposited in reposito-
ries (e.g. sequence read archive) are not standardised, creating diffi-
culty for sample reanalysis (Kasmanas et al, 2021). We also
recommend the researchers to follow the Genomic Standards
Consortium  minimum information standards for marker genes
(MIMARKS) and metagenome (i.e. sequencing of microbiome) analyses
(MIMS) (Yilmaz et al.,, 201 |; Quinones et al., 2020), or other initiatives
such as BioProject and BioSample project, which outline the minimum
necessary information about a metagenomic sample (Kasmanas et al.,
2021).

Considerations on study
population

Accurate selection of patients and controls is the next crucial step in
planning a quality research project, where it is important to consider
endometrial microbiome dynamics and factors that could influence the
uterine environment (see review for factors by (Molina et al., 2020)).
It is still debatable whether endometrial microbiome changes through-
out the menstrual cycle or not (Altmde, 2018). Some studies have
detected that endometrial microbiome is highly stable throughout the
menstrual cycle (Khan et al., 2016; Moreno et al., 2016; Kyono et al.,
2018), while other groups have found significant differences in the
composition of uterine microbes between proliferative, secretory and
menstrual phases (Chen et al., 2017; Pelzer et al, 2018; Kadogami
et al., 2020; Sola-Leyva et al., 2021). Clearly, more investigation into
identification of the uterine ‘baseline’ microbial continuum along the
menstrual cycle is warranted.

The selection of proper control/patient groups depends on the spe-
cific research question; nevertheless, a detailed metadata information
is required for all participants in order to have comparable study
groups and to control for possible confounding factors. Furthermore,
nullipara, para and multipara women should be distinguished, as it has
been shown that pregnancy and childbirth can influence microbial
composition of the female reproductive tract (Koedooder et al.,
2019).

Considerations on endometrial
sampling and storage

The biggest concern regarding endometrial sampling for microbiome
analysis is the extremely high risk of contamination from lower genital
tract. Sampling during invasive surgical procedures, such as hysterec-
tomy and laparoscopy, avoids contamination with microbes from the
vagina and/or cervix, however, these samples are usually obtained
from women with an existing medical condition and from peri- and
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postmenopausal women, thus the results are not necessarily applicable
to healthy reproductive age women.

In addition to the conventional endometrial sampling devices such
as Pipelle and swabs, a few uterine sampling methods have been
adapted for microbiome studies in order to minimise the risk of con-
tamination: double-sheathed embryo transfer catheter (Franasiak et dl.,
2016), intrauterine insemination catheter (Kyono et al., 2018) and a
transcervical sheathed brush device (Verstraelen et al., 2016). Like
with every step in a study protocol, effort should be made to collect
samples in a standardised manner throughout the study for minimising
unintentional variability. A recent report compared microbial colonisa-
tion in endometrial fluid and endometrial tissue samples that were col-
lected simultaneously and concluded that the microbiome composition
in the fluid does not fully reflect that in the tissue (Liu et al., 2018).

Once collected, storage and transport of the samples under bacteri-
ostatic conditions are critical, as sample handling and treatment can in-
fluence the composition of a microbial community (Karstens et al.,
2018; Fricker et al., 2019). A quality microbiome study should also re-
cord sampling and storing steps in metadata collection. Direct freezing
of the collected samples at —80°C is considered as the reference
method in microbiome studies (Koedooder et al., 2019). A compara-
tive study on gut showed that there were no considerable differences
between 16S rRNA gene sequencing outcomes from fresh samples,
samples frozen at —80°C, or samples that were snap-frozen on dry ice
and then at —80°C (Fouhy et al, 2015). Of note, snap-freezing
reduces ice crystal formation in the sample compared with direct
freezing at —80°C, thus retaining a better cell integrity (Fouhy et dl.,
2015).

In a clinical setting, however, —80°C freezer is often not available
and different storage buffers/media could serve as alternatives that
can stabilise nucleic acids at 4°C or even at room temperature for
days (Karstens et al., 2018). Certain concentrated buffered solutions
such as RNAlater, PSP stabilisation buffer, Allprotect Tissue Reagent
or medium that stabilises microbes and maintains RNA and DNA in-
tegrity of bacteria and viruses (e.g. stabilisers by COPAN Diagnositics,
DNA Genotek, Norgen Biotek and others) are available in market.
Microbial community analysis from samples stored in RNAlater, how-
ever, has shown the least similar bacterial communities compared to
fresh samples and the samples stored at —80°C (Pollock et al., 2018).
Another study compared the use of six storage solutions (Norgen,
OMNI DNA Genotek, RNAlater, CURNA, HEMA and Shield) and
found that samples collected in Norgen and OMNI showed the least
shift in community composition relative to —80°C standards com-
pared with other storage media (Chen et al., 2019).

In short, different endometrial microbiome studies using different
sampling and storage methods (Table |) are hardly comparable and
the field is yearning for meticulously designed large cohort studies spe-
cifically adapted to the low microbial biomass niche.

Detection of microbiome

Technical variation among experimental methods ranging from nucleic
acid extraction to sequencing is high (Fricker et al., 2019). Commercial
kits for microbial nucleic acid isolation show different efficacy in lysing
specific microbes, which can impact the observed microbial patterns
(Pollock et al, 2018). Different methods for detecting microbial

communities including marker gene (prokaryotic 16S rRNA and fungal
internal transcribed spacer, ITS), metagenome and metatranscriptome
sequencing (see Fig. | for illustration of detection techniques) can also
give rise to diverse results (Knight et al., 2018). All these detection
methods have their strengths and limitations (see Table Il), and the
choice of method would depend on the study question, design and
budget.

Marker gene analysis

The most commonly used marker gene is 16S rRNA gene (Fig. ).
Despite 16S rRNA gene being specific to bacteria and archaea, addi-
tional marker genes for eukaryotic microorganisms, like fungi, exist 18S
rRNA gene, the 28S rRNA gene and the ITS (Fricker et al., 2019).

Marker gene amplification and sequencing is well-tested, fast and
cost-effective for attaining a low-resolution information of microbial
communities. This method is especially suitable for samples contami-
nated by host DNA (Knight et al., 2018) such as tissues and low mi-
crobial biomass samples as is the endometrium. However, different
methodological considerations should be considered when opting for
this detection method (Table Il). In the endometrial studies, the most
frequently used 16S rRNA hyper-variable region is V4 (Table I). A
study comparing V1-2 and V3-4 hyper-variable regions when analysing
vaginal microbiome concluded that V3-4 identifies more taxa and dis-
plays higher diversity than the VI-2 region, since VI-2 region failed to
identify some important species harbouring the female lower genital
tract (Graspeuntner et al., 2018).

Despite several limitations in marker gene analysis (Table II), this ap-
proach is the most commonly used and preferred for the low micro-
bial biomass microbiome studies today (Knight et al., 2018; Liu et dl.,
2020). In fact, all endometrial microbiome studies conducted so far
are based on the marker gene analysis, except for the preliminary
analysis of the five endometrial samples where the whole metagenome
analysis approach has been applied (Li et al., 2018; Garcia-Grau et al.,
2019; Moreno et al., 2020) (Table ).

Whole metagenome analysis

This approach yields more detailed genomic information and taxo-
nomic resolution than the marker gene sequencing method, capturing
all microbial genomes present in the sample, including viral and eukary-
otic DNA (Liu et al., 2020; Qian et al., 2020) (Fig. |; strengths and lim-
itations in Table Il). As the metagenomics field matures, the current
limitations (especially the annotation steps) will continue to improve.

The preliminary results in metagenome analysis have identified differ-
ent taxonomies of bacteria, archaea, fungi and viruses within the endo-
metrial samples (Li et al, 2018); however, greater depth of
sequencing, better reference database and more sample material are
required in order to meet the full coverage scale. Undoubtedly, assess-
ing microorganisms other than bacteria in endometrial/uterine health
and disease is an important future research area.

Metatranscriptome analysis

Unlike marker gene and metagenomic sequencing, where DNA
sequences in a sample are analysed regardless of the cell viability or
activity, metatranscriptomics uses RNA sequencing to profile tran-
scripts of microorganisms to provide information of gene expression
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Figure I. Different techniques for studying human microbiome: marker gene analysis, whole genome sequencing, metatran-
scriptomic sequencing, metaproteome and meta-metabolome analyses. Marker gene analysis targets a specific sequence of a gene in or-
der to identify microbial phylogenies in a sample. The most commonly used marker gene is 16S rRNA gene. The 16S and 23S rRNA genes are
highlighted together with the ITS region. VI-9 marks the hyper-variable regions, with the conserved regions between them. Whole metagenome se-
quencing analysis (metagenomics) consists of sequencing of all genes and genomes in a microbial community, which does not depend on amplifying
and sequencing specific taxonomically informative genes. Metagenome represents the genetic/functional potential of the microbes, not the actual ac-
tivity of the community. To analyse the functional activity (metatranscriptomics), the isolation of messenger RNA (mRNA) is necessary. It is also pos-
sible to characterise the function of microbial communities through the analysis of proteins expressed by microorganisms (metaproteomics), which
offers better knowledge of the intricate host—microbiome interactions. Generally, metatranscriptome and/or metaproteome studies are comple-
mented by identification and quantification of chemical compounds present in the sample (meta-metabolomics) in order to correlate gene expression

to the metabolite profiles.

and the functional activity of the microbiome (Knight et al., 2018).
One of the biggest challenges for metatranscriptome analysis is the
identification and removal of the host ribosomal sequences (>95% of
extracted bacterial RNA is non-coding rRNA and thus not informative
for active expression) in order to enrich the microbiome transcripts
(see Table Il for pros and cons).

Recently, the first endometrial metatranscriptomic analysis revealed
that endometria of healthy women harbour more than 5000 function-
ally active microorganisms (Sola-Leyva et al., 2021). This study also
demonstrated that several bacteria, viruses and archaea are differen-
tially regulated along the menstrual cycle and these cyclical changes
could be associated with metabolic activity in the host-microbiota
crosstalk during receptive phase endometrium (Sola-Leyva et al.,
2021).

Computational considerations

Microbiome data analysis methods are quickly advancing, and compu-
tational considerations and challenges are evolving alongside them.

Several platforms and algorithms exist, with a major issue being their
ability to guarantee proper alignment and fidelity of the data while suc-
cessfully subtracting contamination and background noise (Callahan
et al, 2017). The recommendations regarding differential abundance
testing using amplicon sequence variants (ASVs) over operational taxo-
nomic units (OTUs) have advanced especially fast (Knight et al., 2018).
ASV methods deduce the biological sequences in the sample before
amplification and sequencing errors, and distinguish sequence variants
differing by as little as one nucleotide (Callahan et al., 2017). These
new ASV methods are expected to replace OTUs as the unit of
analysis.

Many pipelines are available today to process and analyse 16S
rRNA gene sequencing data, where QIIME, QIIME 2, UPARSE,
USEARCH, VSEARCH and Mothur are the most commonly used (Liu
et al.,, 2020). An additional factor that could influence the resolution of
the analysis is database selection for taxon identification (Knight et al.,
2018). Different curated databases of 16S rRNA gene sequences exist,
such as Greengenes, SILVA, NCBI and Ribosomal Database Project
(RDP) classifier (Karstens et al., 2018). The last three contain taxo-
nomic information for the domains of Bacteria, Archaea and Eukarya,
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Table Il High-throughput techniques to analyse the endometrial microbiome.

Technique Function Advantages
Marker gene analysis (e.g. 16S Amplification and sequencing of the Relatively rapid, simple and affordable
rRNA gene sequencing) 16S rRNA gene—a specific hyper-vari-  technique
able region or a set of contiguous hy- Classifies microorganisms to taxo-
per-variable regions nomic classification

Correlates well with genomic content
Applicable to many sample types and
study designs

Adaptable to low-biomass and highly
host-contaminated samples (e.g. en-
dometrial tissue)

Requires lower quantity of DNA input
(= 50ng)

Whole metagenome (shotgun)  Breaks the full DNA content into small ~ Captures the full genetic information

analysis constant fragments that can be se- (bacteria, archaea, viruses, eukaryotic
quenced and aligned to a reference microorganisms), including that of un-
catalogue known species

Does not require knowledge of micro-
bial community

No PCR-related biases

Allows direct quantification of micro-
bial gene abundance and microbial ge-
nome reconstruction

Predicts the potential function of the
microbiota based on their genomes
Enables a more specific taxonomic
resolution at the species level
Identification of strains

Can estimate in situ growth rates for
target organisms

Metatranscriptome analysis Sequencing of the transcribed RNA in  Directly evaluates microbial functional
(meta-RNAseq) a microbial community after undergo-  activity
ing samples to microbial rRNA and Informs about the viability/dormancy
host nucleic acid removal of microorganisms

Represents a link between the meta-
genome and community phenotype
Quantifies gene expression level,
detecting genes that are differentially
expressed/regulated

Captures dynamic intra-individual
variations

Limitations

Requires a priori knowledge of microbial
community

Limited to explore microbial diversity

Taxonomical resolution typically limited
to genera level

Some bacteria contain several copies of
16S rRNA

Indistinguishable species (some species
have <0.5% sequence divergence)
Limited identification of variant strains
(does not contemplate horizontal gene
transfer)

Different hyper-variable regions yield dif-
ferent results, making comparisons be-
tween studies challenging

Technical bias where some species are
amplified more than others

Limited functional analyses

No information about bacteria viability
Chimeric errors

DNA sequencing errors

Contaminant errors

More expensive and laborious

Requires complex bioinformatics and bio-
statistics pipelines

Assembly artefacts

Requires higher quality and higher
amounts of DNA (> | pg)

Requires removal of host and ribosomal
sequences

Just gives information about the potential
functionality

Huge amounts of data produced (specific
information is diluted)

Lacking universal reference databases
Difficult quantification of a particular or-
ganism in a sample

Viruses and plasmids are not typically well
annotated by default pipelines

No information about bacteria viability

Expensive and laborious technique
Difficult to maintain the resemblance of
the in situ expression levels

Abundance of the microorganisms and
their gene expression levels can exhibit
variation in transcript levels

Methods used for single-organism tran-
scriptomics cannot be applied

Host RNA and microbial rRNA must be
removed (ribodepletion, mMRNA
enrichment)

Requires creating a complex and proper
reference library

Requires paired DNA sequencing to de-
couple transcription rates from bacterial
abundance changes

(continued)
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Table Il Continued

Technique

Function

Advantages

Limitations

Metaproteome analysis

Meta-metabolome analysis

Shears the peptides into small frag-
ments that undergo a mass spectrom-
etry and the resulting amino acid
sequence is compared to a reference
databases

Examines metabolites through liquid/
gas chromatography, mass spectrome-
try and nuclear magnetic resonance
and metabolomic data are compared
to spectral databases

Informs about taxonomic distribution
Characterises all gene translation
products (sequential variants resulting
from splicing processes)

Provides insights on post translational
modification (identification of altera-
tions in structure)

Informs about the viability/dormancy
of microorganisms

Analyses interactions between species
present in a community

Informs about protein stability and
localisation

Identifies habitat-specific functions
covered by the community

Analyses of numerous metabolites in a
given sample

High predictive capacity for phenotype
Resolution of microbial metabolic
products/signalling molecules

Different strains, or even different spe-
cies, can maintain a similar functional
profile

Data are biased towards organisms with
high transcription rates
Time-consuming methodology

High sensitivity to sample impurities
Subject to inefficient chemical labelling
leading to compromised biological
coverage

Does not provide information on protein
abundance

Requires an environment-specific protein
database

Requires high amount of protein biomass
from samples

High cost

Rather emerging (currently not possible
to translate all the data produced into a
meaningful biological context)

Databases may contain low-quality refer-

ence mass spectrometry spectra
Enormous chemical diversity hinders mo-
lecular identification

Rapid turnover of metabolites

Difficult to determine whether a metabo-
lite was produced by the host or by the
microbiome

rRNA, ribosomal RNA; mRNA, messenger RNA.

while Greengenes is dedicated to Bacteria and Archaea (Balvocituté
and Huson, 2017). SILVA is the most updated and largest database,
allowing identification at the species level in a good number of taxa
(Balvociuté and Huson, 2017), and is commonly used for [6S rRNA
gene studies. However, one should consider using the NCBI database
in studies that perform both targeted |16S rRNA gene sequencing and
shotgun sequencing (Balvociuté and Huson, 2017).

For further reading about bicinformatics tools and how they can be
applied for targeted sequencing, metagenomic and metatranscriptomic
analyses please see previous comprehensive reviews (Knight et al.,
2018; Liu et al., 2020; Qian et al., 2020). In the last years, several ini-
tiatives have arisen to harmonise metadata from multiple human meta-
genomic studies in a single standardised database in order to readily
filter the data for samples of interest, including standardised attributes
describing host characteristics, sampling site and/or condition informa-
tion. Specifically, HumanMetagenomeDB aims to explore possibilities
of human metagenomes from different body sites (e.g. gut, skin, vagina,
however, not including uterus) in a user-friendly interface, leading to
accurate meta-analyses (Kasmanas et al., 2021). Furthermore, Vaginal

Microbiome Consortium is creating a specific database for vaginal sam-
ples (http://vmc.vcu.edu/vahmp) and similar activities are strongly en-
couraged for endometrial samples.

Combating contamination

It is clear that low-biomass microbial niches such as uterus are sensi-
tive to contamination and data misinterpretation. Two fundamental
types of contamination can arise in microbiome studies, contaminant
DNA and cross-contamination (Eisenhofer et al., 2019). To start with,
the contaminant DNA can originate from the technique of endometrial
sampling, but also from laboratory environment, plastic consumables,
researchers and reagents (Eisenhofer et al., 2019). Many groups have
demonstrated that laboratory stocks used in processing and analysing
DNA are contaminated with bacterial DNA—jointly termed as
‘kitome’ (unsurprising as many enzymes/compounds in them are de-
rived from bacteria) (Kim et al, 2017). The kitome varies between
kits, and can even be different between different lots of the same kit
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Table IlI List of contaminant genera most commonly identified in human microbiome studies.

List of contaminant genera

Afipia,? Aquabacterium,b Asticcacaulis,® Aurantimonas,? Beijerinckia'b Bosea,? Bradyrhizobium,? Brevundimonas,® Candidatus,?
Caulobacter,® Chelatococcus,* Craurococcus,® Devosia,® Gluconobacter,® Hoeflea,® Mesorhizobium,* Methylopila,?
Methylobacterium,a'b Novosphingobium,a'b Ochrobactrum,? Pannonibacter,® Paracoccus,® Pedomicrobium,? Phenylobacterium,?
Phyllobacterium,?® Pseudochrobactrum, Rhizobium,” Rhizomicrobium,® Roseomonas,® Rubellimicrobium,* Ruegeria,* Sphingobium,*®

Achromobacter,® Acidovorax,? Alicycliphilus,? Azoarcus,? Azospira,b Burkholderia,* Comamonas,™® Cupriavidus,a'b Curvibacter,®
Delftia,® Duganella,® Herbaspirillum,? Janthinobacterium,? Kingella,® Leptothrix,® Limnobacter,” Limnohabitans,*® Massilia,”
Methylophilus,® Methyloversatilis,® Neisseria,* Oxalobacter,? Parasutterella,* Pelomonas,? Polaromonas,” Ralstonia,*® Roseateles,?

Acinetobacter,*® Alcanivorax,* Cardiobacterium,? Citrobacter,® Dokdonella, Dyella,® Enhydrobacter,® Enterobacter,® Escherichia,®
Haemophilus,* Halomonas,* Klebsiella,* Lysobacter,® Nevskia,” Pseudomonas,® Pseudoxanthomonas,” Psychrobacter,® Serratia,?

Actinomyces,* Aeromicrobium,” Agrococcus,® Arthrobacter,® Atopobium,® Beutenbergia,” Bifidobacterium,® Blastococcus,?

Brevibacterium,? Collinsella,* Corynebacterium,? Curtobacterium,? Dermacoccus,? Dietzia, Eggerthella,? Geodermatophilus,b
Gordonia,? Janibacter,® Kocuria,® Microbacterium,® Micrococcus,*® Microlunatus,® Patulibacter,® Pilimelia,® Propionibacterium,?
Pseudoclavibacter,* Renibacterium,® Rhodococcus,® Rothia,? Slackia,® Tsukamurella,® Zimmermannella®

Abiotrophia,® Alicyclobacillus,* Anaerococcus,® Anaerotruncus,? Bacillus,® Blautia,® Brevibacillus,® Brochothrix,® Catenibacterium,?

Christensenella,® Clostridium,* Coprococcus,® Dialister,* Dorea,* Enterococcus,” Erysipelatoclostridium,® Eubacterium,®
Exiguobacterium,® Facklamia,® Faecalibacterium,? Fastidiosipila,® Finegoldia,* Flavonifractor,® Gemella,* Geobacillus,” Granulicatella,?
Halocella,? Intestinibacter,® Johnsonella,* Lachnoanaerobaculum,? Lachnoclostridium,? Lachnospira,® Lactobacillus,* Lactococcus,?
Leuconostoc,* Megasphaera,® Moryella,* Oscillospira,* Paenibacillus,® Papillibacter,® Parvimonas,® Peptococcus, Peptoniphilus,?
Pseudobutyrivibrio,® Pseudoflavonifractor,® Quinella,* Roseburia,® Ruminiclostridium,® Ruminococcus,” Sanguibacter,® Selenomonas,®
Solobacterium,? Staphylococcus,? Streptococcus,® Thermicanus,® Trichococcus,® Tumebacillus,? Turicibacter,® Tyzzerella,? Veillonella®

Phylum
Proteobacteria Alpha-proteobacteria:
Sphingomonas,™® Sphingopyxis,® Telmatospirillum®
Beta-proteobacteria:
Schlegelella,® Sulfuritalea,® Tepidimonas,® Undibacterium,® Variovorax,® Vogesella®
Gamma-proteobacteria:
Shewanella,® Stenotrophomonas,? Xanthomonas,? Yersinia®
Actinobacteria
Firmicutes
Bacteroidetes

Alistipes,® Bacteroides,” Capnocytophaga,® Chryseobacterium,* Cloacibacterium,? Dyadobacter,b Elizabethkingia,” Filimonas,”

Flavobacterium,? Fluviicola,® Hydrotalea,® Hymenobacter,? Niastella,® Olivibacter,® Parabacteroides,? Pedobacter,? Porphyromonas,?
Prevotella,® Sediminibacterium,* Sphingobacterium,* Wautersiella,* Xylanibacter®

Deinococcus-Thermus Deinococcus,* Meiothermus®

Fusobacteria Fusobacterium,? Leptotrichia®
Spirochaetes Leptospira®
Acidobacteria Predominantly unclassified Acidobacteria Gp2 organisms®

The listed genera were detected in sequenced negative controls, consisting of DNA extraction blanks from different DNA extraction kits, and no-template PCR amplification controls
from PCR kits (Salter et al., 2014; Glassing et al., 2016; Kyono et al., 2018; Eisenhofer et al., 2019; Hashimoto and Kyono, 2019; Kitaya et al., 2019; Weyrich et al., 2019; Winters et al.,

2019; Carosso et al., 2020; Kadogami et al., 2020).
Source of contamination: *Extraction blank control; ®No-template amplification control.

(Salter et al., 2014; Glassing et al., 2016). Thus, it is strongly recom-
mended to process all samples side by side using the same batches of
reagents. In fact, over 100 common contaminant taxa have been
detected in DNA extraction blank controls and no-template controls
across many studies (Table lll). Cross-contamination is another chal-
lenge during microbiome sample processing and can originate from
other samples and sequencing runs (Eisenhofer et al, 2019). It has
been demonstrated that lower levels of microbial DNA within low-
biomass samples enable contaminant DNA and cross-contamination
to outcompete and dominate the biological signal within the sample
(Salter et al., 2014; Glassing et al., 2016).

Regardless of the study approach, appropriate controls are vital
and mandatory for microbiome studies. Low-biomass environ-
ments, such as the endometrium, require controls that have gone
through the entire sampling process in order to fully detect con-
taminants and to distinguish the low-abundance microorganisms
that truly originate from the sampling site (Salter et al, 2014;
Benner et al., 2018; Qian et al., 2020). Three types of negative

controls are recommended to adequately detect contaminants: (i)
sampling blank control, (i) DNA extraction blank control and (iii)
no-template amplification control (Eisenhofer et al., 2019; Weyrich
et al, 2019). As for the positive controls, two types are recom-
mended to use for determining the limit of detection and to evalu-
ate the effect of cross-contamination during the sample processing:
(i) DNA extraction positive control and (ii) positive amplification
control (Eisenhofer et al., 2019). A single known microbial isolate
or a mock community (known mixture of microbial species or a
synthetic non-biological DNA) could serve as positive controls
(Kim et al., 2017; Karstens et al., 2018; Pollock et al., 2018).

The contaminant taxa must be addressed in the final analysis and in-
terpretation of the results. As biomass decreases, the influence of con-
taminating sequences becomes more evident (Weyrich et al., 2019;
O’Callaghan et al., 2020). Three different strategies for assessing the
impact of contamination in the microbiome datasets are available: (i)
comparison of controls to biological samples, (ii) subtracting contami-
nants from biological samples (e.g. Decontam, microDecon) and (iii)
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Table IV The current good practice recommendations for performing endometrial microbiome studies.

Define confounding factors (e.g. age, medical history, medication, ethnicity, BMI, diet, sexual habits, pregnancy)
Create metadata (detailed information of participants, sample collection and storage, microbiome detection and analysis)

Using adapted sampling methods (e.g. double-sheathed catheter, sheathed brush device)—currently, the best method as
Using surgical procedures (hysterectomy, laparoscopy) avoids transcervical/vaginal bacterial contamination, but limitation
Using transcervical sampling (e.g. Pipelle)—the most commonly used technique, but high bacterial contamination risk from

Include negative controls (e.g. from gloves, unused surgical tools, swab of air)—allows adequate monitoring of contaminants

Snap-freezing and direct freezing of samples at —80°C are the reference methods (alternative is to use storage media that

Adequate cell lysis and host DNA elimination are crucial in extracting microbial DNA—one of the recommended kits today

16S rRNA marker gene analysis is the recommended method for low microbial biomass site analysis as is endometrium
Sequencing |6S rRNA gene hyper-variable regions 3-4 is the most commonly used and has been shown to be more sensitive

Study design ® Set study hypothesis
o Define study type (e.g. case-control, longitudinal)
Study population o Calculate sample size and power (Dirichlet Multinomial, PERMANOVA, random forest analyses)
e Specify participant inclusion/exclusion criteria
e Select and define control group
L]
L]
Endometrial sampling e Record cycle day for sampling as microbiome can change throughout the cycle
L]
reduces cervical/vaginal bacterial contamination risk and minimally invasive
L]
with obtaining samples from healthy controls
L]
cervix/vagina
L]
throughout sample collection and handling
Sample storage o
stabilises nucleic acids at higher temperatures)
o Avoid repeated freezing-thawing
e Record sampling and storage protocols in metadata
Detection of microbiome .
for low microbial biomass site is QlAamp DNA Microbiome Kit (Bjerre et al., 2019; Heravi et al., 2020)
® Include positive controls (e.g. bacterial mock community)
® Include negative controls (e.g. blank sample)
e Report in detail DNA extraction method and controls
® Assess microbial DNA quality and quantity (e.g. spectrophotometry)
L]
L]
over VI-2
o Utilise the same protocols throughout the study
Microbiome data analysis ® Process and analyse sequencing data with updated methods (e.g. QIIME2, Mothur)
e Use amplicon sequence variants (ASV) over operational taxonomic units (OTU)
o SILVA is the most updated and largest database for alignment—commonly used for 16S rRNA gene studies
® Remove contaminant sequences in silico (e.g. Decontam, microDecon, Sourcetracker)
o Predict microbial functional activity (PICRUSt, Tax4Fun, BugBase)
e Report in detail the analysis steps
Data validation o Quantify detected bacteria (e.g. flow-cytometry, gPCR, spiking of exogenous bacteria into crude samples)
e Validate in separate cohort
Data presentation e Deposit raw data and metadata to public database (e.g. SRA repository, European Nucleotide Archive)
o Characterise and report contaminant microbes
e Publish in detail the study protocols
® Address limitations/strengths of the study

using  predictive

modelling

for detecting

contaminants  (e.g.

Concluding remarks and future

Sourcetraker) (see Eisenhofer et al. (2019) for further reading).

To sum up, contamination has been and will be one of the biggest
combats in analysing endometrial microbes and it is clearly challenging
to control for all possible contaminants. Nevertheless, we should aim
transparency in presenting study results, provide raw data together
with metadata (also for negative/positive controls) and address the
study limitations adequately.

perspectives

Our understanding of the endometrial microbiome is still in its infancy
and myriads of questions remain to be addressed. Whether the micro-
biome detected in the endometrium is merely the result of contamina-
tion and an artefact of the study design, and/or whether the microbes
in the endometrium are tourists, invaders or residents need to be
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established by large and well-designed, well-controlled and well-
conducted studies.

Based on the currently available studies’ designs, no conclusive infor-
mation on microbial detection and distribution of a ‘core uterine
microbiome’ is available. Before the presence of a microbiome can be
attributed to a disease risk and pathogenesis, and before any treat-
ment options for bacterial ‘dysbiosis’ are offered for patients (Haahr
et al., 2020), acquisition and development of the ‘normal’ microbiome
must be well established (Chu et al., 2019). To that point, the role of
the endometrial microbiome and/or microbiota is not yet established,
and the nature of the relationship between the endometrial micro-
biome and the function of the female reproductive tract remains an
open issue. Furthermore, a sole presence of a microbial DNA se-
quence does not equate to the presence of a live microorganism, and
the question of the viability of microbes detected by the next-genera-
tion sequencing (NGS) requires further research (Benner et al., 2018;
Altmde et al., 2019). DNA sequences can represent microbial break-
down products (e.g. DNA from dead microbes) or background DNA
contamination (Kim et al., 2017), thus detection of a nucleotide se-
quence of a bacteria is not the same as the identification of a living mi-
croorganism; DNA can be used to characterise a microbiome but not
to establish its existence (Salter et al., 2014; Glassing et al., 2016; Kim
etal., 2017).

Although the functional activity of a given community could be pre-
dicted through analysing the microbial gene content (e.g. PICRUSY), fu-
ture analyses of the expressed proteins within a microbial community
(i.e. metaproteome) and characterisation of metabolites generated by
microbes (i.e. meta-metabolome) (see Fig. | for methods) would fur-
ther unravel the complexity of microbial functions in the endometrium.

As the endometrial microbiome field continues to rapidly expand,
there is a great need for clear, concise and well-tested protocols start-
ing with study planning and sample collection up to bioinformatic anal-
yses. Three minimal standard requirements that researchers should
follow for human microbiome studies have been proposed
(Greathouse et al., 2019): (i) describe in detail nucleic acid extraction
methods employed in the study so that all extraction procedures can
be reproduced; (i) include and describe negative and positive controls,
and report contamination in blank samples; and (iii) follow the same
study protocol along entire project. It is unlikely that the entire field
will agree to the exact protocols and workflows, but scientists,
reviewers and journals should aim to improve our current protocols
and reporting criteria to ensure reliability and consistency between
studies. With this review, we hope to provide the much-needed guid-
ance, recommendations and best practices for designing and conduct-
ing endometrial microbiome studies and to draw attention to the
weak points that could be improved or avoided in order to ensure
that quality microbiome research in endometrial microbiome field is
undertaken (see Table IV for the specific recommendations). This
methodological review provides an initial framework to help to estab-
lish community guidelines and maximise the potential of this emerging
and highly interdisciplinary field of research.
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