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Abstract

Background: Culture-independent techniques have made it possible to expand the knowledge about the composition
of bacterial communities present in the healthy uterus and their role in health and disease, mainly in humans. However,
in animals like mares, there is a dearth of information regarding this area.

Aim: To narrow this knowledge gap, the objective of this study was to identify and characterize the composition and
function of the uterine microbiome of a group of Chilean purebred mares (CPM), an equine breed with the oldest
genealogical record in South America and an economical important reproductive industry.

Methods: From uterine biopsy samples obtained during estrus, DNA extraction and targeted sequencing were
performed to investigate the bacterial diversity and its probable metabolic function.

Results: CPM biopsy samples were characterized by having a varied microbial composition, where the four most
relatively abundant phyla were Proteobacteria (69.6%), Firmicutes (21.1%), Bacteroidetes (7.8%), and Actinobacteria
(1.06%); which made up 99.6% of the total identified phyla. In contrast, Actinobacteria and Fusobacteria were the
phyla not identified in all samples. Of a total of 59 genera identified across all samples, Staphylococcus was the most
abundant genus with an average relative abundance of 18.88%, followed by Pseudomonas (17.9%), Escherichia/
Shigella (10.42%), and Klebsiella (9.92%).

Conclusion: These findings contribute to the knowledge of microbes' presence in the uterus, while future studies are
required to demonstrate the role of these microorganisms in health and disease.

Keywords: Uterine microbes, Mare, Metabolic pathways.

Introduction

During the last years, it has been shown that the healthy
uterine epithelium is not sterile as it was believed
during the 1990s (Tessier, 1900; Baker et al., 2018).
The microbes identified from uterine samples are
taxonomically diverse and some of them are capable of
growing in culture (Costa and Weese, 2019; Shanahan
et al., 2021). However, culture-dependent microbial
characterization is limited since not all microorganisms
manage to grow in vitro (Shanahan et al., 2021).
Difficult-to-grow microorganisms have redirected the
study of the microbiome to use 16S ribosomal RNA
sequencing (Peterson et al., 2009), which has made
it possible to detect bacteria that, by their nature, take
a long time or do not grow in conventional cultures
(Ferris et al., 2010; Yang et al., 2017).

In humans, evidence of the presence of endometrial
microbes suggests they might play a relevant role at the
time of embryo implantation, through the regulation
of endometrial cell function and the local immunity
response. It might help also to prevent the growth of
pathogenic microorganisms through the protection
of the epithelium (Benner et al., 2018). However, the
complete role of microbiomes in the reproductive tract
is still not fully understood. It has been suggested that
a change in microbial composition and the presence
or absence of some bacterial species could help in the
maintenance and completion of a pregnancy (Heil et al.,
2019; Lozano et al., 2021). In mares, a correlation has
been observed between microbes in the endometrium
and the reproductive state, where the presence of
bacteria of the phyla Proteobacteria and Bacteroidetes
was positively associated with pregnancy health (Sathe
et al., 2017). In addition, other authors have identified
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from uterine samples of healthy mares the presence
of bacteria of the phyla Proteobacteria, Firmicutes,
Bacteroidetes, and Actinobacteria (Sathe et al., 2017,
Schnobrich et al., 2017; Heil et al., 2019). Therefore,
the identification and characterization of microbes from
the uterine epithelium can help to understand its role in
health and disease. However, the presence of microbes
from uterine samples does not relate to an established
microbiome, and the identified taxa might come from
contaminated reagents and environments other than the
uterus (Kim et al., 2017; Olomu et al., 2020; Blaser et
al., 2021).

Several studies have directly or indirectly associated
dysbiosis or bacterial abundance alterations with
subfertility (Heil et al., 2019), premature birth (Puente
etal.,2020; Morimune et al., 2021), and early mortality
in different species, including humans (Goldenberg et
al., 2000; Lawn et al., 2005; Moore et al., 2017; Yang
etal.,2017; Lyman et al., 2019; Bardos et al., 2020). In
mares, bacterial endometritis is recognized as the main
cause of infertility, causing a decrease in reproductive
efficiency and therefore, a substantial economic loss
(Causey, 2006; Troedsson and Woodward, 2016; Ferris
et al., 2017; Heil et al., 2019; Gallego et al., 2020).
Culture-dependent studies of the uterine epithelium
have indicated a predominance of Enterobacteriaceae
in mares with endometritis (Ferrer and Palomares,
2018) a family of the gamma-proteobacteria phylum
that include Escherichia coli, Salmonella, Shigella, and
Klebsiella.

In Chilean purebred horses, it is common for them
to start their reproductive life late, causing elderly
and multiparous mares to remain in use as breeders.
Therefore, a positive association between endometritis,
age, and the number of deliveries has been reported,
possibly related to E. coli being the most frequently
isolated microorganism using conventional culture
techniques (Morales and Castro, 2018). Despite the
economic importance of Chilean purebred mares
(CPM) in Chile, there are no previous reports describing
the identification of microbes from uterine samples. In
this study, we identified and predicted the metabolic
capabilities of bacteria from biopsy samples for a group
of CPM, using targeted next-generation sequencing and
bioinformatics analyses.

Materials and Methods

This study was carried out in Chile, in the Maule region
(35°25'S, 71°39'W) during the month of October 2021,
which presented days of 14.1 hours of light and 9.9
hours of darkness, with an average temperature of 14°C
(57.2 F).

Inclusion criteria were clinically healthy mares in the
ovulatory phase and without antibiotic treatment at
least 3 months before sampling. The sampled group
consisted of 21 mares between 4 and 23 years old (10.76
+ 6.6 years old), registered in the genealogical records
of the National Society of Agriculture of Chile (https://

www.sna.cl). The mares were kept for 1 month in the
sportive break and fed in a mixed meadow of ryegrass
and white clover, with free access to water. In the
reproductive records, only one mare had not started her
reproductive life while all the other mares had already
foaled one or more times. No mare presented records
of abortions, embryonic losses, endometritis, dystocia,
or any reproductive pathology. The mares underwent
a gynecological examination to determine the
reproductive phase employing a transrectal ultrasound
(Chison Eco 6 ultrasound, 5 MHz linear transducer).
To avoid contamination as much as possible, the tail
was covered with sterile gauze and the perineum and
vulva were washed with soap and water until clean.
When sampling, the operator was asked to wear sterile
rectal examination gloves (Ferrer and Palomares,
2018). A uterine sample was obtained with a double
protection sterile swab. The sample was stained with
panoptic staining (Diff Quick) for cytology evaluation
under light microscopy, considering that the healthy
endometrium presents <2% polymorphonuclear cells
of the total cells observed (Morales and Castro, 2018).
Healthy mares underwent a sterile forceps uterine biopsy
through a sterile vaginoscope (Kruuse Catalogue No.
141965) (Ferris, 2016). Each sample was introduced
into conical bottom tubes with RNA later (Sigma
Aldrich) and immediately transferred to be processed
in the clinical microbiology and microbiome laboratory
of the Universidad Andrés Bello, Chile. Total DNA
extraction was performed with a commercial extraction
kit (Quick-DNA Microprep Plus Kit, Zymo Research,
Irvine, CA) following the manufacturer's instructions.
Before the extraction, each sample was crushed and
then vigorously shaken using a Genie disruptor device
(Scientific Industries, Bohemia, NY) (Medina et al.,
2017). The DNA obtained from each sample was
diluted to 20 ng/ul in nuclease-free water (NanoDrop
2000c; Thermo Fisher Scientific, Wilmington, DE), at
this stage, negative and positive controls were included
and underwent targeted amplification and sequencing
performed by Molecular Research LP (MR-DNA,
Shallowater, TX). The variable V3—V4 region of the
16S rRNA gene was amplified using the 341 F and 785
R primers (Comeau et al., 2017). A polymerase chain
reaction (PCR) reaction was run for 30 cycles using the
HotStarTaq Plus Master Mix Kit (Qiagen, Germantown,
MD). After amplification, the PCR products were
verified on a 2% agarose gel. PCR products were pooled
and purified using calibrated Ampure XP microspheres
(Agencourt Bioscience Corporation, Beverly, MA).
The combined and purified PCR products were used
to prepare a DNA library using the TruSeq DNA LT
Sample Preparation Kit (Illumina, San Diego, CA)
following the manufacturer's instructions. Sequencing
was performed using the MiSeq platform (Illumina,
San Diego, CA).

The raw DNA sequences provided by the external
service were analyzed using the open-source
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bioinformatics tool QIIME version 1.8.0 (Caporaso
et al., 2010), DADA2, and PICRUSt2 (Callahan
et al., 2016). Each sample was demultiplexed into
individual files and barcodes were removed from
the 5'end of each read (via the demultiplex fasta.py
script). The demultiplexed sequences were uploaded
to the European Nucleotide Archive under the project
code PRJIEB47718. All reads were processed using
the DADA2 v1.10 R package (Callahan et al., 2016),
following a modified procedure. Briefly, the sequences
were quality filtered to remove reads with indeterminate
base calls and trimmed down to 220 nucleotides. Then,
all filtered reads were used to estimate a sequencing
error model. The model was used to infer Amplicon
Sequence Variants (ASV) (Callahan et al., 2017) for
each unique read per sample. Each unique ASV per
sample was assigned to a bacterial taxonomy employing
a Naive Bayesian classifier (Wang et al., 2007) and the
SILVA database version 132 (Quast et al., 2013; Yilmaz
et al., 2014). Bioinformatics processing of a negative
control composed of eluted nuclease-free water
through the extraction kit identified Neorhizobium,
Pseudarthrobacter, Streptococcus, and unclassified
genera as possible contaminants contributing each
more than 1% of the total reads in the negative control.
Therefore, assigned reads for each biopsy sample to
Neorhizobium, Pseudarthrobacter, Streptococcus, and
unclassified genera were removed. Finally, PICRUSt2
(Douglas et al., 2020) was used to infer gene and
metabolic pathways abundance considering each ASV
and its abundance in a sample.

Ethical approval

All procedures performed using animals were revised
and approved by the Scientific Committee of Ethics
of the Central-South macrozone of Santo Tomads
University, Chile. Authorization N° 60-21.

Results

After 16S rRNA sequencing, each uterine biopsy
sample contained up to 40,000 reads and up to 50 ASVs
per sample (Figure 1). The rarefaction curves showed
saturation, indicating that the depth of sequencing was
appropriate to describe the microbial composition in
this group.

Sequence analysis identified bacterial microorganisms
from the Proteobacteria, Firmicutes, Actinobacteria,
Bacteroidetes, and Fusobacteria phyla. Acidobacteria
and Deferribacteres were identified concurrently in
only one sample. Proteobacteria was the most relatively
abundant phylum with an average of 69.6%, followed
by Firmicutes (21.1%) and Bacteroidetes (7.8%)
(Figure 2). These three phyla make up 98.6% of the total
identified bacteria and are present in all sampled mares.
In contrast, the microorganism of the Actinobacteria
and Fusobacteria were only identified in some mares.
Overall, 59 different bacterial genera were identified
considering all samples, with Staphylococcus being
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Fig. 1. Rarefaction curve. Number of identified ASVs as a
function of the number of sequenced 16S amplicons.

the most predominant genus, with an average relative
abundance of 18.88%, followed by Pseudomonas
(17.9%),  Escherichia/Shigella  (10.42%), and
Klebsiella (9.92%) (Figure 3). These four dominant
genera represented 57.12% of the total taxonomically
assigned ASVs.

Finally, we inferred the abundance of genes associated
with metabolic functions and pathways using PICRUSt2
for each sample (Figure 4). The 10 most abundant
pathways contribute at least 0.6% on average to each
sample, with fermentation and energy production, and
amino acids and lipid biosynthesis among the inferred
genomic contents. Regarding metabolic functions, the
ten most abundant functions contribute at least 0.4%
to each sample and are related to the DNA and RNA
synthesis, transport of monosaccharides, and lipid
biosynthesis.

Discussion

In this study, we report the taxonomy and abundance
of bacterial groups present in the uterine epithelium of
healthy mares and the inferred abundance of metabolic
functions of such microbiomes.

Results showed that the most abundant phyla were
Proteobacteria, Firmicutes, and Bacteroidetes, and
coincide with previous reports (Sathe et al., 2017,
Heil et al, 2019). In addition, bacteria from the
Proteobacteria phylum have been identified as dominant
in the equine endometrium during the estrous phase
(Heil et al., 2018), and the estrous cycle correlates with
the diversity of identified bacteria from the uterus (Heil
et al., 2019). Similar to our results, research carried
out to evaluate the healthy endometrium of pandas
and bitches indicates that the most abundant phyla are
Proteobacteria, Actinobacteria, and Bacteroides (Yang
et al., 2017; Lyman et al., 2019). On the contrary,
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Fig. 2. Relative abundance of representative taxa identified from uterine biopsy samples at the phylum level. The figure
shows the average proportion of Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, Acidobacteria, Fusobacteria, and

Deferribacteres.
M
%%g =
15M - —
5 13l
ERGYES -
il
n M - —
TM s
oM
%M
0% 20% 40% 60% 80% 100%
Relative abundance

Achromobacter Novosphingobium
Acinetobacter I Pantoea
Bacteroides B Pseudomonas
Enterobacter B Sphingobacterium
Enterococcus BN Staphylococcus
Escherichia/Shigella B Stenotrophomonas
Franconibacter I Variovorax
Klebsiella mm Others

Fig. 3. Relative abundance of representative taxa identified from uterine biopsy samples at the genus level. The figure shows the
average proportion of 15 different bacterial genera that were detected over a 1% threshold considering all samples. The remaining

44 genera were grouped into “others.”

Firmicutes has been described as the most predominant
phylum in the endometrium of cows (Heil ez al., 2019).
Regarding genera abundance, Pseudomonas and
Acinetobacter, respectively showed 17.9% and 4.18%
average relative abundance across samples; previously
these genera have also been described as part of the
eyeball and gut microbiome of healthy horses (LaFrentz
et al., 2020; Park et al., 2021; Santibanez et al., 2022).
These genera were represented by Acinetobacter
genomospecies 3, Acinetobacter junii, Pseudomonas
aeruginosa, and Pseudomonas amygdali; these
species have been isolated from hospital environments

(Horrevorts et al., 1995; Bassetti et al., 2021) and they
have been associated with antibiotic resistance (Bello-
Loépez et al., 2020; Panzuti et al., 2020; Gruszecka et
al., 2021). In horses, Acinetobacter baumannii and
Acinetobacter calcoaceticus have been isolated from
a venous catheter-associated with thrombophlebitis
(Vaneechoutte et al., 2000). On the other hand, P,
aeruginosa has been related to pyometra in mares and
vasculitis in foals, among other reports (Kohne ef al.,
2020; Panzuti ef al., 2020). The WHO warns about A.
baumannii and P. aeruginosa as critical microorganisms
in terms of their resistance profile (Allen ef al., 2011;
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Fig. 4. PICRUSt2 inferred abundance of metabolic genes per sample. Distribution of the 10 most abundant metabolic genes
associated with pathways (A) and functions (B) using the MetaCyc annotation. The shown pathways contribute 0.67% and functions
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OMS, 2017), species belonging to the same genera
found in this research. It is necessary to deepen the
knowledge about these microorganisms in the equine
and 1its clinical environment, to elucidate what is the
role that they play in the uterine environment of mares
and the potential transmission to humans and their
environment (Malaluang et al., 2021). On the other
hand, Staphylococcus equorum, Shigella sonnei,
Arthrobacter ramosus, and P. amygdali were also
species with a high relative abundance. All of them are
identified for the first time, as a colonizer of the uterus
of CPM. S. equorum is a species isolated from the
skin of healthy horses (Jeong ef al., 2017) and its most
importantrole is related to the food industry (Leroy et al.,
2009; Irlinger et al., 2012). On the other hand, S. sonnei
can cause hemorrhagic diarrhea in immunosuppressed
people (Torraca et al., 2020), and there is no evidence
of the effects of Shigellosis in horses. Both 4. ramosus
and Pseudomonas amygdali are saprophytic species of
soil and plants, without any role described as pathogens
(Bafana et al., 2010; Chai et al., 2020; Jia et al., 2022).
In mares suffering from bacterial endometritis, E. coli
is the most frequently isolated bacterium, followed
by Streptococcus equi subsp. zooepidemicus and

Staphylococcus spp. (Gallego et al., 2020; Morris et al.,
2020). Klebsiella pneumoniae and coagulase-negative
Staphylococcus have also been isolated from mares
suffering endometritis (Sathe et al., 2017; Morales and
Castro, 2018; Omar et al., 2022). Other bacteria, fungi,
and yeasts may also cause infectious endometritis, some
of these other infections are iatrogenically introduced
environmental contaminants, venereal pathogens, or
secondary to over-treatment with antibiotics. These
pathogens may be rare, but highly pathogenic. For
example, P. aeruginosa can be either an opportunistic
environmental or venereal pathogen. Other bacteria,
such as streptococci, can remain dormant in the uterus
and be activated by processes such as persistent
endometritis. Therefore, in bacterial endometritis, it is
not known whether the bacteria present in the uterus
are there as the main cause of the problem or secondary
to it, and it is essential to reduce risk factors before and
during all stages of reproductive management (Morris
et al., 2020).

The predicted metabolic pathways present in the
group of mares studied were those related to common
bacterial metabolic functions, such as cell wall and
membrane biosynthesis, carbon catabolism, and
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pyrimidine recovery (Mio et al., 1999; Rodionova et
al.,2012; Camara et al., 2013; Okesli et al., 2017). The
unaltered abundance of pathways related to virulence
factors is consistent with the fact that the group studied
was made up of mares without uterine pathologies.

In perspective, a study that compares the microbiome
of a group of mares without reproductive pathologies
with another that presents reproductive disorders would
be necessary; this would help to understand the role
of bacteria in the reproductive environment in states
of health and disease; considering a strict sampling
protocol, to avoid cross-contamination of the sample
with fecal material (Kim et al., 2017; Olomu et al.,
2020; Blaser et al., 2021).

Conclusion

The targeted sequencing and bioinformatics analysis of
21 uterus biopsy samples of CPM identified seven phyla
and 59 genera. Proteobacteria was the phylum with
the highest relative abundance, while Staphylococcus
was the genus most represented and identified in all
samples.
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