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Highlights

e Characterization of the equine endometrial microbiome in anestrus using 16S rRNA.
e Mare endometrial microbiome in anestrus has high diversity, richness and abundance.

e Significant differences between endometrial microbiome of anestrus and estrus mares.
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Abstract

The equine uterus is highly interrogated during estrus prior to breeding and establishing
pregnancy. Many studies in mares have been performed during estrus under the influence of high
estrogen concentrations, including the equine estrual microbiome. To date, it is unknown how
the uterine microbiome of the mare is influenced by cyclicity; while, the equine vaginal
microbiome is stable throughout the estrous cycle. We hypothesized that differences would exist
between the equine endometrial microbiome of mares in estrus and anestrus. The aim of this
study was two-fold: to characterize the resident endometrial microbiome of healthy mares during
anestrus and to compare this with estrus. Double-guarded endometrial swabs were taken from
healthy mares during estrus (n=16) and in the following non-breeding season during anestrus
(n=8). Microbial population was identified using 16S rRNA sequencing. Our results suggest that
the equine uterine microbiome in estrus has a low diversity and low richness, while during
anestrus, a higher diversity and higher richness were seen compared to estrus. Despite this
difference, both the estrus and anestrus endometrial microbiome were dominated by
Proteobacteria, Firmicutes, and Bacteroidota. The composition of the microbial community
between anestrus and estrus was significantly different. This may be explained by the difference
in the composition of the endometrial immune milieu based on the stage of the cycle. Further
research investigating the function of the equine endometrial microbiome and dynamics changes

within the uterine environment is required.
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1. Introduction

It has been widely accepted that the vagina of women is colonized with commensal bacteria
[1]. Following the Human Microbiome Project launch in 2007, sequencing techniques revealed
that body sites previously believed to be sterile, including the reproductive tract, actually harbour
their own microbiome [2,3]. Much work has been done in the field of the vaginal microbiome,
and it has been well established that this microbiome changes with age and hormone exposure,
specifically estrogens [4]. Also, it has been found that the endometrial microbiome is impacted
by hormonal changes throughout the menstrual cycle allowing for significant changes in
bacterial abundance [5]. Contrary to women, mares are seasonal, long-day breeders. They have a
period of anestrus during winter, where no cyclic levels of estrogen nor progesterone, are
present. During the longer days mares have an estrous cycle consisting of a follicular phase,
when estrogen is the dominating hormone, and a luteal phase, with progesterone being the
predominant hormone. Equine reproductive tract microbiome research has mostly focussed on
the uterine, vaginal, and placental microbiome [6-10]. A core uterine microbiome, consisting of
Lactobacillus, Escherichia/Shigella, Streptococcus, Blautia, Staphylococcus, Klebsiella,
Acinetobacter and Peptoanaerobacter has been observed in random cycling mares during the
physiologic breeding season. Holyoak et al. [6] found that the microbial diversity, richness and
evenness were largely dependent on the geographical location of the mare [6]. Furthermore, it
has been shown that the equine endometrium in estrus has a resident microbiome, and that the
sampling technique does not affect the beta diversity [7]. One study performed on Arabian mares
indicated that, in contrast to women, the equine vaginal microbiome is stable throughout the
estrous cycle [10]. Currently, there is no data available on the equine endometrial microbiome in

anestrus versus estrus stage of the estrous cycle, to the best of the authors’ knowledge.
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The objectives of this metagenetic study were two-fold: first, we aimed to characterize the
resident endometrial microbiome of healthy mares during anestrus, when no significant levels of
sex hormones are present, and secondly, compare the resident equine endometrial microbiome in
anestrus to estrus, when higher levels of estrogen are present. We hypothesized that a
dissimilarity is present between the resident equine endometrial microbiome in anestrus and

estrus.

2. Materials and methods

2.1.  Ethical approval

The study protocol was approved by the Ethics Committee of Louisiana State University
Institutional Animal Care and Use Committee (Approval number 17-046; Approval date, 20
August 2017).

2.2.  Animals

The project was carried out at the School of Veterinary Medicine and the Reproductive
Biology Center, Louisiana State University (LSU), Baton Rouge, Louisiana, USA. All horses
included in the study were owned by LSU and all procedures were approved by LSU
Institutional Animal Care and Use Committee. The estrus samples used for this study were taken
during a separate project where different sample methods were compared [7]. A total of 16
mixed breed mares with a median age of 13 years (9-18 years) (range) were included in the first
part of the study (collection of estrus samples) during the physiological breeding season (a 14-
day period in July) and from the group sampled in estrus, eight mares with a median age of 14

years (10-19 years) (range) were enrolled in the following non-breeding season (January-March
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2018) for collection of anestrus samples. Prior to and during the project the mares were housed

on pasture.
2.2.1. Inclusion criteria for estrus samples

Mares in estrus were enrolled in the study based on the following criteria. Estrus was defined
as the presence of a follicle > 30 mm in diameter, endometrial edema, absence of a corpus
luteum detected via transrectal ultrasound, serum progesterone concentration of < 1 ng/mL and
an open cervix on digital transrectal palpation. Only mares without signs of endometritis were
included. This was determined by the presence of < 1-2 neutrophils per high power field
cytology brush, no histologic evidence of inflammation or infection (blinded boarded
theriogenologist evaluated), no intraluminal uterine fluid present on transrectal ultrasound
examination during estrus, and a negative aerobic culture of each sample obtained (endometrial

biopsy, swab, low volume lavage (LVL) and cervical swab).
2.1.2. Inclusion criteria for anestrus samples

Anestrus was defined as a minimum of 3 consecutive weeks with a plasma progesterone level
< 1 ng/mL, follicles < 20 mm in diameter and the absence of corpora lutea via transrectal
ultrasound and a flaccid cervix on digital transrectal palpation. No intra-uterine procedures were

performed on the mares in the time between the estrus and anestrus samples.
2.3.  Methods

After transrectal ultrasound examination, the mare’s perineum was cleaned with 7.5%
povidone-iodine scrub (Betadine Surgical scrub Veterinary, Aviro helath L.P., USA) prior to
sterile collection of the samples. All samples were taken in a clean, climate controlled, closed

examination room.
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2.2.1. Methods for anestrus samples

During anestrus an endometrial swab sample was collected in sterile fashion, by a single

operator as previously published [7].
2.2.1.1 Endometrial swab

A double guarded swab (Minitube, Verona, WI, USA) was transcervical introduced into the
uterus and an endometrial sample was obtained. The obtained swab was frozen and stored at -

80°C for molecular analyses as previously published [7].
2.2.1.2. Negative control

A sterile, unused swab, was submitted for genomic DNA isolation on the same days of

sample collection.
2.2.2. Sample collection for estrus samples

During estrus an endometrial swab sample was collected in sterile fashion, by a single

operator as previously published [7].
2.2.2.1. Negative control

A sterile, unused swab, was submitted for genomic DNA isolation on the same days of

sample collection.
2.3 Metagenomic analyses.

The anestrus and estrus samples were analysed in two different batches, one containing only
anestrus samples and one containing only estrus samples, and analysed at different time points.

Genomic DNA was extracted from all uterine samples using Qiagen DNeasy PowerSoil
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extraction kits (Qiagen, Hilden, Germany). Swabs were extracted by removing the swab tips
from the applicators with sterile razor blades, and then transferring the swab material directly to
bead-beating tubes. After removing the supernatant, pellets were resuspended in a small volume
of bead-beating solution (from Qiagen DNeasy PowerSoil extraction kits) and transferred to
bead-beating tubes. Subsequent steps followed the manufacturer’s instructions. In addition to the
various uterine samples, a set of blanks were processed similarly as well as a no template control
(no sample material was added to the bead-beating tubes). DNA extracts were visualized by gel
electrophoresis, transferred to 96-well plates, and then shipped overnight on dry ice to the
Research Technology Support Facility of Michigan State University for 16S rRNA sequencing
using primers 515f and 806r (V4-V5 region). Barcoding and library preparation was performed.
Sequencing was done on a Miseq platform (Illumina, inc.) with 2 x 250 bp paired-end according

to the Kozich et al. [11] protocol. All samples were sequenced twice.

Samples were filtered and trimmed based on their quality scores and error rates using the
dada2 pipeline [12]. Next, an amplicon sequence variant (ASV) table was made, and chimeras
were removed. The 16S rRNA SILVA v138.1 database [13] was used for mapping and assigning
taxonomy. Next, contaminating reads were removed from the samples using Microdecon [14]
based on the negative controls (blank and no template control). Downstream analysis was
performed using the Phyloseq package [15]. Alpha diversity calculation (Shannon, Chaol, and
inverse Simpson), beta diversity (weighted UniFrac), and analysis of similarity (ANOSIM
statistic) was performed using the microbiome, amplicon, microeco, and vegan packages [16—
18]. Differentially abundant taxa were identified using DESeq2, adapted from the pipeline
published by Hagey et al [19,20]. Graphs were generated using ggplot2, dplyr, RColorBrewer,

ggpubr, and lattice packages in R. Bar and pie plots were generated using Microsoft Excel.
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Sequences have been deposited in the NCBI SRA as SRP267434.

3. Results

3.1.  Sequencing results

During anestrus a total of eight individual samples were obtained and sequenced once. A
total of 2,173 ASV’s were found after quality filtering and mapping. After applying Microdecon,
2,027 ASV’s were left for further analysis. During estrus a total of 16 individual samples were
obtained. One sample was not run as the sample was lost. Intotal, 15 individual samples were
sequenced twice. A total of 957 ASV’s were found after quality filtering and mapping. After
applying Microdecon, 811 ASV’s were left for further analysis.

3.2.  Alpha diversity

The microbial communities within the anestrus and estrus groups were assessed using alpha
diversity and compared using Tukey HSD. A significant difference in alpha diversity between
the anestrus and estrus groups was found for the Chaol, Inverse Simpson and Fisher index
(P<0.05). However, the Shanron index did not show a significant difference between the
anestrus and estrus groups (P=0.076) (Fig. 1).

3.3 Relative abundance at phyla and genus level

The relative abundance of the most abundant bacteria followed a similar pattern in both
sample groups at phylum level (Fig. 2, Fig. 3). At phyla level, Proteobacteria, Firmicutes and
Bacteroidota were the most abundant phyla with a combined total relative abundance of 83% and
82% respectively for the anestrus and estrus groups. At genus level the most abundant bacteria in

the anestrus group were Rikenellaceae RC9 gut group and Peptoanaerobacter, with only a
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combined total relative abundance of 14%. This contrasts with the estrus group, in which the
most abundant bacteria were Klebsiella, Aeromonas, Mycoplasma and Citrobacter with a
combined total relative abundance of 54% (Fig. 4). Further individual differences in the relative
abundances of microbes could be seen in both sample groups at both phylum and genus level
(Fig 3, Fig. 5). The ANOSIM statistic was 0.88 with P=0.001, showing that the microbial

communities in anestrus an estrus were significantly dissimilar from each other.

Out of 29 individual genera analyzed, it was found that 19 showed a significant increase during
anestrus as compared to estrus (Fig. 6). On the other hand, 10 individual genera showed a
decrease during anestrus as compared to estrus (Fig. 6).

3.4 Analysis of similarity (ANOSIM)

The ANOSIM statistic between all groups was r=0.88 (P=0.001) (Table 1). The ANOSIM
statistic ranges between 0 and 1, and the closer this statistic is to 1, the more dissimilarity is

present between the groups.

3.5 Beta diversity

The ANOSIM tests if there is a significant difference between the two groups, and the
weighted UniFrac accounts for the abundance of observed organisms and incorporates the
phylogenetic distance between microbes in the distance calculation. The composition of the
microbial community between the two sample groups was significantly different (P<0.05,
ADONIS on weighted Unifrac (Fig. 7)). The ANOSIM tests if there is a significant difference
between the two groups, and the weighted UniFrac accounts for the abundance of observed
organisms and incorporates the phylogenetic distance between microbes in the distance
calculation. There was no overlap visible in the PCoA plot of weighted UniFrac PCoA plot,

meaning that the two groups did not share many microbes.
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4. Discussion

We demonstrated that the resident endometrial microbiome of healthy mares during anestrus
is dominated by Proteobacteria, Firmicutes and Bacteroidota, with a combined total relative
abundance of 83%. This is similar to what has been found during estrus (82%) and what was
found by Holyoak et al. in random cycling mares during the physiologic breeding season [6,7].
In our study, we focused on the comparison between estrus, in the cycling season, and anestrus
(non-cycling season) rather than diestrus. At genus level, the most abundant bacteria in the
anestrus group were Rikenellaceae RC9 gut group and Peptoanaerobacter, with only a combined
total relative abundance percentage of 14%. This contrasts with the estrus group, in which the
most abundant bacteria were Klebsiella, Aeromonas, Mycoplasma and Citrobacter with a
combined total relative abundance percentage of 54%. In agreement with our hypothesis, the
ANOSIM statistic was 0.88, indicating that the microbial composition is highly dissimilar
between the anestrus and estrus groups. This high dissimilarity was present despite that not all
mares sampled during estrus (n=16) were available for follow up during anestrus (n=8), a
limitation of the current study.

During equine anestrus, when both estrogens and progesterone are low, the endometrial
microbiome had a high diversity and high richness. This is similar to what is seen during early
puberty and in the post-menopausal vaginal microbiome of women [21,22]. However, this is
contrary to the bitch, where no changes in the endometrial microbiome were found during the
different stage of the estrous cycle [23]. In our study, the difference between anestrus and estrus
groups was also observed in the alpha diversity, a significant difference was present for Fisher,

Inverse Simpson and Chaol indexes, however, no difference was observed in the Shannon index
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between anestrus and estrus. This could be explained if the high diversity, richness, and
abundance observed in anestrus was caused by rare species or singletons and the observed high
relative abundance, since these are not taken into account in the Shannon index.
Focusing on the genus level specifically, 29 individual genera were identified that were
significantly more or less abundant in anestrus compared to estrus. 19 genera were found to be in
significantly higher abundance in anestrus compared to estrus, most of these belonged to the
Firmicutes and Proteobacteria phyla. Based on their known role in the microbiome of other
species and organ systems they could be split in five groups: 1. Anaerovorax,
Phascolarctobacterium, UCG-002, NK4A214 group, Treporiema, Ruminococcus, Prevotellaceae
UCG-001, Sp3-e08 and Rikenellaceae RC9 group are involved in short chain fatty acid (SCFA)
production and degradation of structural carbohydrates [24—-32]. No clear function is described
for the Family X111 AD3011 group or UCG-005, however, they are respectively part of the
Anaerovoracaceae (as is Anaerocorax) and Ruminococcus families. The DgA-11 gut group is
found in the fecal microbiome of sheep and is part of the Rikanellacea family [33].
Methanocopuscullum is invoived in long chain fatty acid degradation [34]. 2. Candidatus
soleaferrea, and Sutterella are involved in inflammatory and immune responses [35,36]. 3.
Colidextribacter is invoived in impaired intestinal permeability and gut barrier dysfunction [37]
4. Oribacterium is found in the human oral microbiome [38]. 5. Mobiluncus has been associated
with human bacterial vaginosis [39].

Ten individual genera, Achromobacter, Acidipila Silvibacterium, Aeromonas, Citrobacter,
Enterobacter, Hydrotalea, Klebsiella, Mycoplasma, Latilactobacillus and Stenotrophomonas
were significantly decreased in anestrus compared to estrus. Of these, Aeromonas, Citrobacter,

Enterobacter, Klebsiella and Stenotrophomonas are known pathogens in equine reproduction
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[40-49]. Mycoplasma has been suggested to be a commensal in the genital tract of stallions [50],
however other authors were not able to identify Mycoplasma in the semen and vaginal swabs of
Danish stallions and mares [51]. Achromobacter, Acidipila Silvibacterium, Hydrotalea, and
Latilactobacillus have not been associated with the equine reproductive tract.

Interestingly, many of the genera identified to be present in increased abundance in anestrus
are involved in SCFA production, fatty-acid, and glycolipid metabolism. However, the genera
with a decreased abundance during anestrus are mostly known pathogenic microbes in equine
reproduction [40-49]. Human studies have indicated that hormonal fluctuations modulate
antimicrobial peptides in the uterine mucosa and endometrial fluid [52]. Thus suggesting that
the human endometrial microbiome is cycle-dependent with possible metabolic activity in the
host-microbiota crosstalk in supporting endometrial functions in the receptive phase. Something
similar could be present in the mare; particularly as the main difference between the two groups
investigated in our study, anestrus and estrus, is the hormonal milieu. As mentioned previously,
during anestrus no significant levels of estrogen or progesterone are present, while during estrus
the endometrium is under the influence of estradiol and has previously been exposed to
progesterone during the luteal phase. Using staining techniques on endometrial biopsies, it has
been shown that glycogen is most abundant in equine endometrial glands during the
physiological breeding season and that luminal epithelial cells predominantly contain
carboxylated acid mucins during the physiological breeding season, spring and fall transition
periods [53]. More recently, an increase of uterocalin and glycogen staining intensity of equine
endometrial biopsy samples was found with increasing peripheral blood progesterone
concentrations and an increase in uteroglobulin and uteroferrin was associated with a decrease in

circulating progesterone concentrations [54]. This is in agreement with earlier studies from Zavy
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et al. [55], who showed that acid phosphatase activity peaked in uterine luminal fluid on day 12
of the estrous cycle and subsequently decreased. Despite these studies investigating the presence
of mucins and proteins in endometrial biopsy samples and the early work performed on uterine
luminal proteins, to the authors’ knowledge, there is no recent data available on the specific
composition of the equine endometrial mucus during different stages of the estrous cycle.
Therefore, we can only postulate that the rich and high diverse microbiome found in anestrus and
the low diverse microbiome in estrus is related to the composition of the equine endometrial
mucus and furthermore that if the differences found between the anestrus and estrus equine
endometrial microbiome could be driven by sex steroid hormonal mechanisms.

It has been reported that in the mare the switch from estradiol to progesterone during the
transition from estrus to diestrus affects endometrial gene expression to support embryo survival
[56] and that a longer preceding estrus increases the likelihood of subsequent pregnancy [56,57].
However, it remains unclear what genes or pathways contribute to the positive effect of estrogen
exposure on pregnancy success in thie mare [58]. We could hypothesize that the duration of
estrogen exposure influences the uterine milieu and subsequently the endometrial microbiome,
potentially allowing for an increase in the abundance of different microbes, ultimately affecting
fertility. Further investigations into the influence of sex steroid hormones on the endometrial

environment and microbiome are needed and ongoing in the field of equine reproduction.

5. Conclusions
In conclusion, as determined using by 16S rRNA sequencing, the equine uterus does harbor a

resident microbiome during anestrus. This endometrial microbiome had a high diversity, high
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richness, and high abundance and is significantly different from the equine endometrial
microbiome in estrus.

A significant difference in alpha diversity was present for Fisher, Inverse Simpson and
Chaol indexes, however, no difference was observed in the Shannon index between anestrus and
estrus. This could be explained if the high diversity and richness observed in anestrus was caused
by rare species or singletons, since these are not taken in into account in the Shannon index.
These findings may have implications for mares with a hormonally hastened transition from
anestrus to estrus. Timing of estrogen exposure and the uterine microbiome prior to breeding

may impact mare fertility and pregnancy outcomes.

Conflict of interest statement
None of the authors has any financial or personal relationships that could inappropriately

influence or bias the content of the paper.

Acknowledgements
D. Paccamonti for reading the endometrial histology slides.
This research project was funded by the Charles V. Cusimano grant, Equine Health Studies

Program, LSU School of Veterinary Medicine.

Preliminary results were presented as an Abstract at the 13" International Symposium on

Equine Reproduction, Foz Do Iguagu, Brazil, 10-14 July 2023.

Author Contributions



Journal Pre-proof

Conceptualization, J.L. Sones; Methodology, J.L. Sones, G. King, M. van Heule; Formal
Analysis M. van Heule and B.A. Heil; Investigation, B.A. Heil, J.L. Sones, S.K. Thompson, T.A.
Kearns, K.F. Beckers, E.L. Oberhaus.; Writing — Original Draft Preparation, B.A. Heil and M.
van Heule.; Writing — Review & Editing, B.A. Heil, J.L. Sones, P. Dini.; Visualization, M. van
Heule; Supervision, J.L. Sones.; Project Administration, J.L. Sones.; Funding Acquisition, J.L.

Sones, P. Deals.

Data Availability Statement

Sequences have been deposited in the NCBI SRA as SRP267434.

References

[1] Wee BA, Thomas M, Sweeney EL, Frentiu FD, Samios M, Ravel J, et al. A retrospective
pilot study to determine whether the reproductive tract microbiota differs between women
with a history of infertility and fertile women. Australian and New Zealand Journal of
Obstetrics and Gynaecology 2018;58:341-8. https://doi.org/10.1111/aj0.12754.

[2] Green KA, Zarek SM, Catherino WH. Gynecologic health and disease in relation to the
microbiome of the female reproductive tract. Fertility and Sterility 2015;104:1351-7.

[3] Moreno I, Franasiak JM. Endometrial microbiota—new player in town. Fertility and
Sterility 2017;108:32-9.

[4] Saraf VS, Sheikh SA, Ahmad A, Gillevet PM, Bokhari H, Javed S. Vaginal microbiome:
normalcy vs dysbiosis. Arch Microbiol 2021;203:3793-802.
https://doi.org/10.1007/s00203-021-02414-3.

[5] Toson B, Simon C, Moreno I. The Endometrial Microbiome and Its Impact on Human
Conception. Int J Mol Sci 2022;23:485. https://doi.org/10.3390/ijms23010485.

[6] Holyoak GR, Premathilake HU, Lyman CC, Sones JL, Gunn A, Wieneke X, et al. The
healthy equine uterus harbors a distinct core microbiome plus a rich and diverse
microbiome that varies with geographical location. Sci Rep 2022;12:14790.
https://doi.org/10.1038/s41598-022-18971-6.

[7] Heil BA, van Heule M, Thompson SK, Kearns TA, Oberhaus EL, King G, et al. Effect of
Sampling Method on Detection of the Equine Uterine Microbiome during Estrus. Vet Sci
2023;10:644. https://doi.org/10.3390/vetscil0110644.



Journal Pre-proof

[8] van Heule M, Monteiro HF, Bazzazan A, Scoggin K, Rolston M, EI-Sheikh Ali H, et al.
Characterization of the equine placental microbial population in healthy pregnancies.
Theriogenology 2023;206:60-70. https://doi.org/10.1016/j.theriogenology.2023.04.022.

[9] Beckers KF, Gomes VCL, Crissman KR, Liu C-C, Schulz CJ, Childers GW, et al.
Metagenetic Analysis of the Pregnant Microbiome in Horses. Animals : An Open Access
Journal from MDPI 2023;13. https://doi.org/10.3390/ani13121999.

[10] Barba M, Martinez-Bovi R, Quereda JJ, Mocé ML, Plaza-Déavila M, Jiménez-Trigos E, et
al. Vaginal Microbiota Is Stable throughout the Estrous Cycle in Arabian Mares. Animals
(Basel) 2020;10:2020. https://doi.org/10.3390/ani10112020.

[11] Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a Dual-
Index Sequencing Strategy and Curation Pipeline for Analyzing Amplicon Sequence Data
on the MiSeq Illumina Sequencing Platform. Applied and Environmental Microbiology
2013;79:5112-20. https://doi.org/10.1128/AEM.01043-13.

[12] Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADAZ2:
High-resolution sample inference from Illumina amplicon data. Nat Methods 2016;13:581—
3. https://doi.org/10.1038/nmeth.3869.

[13] Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA and “All-
species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res
2014,;42:D643-648. https://doi.org/10.1093/nar/gkt1209.

[14] McKnight DT, Huerlimann R, Bower DS, Schwarzkopf L, Alford RA, Zenger KR.
microDecon: A highly accurate read-subtraction tool for the post-sequencing removal of
contamination in metabarcoding studies. Environmental DNA 2019;1:14-25.
https://doi.org/10.1002/edn3.11.

[15] McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PLoS One 2013;8:61217.
https://doi.org/10.1371/journal.pone.0061217.

[16] Liu C, Cui Y, Li X, Yao M. microeco: an R package for data mining in microbial
community ecology. FEMS Microbiol Ecol 2021;97:fiaa255.
https://doi.org/10.1093/femsec/fiaa255.

[17] Liu Y-X, Chen L, Ma T, Li X, Zheng M, Zhou X, et al. EasyAmplicon: An easy-to-use,
open-source, reproducible, and community-based pipeline for amplicon data analysis in
microbiome research. iMeta 2023;2:e83. https://doi.org/10.1002/imt2.83.

[18] Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al. vegan:
Community Ecology Package 2022.

[19] Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biology 2014;15:550.
https://doi.org/10.1186/s13059-014-0550-8.

[20] Hagey JV, Bhatnagar S, Heguy JM, Karle BM, Price PL, Meyer D, et al. Fecal Microbial
Communities in a Large Representative Cohort of California Dairy Cows. Frontiers in
Microbiology 2019;10.

[21] Kaur H, Merchant M, Hague MM, Mande SS. Crosstalk Between Female Gonadal
Hormones and Vaginal Microbiota Across Various Phases of Women’s Gynecological
Lifecycle. Front Microbiol 2020;11:551. https://doi.org/10.3389/fmicb.2020.00551.

[22] Muhleisen AL, Herbst-Kralovetz MM. Menopause and the vaginal microbiome. Maturitas
2016;91:42-50. https://doi.org/10.1016/j.maturitas.2016.05.015.



Journal Pre-proof

[23] Lyman CC, Holyoak GR, Meinkoth K, Wieneke X, Chillemi KA, DeSilva U. Canine
endometrial and vaginal microbiomes reveal distinct and complex ecosystems. PLoS ONE
2019;14:0210157. https://doi.org/10.1371/journal.pone.0210157.

[24] Matthies C, Evers S, Ludwig W, Schink B. Anaerovorax odorimutans gen. nov., sp. nov., a
putrescine-fermenting, strictly anaerobic bacterium. Int J Syst Evol Microbiol 2000;50 Pt
4:1591-4. https://doi.org/10.1099/00207713-50-4-1591.

[25] Wu F, Guo X, Zhang J, Zhang M, Ou Z, Peng Y. Phascolarctobacterium faecium abundant
colonization in human gastrointestinal tract. Exp Ther Med 2017;14:3122-6.
https://doi.org/10.3892/etm.2017.4878.

[26] Wang D, Tang G, Wang Y, Yu J, Chen L, Chen J, et al. Rumen bacterial cluster
identification and its influence on rumen metabolites and growth performance of young
goats. Animal Nutrition 2023;15:34—44. https://doi.org/10.1016/j.aninu.2023.05.013.

[27] Holman DB, Gzyl KE. A meta-analysis of the bovine gastrointestinal tract microbiota.
FEMS Microbiology Ecology 2019;95:fiz072. https://doi.org/10.1093/femsec/fiz072.

[28] Weinert-Nelson JR, Biddle AS, Williams CA. Fecal microbiome of horses transitioning
between warm-season and cool-season grass pasture within integrated rotational grazing
systems. Anim Microbiome 2022;4:41. https://doi.org/10.1186/s42523-022-00192-x.

[29] Ikeyama N, Murakami T, Toyoda A, Mori H, lino T, Ohkuma M, et al. Microbial
interaction between the succinate-utilizing bacterium Phascolarctobacterium faecium and
the gut commensal Bacteroides thetaiotaomicron. MicrobiologyOpen 2020;9:e1111.
https://doi.org/10.1002/mbo3.1111.

[30] Crost EH, Le Gall G, Laverde-Gomez JA, Mukhopadhya I, Flint HJ, Juge N. Mechanistic
Insights Into the Cross-Feeding of Ruminococcus gnavus and Ruminococcus bromii on
Host and Dietary Carbohydrates. Frontiers in Microbiology 2018;9.

[31] Li C, Chen N, Zhang X, Shahzad K, Qi R, Zhang Z, et al. Mixed silage with Chinese
cabbage waste enhances antioxidant ability by increasing ascorbate and aldarate
metabolism through rumen Prevotellaceae UCG-004 in Hu sheep. Frontiers in
Microbiology 2022;13.

[32] Ahmad AA, Yang C, Zhang J, Kalwar Q, Liang Z, Li C, et al. Effects of Dietary Energy
Levels on Rumen Fermentation, Microbial Diversity, and Feed Efficiency of Yaks (Bos
grunniens). Frontiers in Microbiology 2020;11.

[33] Gaukroger CH, Edwards SA, Walshaw J, Nelson A, Adams IP, Stewart CJ, et al. Shifting
sows: longitudinal changes in the periparturient faecal microbiota of primiparous and
multiparous sows. Animal 2021;15:100135. https://doi.org/10.1016/j.animal.2020.100135.

[34] Liu Y-C, Ramiro-Garcia J, Paulo LM, Braguglia CM, Gagliano MC, O’Flaherty V.
Psychrophilic and mesophilic anaerobic treatment of synthetic dairy wastewater with long
chain fatty acids: Process performances and microbial community dynamics. Bioresour
Technol 2023;380:129124. https://doi.org/10.1016/j.biortech.2023.129124.

[35] Sun K, Gao Y, Wu H, Huang X. The causal relationship between gut microbiota and type 2
diabetes: a two-sample Mendelian randomized study. Front Public Health
2023;11:1255059. https://doi.org/10.3389/fpubh.2023.1255059.

[36] Hiippala K, Kainulainen V, Kallioméki M, Arkkila P, Satokari R. Mucosal Prevalence and
Interactions with the Epithelium Indicate Commensalism of Sutterella spp. Frontiers in
Microbiology 2016;7.

[37] Leibovitzh H, Lee S-H, Xue M, Raygoza Garay JA, Hernandez-Rocha C, Madsen KL, et al.
Altered Gut Microbiome Composition and Function Are Associated With Gut Barrier



Journal Pre-proof

Dysfunction in Healthy Relatives of Patients With Crohn’s Disease. Gastroenterology
2022;163:1364-1376.e10. https://doi.org/10.1053/j.gastro.2022.07.004.

[38] Sizova MV, Muller PA, Stancyk D, Panikov NS, Mandalakis M, Hazen A, et al.
Oribacterium parvum sp. nov. and Oribacterium asaccharolyticum sp. nov., obligately
anaerobic bacteria from the human oral cavity, and emended description of the genus
Oribacterium. Int J Syst Evol Microbiol 2014;64:2642-9.
https://doi.org/10.1099/ijs.0.060988-0.

[39] Hillier SL, Critchlow CW, Stevens CE, Roberts MC, Wolner-Hanssen P, Eschenbach DA,
et al. Microbiological, epidemiological and clinical correlates of vaginal colonisation by
Mobiluncus species. Genitourin Med 1991;67:26-31.

[40] Omar H, Hambidge M, Firmanes B, Shabandri AM, Wilsher S. Bacteria Isolated From
Equine Uteri in The United Arab Emirates: A Retrospective Study. J Equine Vet Sci
2022;115:104029. https://doi.org/10.1016/j.jevs.2022.104029.

[41] Singh BR, Gulati BR, Virmani N, Chauhan M. Outbreak of Abortions and Infertility in
Thoroughbred Mares Associated with Waterborne Aeromonas hydrophila. Indian J
Microbiol 2011;51:212-6. https://doi.org/10.1007/s12088-011-0088-3.

[42] Thomson P, Garcia P, Rio C del, Castro R, Nufiez A, Miranda C. Antimicrobial Resistance
and Extended-Spectrum Beta-Lactamase Genes in Enterobacterales, Pseudomonas and
Acinetobacter Isolates from the Uterus of Healthy Mares. Pathogens 2023;12:1145.
https://doi.org/10.3390/pathogens12091145.

[43] Ibrahim MMS, Kandiel MMM, Sosa GAM, Abouei-Roos MEA. Ultrasonographic,
Cytological and Bacteriological Investigation of Endometritis in Arabian Mares 2015.

[44] Davis HA, Stanton MB, Thungrat K, Boothe DM. Uterine bacterial isolates from mares and
their resistance to antimicrobials: 8,296 cases (2003-2008). Journal of the American
Veterinary Medical Association 2013;242:977-83.
https://doi.org/10.2460/javma.242.7.977.

[45] Gibson JA, Eaves LE, O’sullivan BM. Equine abortion associated with Enterobacter
agglomerans. Equine Veterinary Journal 1982;14:122-5. https://doi.org/10.1111/].2042-
3306.1982.th02363.x.

[46] Diaz-Bertrana ML, Deleuze S, Pitti Rios L, Yeste M, Morales Farifia I, Rivera del Alamo
MM. Microbial Prevalence and Antimicrobial Sensitivity in Equine Endometritis in Field
Conditions. Animals 2021;11:1476. https://doi.org/10.3390/ani11051476.

[47] Szeredi L, Janosi S, Tenk M. Klebsiella oxytoca as a cause of equine abortion—Short
communication. Acta Veterinaria Hungarica 2008;56:215-20.
https://doi.org/10.1556/avet.56.2008.2.9.

[48] Gomes VCL, Del Piero F, Langohr IM, de Aguiar LH, Anderson A, Sones JL, et al. Equine
focal mucopurulent placentitis associated with Stenotrophomonas maltophilia. Equine
Veterinary Education 2021;33:e292—7. https://doi.org/10.1111/eve.13310.

[49] Cawdell-Smith AJ, Todhunter KH, Perkins NR, Bryden WL. Exposure of mares to
processionary caterpillars (Ochrogaster lunifer) in early pregnancy: An additional
dimension to equine amnionitis and fetal loss. Equine Veterinary Journal 2013;45:755-60.
https://doi.org/10.1111/evj.12044.

[50] Spergser J, Aurich C, Aurich JE, Rosengarten R. High prevalence of mycoplasmas in the
genital tract of asymptomatic stallions in Austria. Vet Microbiol 2002;87:119-29.
https://doi.org/10.1016/s0378-1135(02)00043-3.



Journal Pre-proof

[51] Baczynska A, Fedder J, Schougaard H, Christiansen G. Prevalence of mycoplasmas in the
semen and vaginal swabs of Danish stallions and mares. Veterinary Microbiology
2007;121:138-43. https://doi.org/10.1016/j.vetmic.2006.11.021.

[52] Sola-Leyva A, Andrés-Ledn E, Molina NM, Terron-Camero LC, Plaza-Diaz J, Séez-Lara
MJ, et al. Mapping the entire functionally active endometrial microbiota. Human
Reproduction 2021;36:1021-31. https://doi.org/10.1093/humrep/deaa372.

[53] Freeman K, Roszel JF, Slusher SH, Castro MD. Variation in glycogen and mucins in the
equine uterus related to physiologic and pathologic conditions. Theriogenology 1990;33.
https://doi.org/10.1016/0093-691x(90)90815-b.

[54] Hoffmann C, Bazer FW, Klug J, Aupperle H, Ellenberger C, Ozgen S, et al.
Immunohistochemical and histochemical identification of proteins and carbohydrates in the
equine endometrium: reaction patterns in the cycling mare. Pferdeheilkunde 2009;25:212—
9.

[55] Zavy MT, Bazer FW, Sharp DC, Wilcox CJ. Uterine Luminal Proteins in the Cycling Mare.
Biology of Reproduction 1979;20:689-98. https://doi.org/10.1095/biolreprod20.4.689.

[56] Gebhardt S, Merkl M, Herbach N, Wanke R, Handler J, Bauersachs S. Exploration of
global gene expression changes during the estrous cycle in equine endometrium. Biol
Reprod 2012;87:136. https://doi.org/10.1095/biolreprod.112.103226.

[57] Cuervo-Arango J, Claes AN, Ruijter-Villani M, Stout TA. Likelihood of pregnancy after
embryo transfer is reduced in recipient mares with a short preceding oestrus. Equine Vet J
2018;50:386-90. https://doi.org/10.1111/evj.12739.

[58] Silva ESM, Cuervo-Arango J, de Ruijter-Viliani M, Klose K, Oquendo PS, Stout TAE.
Effect of the duration of estradiol priming prior to progesterone administration on
endometrial gene expression in anestrous mares. Theriogenology 2019;131:96-105.
https://doi.org/10.1016/j.theriogenology.2019.03.025.

Table 1. Analysis of similarity between anestrus and estrus groups and the P-value.

Group 1 Group 2 p-Value
Anestrus Estrus 0.001
Figures

Please print all figures in color

Figure legends



Journal Pre-proof

6
5; 900
o5 >
g 3
c
= a = 600
4 e
(= (@]
c @®
_(CU =
3 O 300
_ b
2 1
anestrus estrus @
u u anestrus estrus
A B
‘>1<) 150]
200
2 3
o
S £ 100!
(72} Rz
2 g
.UEJ 100 G
> b L. 50
£ g . b
0 ; Y ¢ 0|
anestrus estrus anestrus estrus
C D

Fig. 1. Alpha diversity index in the anestrus and estrus groups. A) Shannon index, B) Chaol
index, C) Inverse Simpson index, D) Fisher index. A significant difference in alpha diversity
between the anestrus and estrus groups was found for the Chaol, Inverse Simpson and Fisher

index (P<0.05). The Shannon index did not show a significant difference between anestrus and

estrus groups (P=0.076).
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Fig. 2. Relative abundance on phylum level in anestrus and estrus groups. Proteobacteria,
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m Cyanobacteria
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Firmicutes and Bacteroidota were the three most abundant phyla in both groups with a combined

total relative abundance of 83% and 82% respectively for the anestrus and estrus groups.
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Fig. 3. Relative abundance on phylum level in anestrus and estrus groups. Proteobacteria,
Firmicutes and Bacteroidota were found to be the three most abundant phyla in both groups.

There are individual differences between samples in both sample groups.
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Fig. 4. Relative abundance on genus level in anestrus and estrus groups. In the anestrus sample
Rikenellaceae RC9 gut group and Peptoanaerobacter were the most abundant genera with a
combined total relative abundance of 14%, while in the estrus group Klebsiella, Aeromonas,

Mycoplasma and Citrobacter were the most abundant genera with a total relative abundance of

54%.
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Fig. 5. Relative abundance of the top 200 genera in anestrus and estrus groups.
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Fig. 6. Log fold changes at genus level between anestrus and estrus. Of the 29 individual genera
analyzed, 19 showed a significant increase during anestrus as compared to estrus and 10

individual genera showed a decrease during anestrus as compared to estrus.
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Fig. 7. PCoA plot of weighted UniFrac distance. A significant difference in beta diversity was

found between anestrus and estrus groups (P<0.05)



