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a b s t r a c t

In spite of controversy, recent studies present evidence that a microbiome is present in the human
placenta. However, there is limited information about a potential equine placental microbiome. In the
present study, we characterized the microbial population in the equine placenta (chorioallantois) of
healthy prepartum (280 days of gestation, n ¼ 6) and postpartum (immediately after foaling, 351 days of
gestation, n ¼ 11) mares, using 16S rDNA sequencing (rDNA-seq). In both groups, the majority of bacteria
belonged to the phyla Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidota. The five most
abundant genera were Bradyrhizobium, an unclassified Pseudonocardiaceae, Acinetobacter, Pantoea, and an
unclassified Microbacteriaceae. Alpha diversity (p < 0.05) and beta diversity (p < 0.01) were significantly
different between pre- and postpartum samples. Additionally, the abundance of 7 phyla and 55 genera
was significantly different between pre- and postpartum samples. These differences suggest an effect of
the caudal reproductive tract microbiome on the postpartum placental microbial DNA composition, since
the passage of the placenta through the cervix and vagina during normal parturition had a significant
influence on the composition of the bacteria found in the placenta when using 16S rDNA-seq. These data
support the hypothesis that bacterial DNA is present in healthy equine placentas and opens the possi-
bility for further exploration of the impact of the placental microbiome on fetal development and
pregnancy outcome.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mammals have co-evolved with bacteria colonizing niche body
sites and forming distinct microbiomes [1e3]. The microbiome is
important for the normal function and homeostasis of the colo-
nized organs and tissues [1e4]. However, some organs, like the
pregnant uterus and placenta, have been claimed to be sterile as
part of the so called “sterile womb paradigm” [5e9]. The
Inc. This is an open access article u
consequence of a fetus developing in a sterile uterus is that the
development of the fetal microbiome starts during and after
parturition [5e7,10,11]. This paradigm is based on evidence gener-
ated by traditional culture-based and microscopy techniques in the
past decades [4e9]. However, these methods have a low sensitivity
as the majority of microorganisms cannot be grown under stan-
dard, aerobic laboratory conditions [5,12]. This limitation could lead
to failure of these traditional methods to detect bacteria in low
biomass samples, such as the healthy placenta [5,12]. With the use
of 16S rDNA sequencing and whole-genome shotgun sequencing,
researchers have been able to identify microbial DNA in the uterus
[13e17] and postpartum placenta in different mammals [1,18e21].
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These findings led to the ‘in utero colonization’ theory [5]. This
theory postulates that there is an endometrial and placental
microbiome that contributes to the colonization of fetal organs
before birth [5,6,8,11]. Some studies have found similar bacterial
communities in meconium and the placenta or amnion fluid,
indicating possible colonization of fetal tissues in utero [18,22,23].
Recently, researchers have started to relate the endometrial and
placental microbiome to pregnancy pathologies [1,9,15,24e45].

The microbiome is considered crucial for the maintenance of
homeostasis within cells, tissues, and organs. A balanced crosstalk
between host and microbes ensures the necessary homeostasis,
while dynamic changes occur in both interacting organisms. In the
horse, a limited number of studies describe a microbiome in the
pregnant and non-pregnant reproductive tract [33,46e49]. How-
ever, the microbial population of the equine placenta prior to
parturition has not yet been investigated. The placenta enables
prolonged intrauterine gestation in eutherian mammals [50] and
has a lifelong effect on the well-being and health of the dam and
her offspring [51e53]. Confirming and characterizing the microbial
population of the placenta is a crucial step to understand the role of
the microbiome in the normal function of the placenta and normal
development of the fetus. Identifying the bacterial population in
the equine placenta may also be an important step to further un-
derstand the underlying etiology of equine placentitis, an impor-
tant disease of late gestation in the horse [54e57].

One of the accepted methods for diagnosis of placentitis is the
identification of abortigenic pathogens in the placenta after
parturition or abortion using bacterial culture or PCR [57]. How-
ever, the influence of the flora in the caudal reproductive tract on
the composition of microbial isolates has not been investigated.
This limitation of microbial identification in the expelled placenta
could lead to a false positive diagnosis when investigating pla-
centitis. In a recent epidemiological study, 13.2% of healthy post-
partum placentas were positive for one of the presumed causes of
equine mucoid placentitis [58], suggesting there are alternative
theories that explain the transition between healthy and disease.
Therefore, it is important to understand the effect of parturition,
including the effect of the microbiome in the caudal reproductive
tract, on the microbial population of the postpartum placentae. In
the present study, we described the equine placental microbial
population during healthy pregnancies in pre- and postpartum
chorioallantoic samples. We hypothesized that microbial DNA is
present in the equine placenta and that the postpartum placenta
has a distinct microbial diversity due to the passage through the
cervix and vagina during parturition.

2. Material and methods

2.1. Ethics

All animal protocols were approved by and performed in
accordance with the Institutional Animal Care and Use Committee
of the University of Kentucky (protocol number 2014-1341 and
2019-3669).

2.2. Experimental design

Samples were collected from 6 prepartum and 11 postpartum
placentas from healthy mares (4e22 years age). For the prepartum
samples, mares were euthanized at 280 days of gestation with an
overdose of pentobarbital, following the American Veterinary
Medical Association (AVMA) guidelines for the euthanasia of ani-
mals [59]. After euthanasia, the utero-placental unit was removed,
opened on a separate table and tray, and the chorioallantois was
detached from the endometrium using a sterile scalpel and forceps.
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Placental samples were preserved in a sterile container with
RNAlater (AM7021; Invitrogen, USA), stored overnight at 4 �C, and
then frozen at �80 �C until extraction [60,61]. For the postpartum
samples, the gestation length was on average 351 ± 7.2 days
(median ¼ 351 days, range ¼ 340e363 days). The chorioallantoic
tissue was collected immediately after foaling using a sterile biopsy
punch. The placental samples were preserved in RNAlater, stored
overnight at 4 �C, and then frozen at �80 �C until extraction in a
sterile container [58]. A sample of each placenta was submitted to
the University of Kentucky Veterinary Diagnostic Lab (UKVDL) for
histopathology evaluation to confirm the absence of disease.
Placental membranes were assessed histologically and were
cultured for bacteria and fungi pathogens. All samples were
confirmed to be normal with no pathogenic bacterial or fungal
growth.

Additionally, four blank samples from the PBS (Gibco 10010-
023, ThermoFisher Scientific, USA), used to wash the samples prior
to DNA extraction, were used as the control (blank) for contami-
nants in the reagents and equipment [62,63].

2.3. 16S rDNA extraction and sequencing

DNA was extracted using DNeasy PowerSoil Pro Kit (Qiagen
#47014, USA), as per manufacter's instructions. Briefly, 200 mg of
placental tissue was cut into small pieces using sterile scalpel
blades and placed in a 1.5 ml microcentrifuge tube. The samples
werewashed twicewith PBS (500 ml) to remove RNAlater. The tubes
were centrifuged at 15,000g for 5 min. All centrifugation steps were
performed at room temperature (15e25 �C), unless otherwise
specified. The washed tissue was added to a ZR BashingBead
(PowerSoil Pro Kit). CD1 solution (800 ml) was added, vortexed
briefly, and incubated at 65 �C for 10 min. Next, the samples were
homogenized using a Bead Ruptor (speed¼Med 5m/s, time¼ 30 s,
cycles ¼ 4, dwell ¼ 1 min). Then, the tubes were centrifuged at
15,000 g for 1 min and the supernatant was transferred to a clean
microcentrifugation tube. CD2 solution (200 ml) was added and the
tubes were vortexed for 5 s. After an incubation at room temper-
ature for 3e5 min the tubes were centrifuged at 15,000 g for 1 min.
The supernatant (700e800 ml) was transferred to a new tube and
CD3 solution (600 ml) was added. This mixture was vortexed for 5 s
and then 675 ml was transferred to a MB spin column and centri-
fuged at 15,000 g for 1min. This stepwas repeated and then theMB
spin column was placed into a clean 2 ml collection tube. EA so-
lution (500 ml) was added and the column was centrifuged at
15,000 g for 1min. The flow-throughwas discarded and C5 solution
(500 ml) was added. After centrifugation at 15,000 g for 1 min, the
spin column was placed in a new 2 ml collection tube and spun at
16,000 g for 2 min to dry the column. The MB spin column was
placed in an elution tube, C6 solution (60 ml) was added, and
incubated at room temperature for 3 min. Finally, the tubes were
centrifuged at 15,000 g for 1 min.

The V3-V4 domain was amplified using primer 341F
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG(spacer)
TGCCTACGGGNGGCWGCAG) and 806R (GTCTCGTGGGCTCGGA-
GATGTGTATAAGAGACAG(spacer)CCGGACTACNVGGGTWTCTAAT)
using a two-step PCR procedure. In step one of the amplification
procedure, both forward and reverse primers contained an Illumina
tag sequence (bold), a variable length spacer (no spacer, A, CA, or
GCA for 341F; no spacer, G, TG, ATG for 806R) to increase diversity
spectrum and improve the quality of the sequencing run, a linker
sequence (italicized), and the 16S target sequence (underlined).
Each 25 ml PCR reaction contained 1 unit Kapa2G Robust Hot Start
Polymerase (Kapa Biosystems, USA), 1.5 mM MgCl2, 0.2 mM final
concentration dNTP mix, 0.2 mM final concentration of each primer,
3 ml KAPA 5X Enhancer 1, and 1 ml of DNA for each sample. PCR
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conditions were: an initial incubation at 95 �C for 3 min, followed
by 30 cycles of 95 �C for 45 s, 50 �C for 30 s, 72 �C for 30 s and a final
extension of 72 �C for 3min. In step two, each samplewas barcoded
with a unique forward and reverse barcode combination using
forward primers (AATGATACGGCGACCACCGAGATCTA-
CACNNNNNNNNTCGTCGGCAGCGTC) with an Illumina P5 adapter
sequence (bold), a unique 8 nucleotide barcode (N), a partial
matching sequence of the forward adapter used in step one
(underlined), and reverse primers (CAAGCAGAAGACGGCATACGA-
GATNNNNNNNNGTCTCGTGGGCTCGG) with an Illumina P7 adapter
sequence (bold), unique 8 nucleotide barcode (N), and a partial
matching sequence of the reverse adapter used in step one
(underlined). The PCR reaction in step two contained 1 unit Kapa2G
Robust Hot Start Polymerase (Kapa Biosystems, USA), 1.5 mM
MgCl2, 0.2 mM final concentration dNTP mix, 0.2 mM final con-
centration of each uniquely barcoded primer and 1 ml of the product
from the PCR reaction in step one diluted at a 10:1 ratio in water.
PCR conditions were: an initial incubation at 95 �C for 3 min, fol-
lowed by 9 cycles at 95 �C for 30 s, 58 �C for 30 s, 72 �C for 30 s and a
final extension of 72 �C for 3 min. The final product was quantified
on a Qubit instrument using the Qubit High Sensitivity dsDNA kit
(Invitrogen) and individual amplicons were pooled in equal con-
centrations. The pooled library was cleaned utilizing Ampure XP
beads (Beckman Coulter, USA). Quality analysis was performed
using the Nanodrop (ThermoFisher Scientific, USA). For the
placenta samples, the 260/280 ratio was�1.8 and the 260/230 ratio
was �2.07. For the blank samples, the 260/280 ratio was >1.8 and
the 260/230 ratio ranged between 0.37 and 2.29. The library was
quantified via qPCR followed by 300-bp paired-end sequencing
using an Illumina MiSeq instrument (Illumina, USA) in the Genome
Center DNA Technologies Core, University of California, Davis. DNA
extractions and library preparation were performed by the UC
Davis Host Microbe Systems Biology Core Facility. Sequences are
available in the NCBI Sequence Read Archive (SRA) under the
accession number PRJNA939134.

2.4. Downstream analyses

Denoising, filtering, and trimming were performed in Mothur
(version 1.48.0) [64]. The 16S rDNA SILVA v138.1 database [65] was
used for mapping and assigning taxonomy. First, the contigs were
obtained using the “make.contigs” command. Next, sequences
were filtered using the “screen.seqs” command with maximum
ambigous sequences set to 0 and maximum number of polymers
set to 8. From the SILVA v138.1 database a custom database was
built for the V3-V4 region using the “pcr.seqs” command. Un-
aligned sequences were removed using the “screen.seqs” and the
“filter.seqs” commands. Sequences were further denoised using the
“pre.cluster” command with the difference argument set to 2.
Chimeras were removed using the “chimera.vsearch” command.
Then, an ASV table was generated using the “make.shared” com-
mand and imported into R. For decontamination, contaminating
reads identified in the negative control samples (PBS, blank; n ¼ 4)
were removed from the samples using Microdecon [66]. After
decontamination, low abundance taxa with three or less counts in
all samples were removed. The remaining taxa were split into
taxonomy levels and relative abundances were calculated using the
Phyloseq package [67]. Alpha diversity calculation (Shannon,
Chao1, and Fisher) and beta diversity calculation (weighted UniFrac
and Bray-Curtis) was performed using the microbiome, amplicon,
and vegan packages. Alpha diversity was compared using the Tukey
HSD test and beta diversity was compared using ANOVA and
Analysis of Similarity (ANOSIM). Using ANCOM-BC [68], with
p_adj_method set to Benjamini-Hochberg (BH), differently abun-
dant taxa were identified. Graphs were generated using ggplot2,
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dplyr, RColorBrewer, ggpubr, and lattice packages. Bar and pie plots
were generated usingMicrosoft Excel (Microsoft Corporation, USA).
Statistical differences were declared at p < 0.05 throughout all
analyses, unless stated otherwise.
3. Results

After applying the Mothur pipeline [64,69e76], we could iden-
tify 418,525 sequences and from these sequences, we identified
51,300 unique amplicon sequence variants (ASVs) in the samples
and blanks combined. After the decontamination step, 2889 ASVs
were left in the placental samples.
3.1. Prepartum

In healthy prepartum placentas, the majority of the taxa
belonged to the phyla Firmicutes, Actinobacteriota, and Proteo-
bacteria with an abundance of 29%, 29%, and 28%, respectively
(Fig. 1A). The two lower abundant taxa were Bacteroidota and
Acidobacteriota (Fig. 1A). When comparing individual samples, the
microbial composition in five samples showed a similar pattern at
the phylum level, while one sample (CA3) had a 100% abundancy of
the phylum Actinobacteriota (Fig. 1B). The reason for the divergent
composition in sample CA3 is unclear and could represent a natural
variation of the microbiome in this apparently healthy pregnancy,
or could be due to an undetected pathology, contamination of the
sample or the misclassification of unknown genera.

At the genus level, the top three bacteria in the healthy pre-
partum samples were Bradyrhizobium, an unclassified Pseudono-
cardiaceae, and Mycobacterium (Fig. 2A). When comparing
individual samples to each other, they showed diversity in the
microbial composition, except for two samples. One had a high
abundancy of unclassified Pseudonocardiaceae (68.4%, CA3) and one
sample had a high abundancy of Bradyrhizobium (69.7%, CA5)
(Fig. 2B).
3.2. Postpartum

Similar to the prepartum samples, Proteobacteria, Firmicutes,
and Actinobacteriota were the top three phyla in postpartum
samples, with an abundance of 33%, 23% and 21%, respectively
(Fig. 3A). Bacteroidota was the fourth most abundant microbial
phylum with an abundancy of 14% (Fig. 3A). A similar microbial
composition was found among the individual samples (Fig. 3B).

At the genus level, the top three bacteria in healthy postpartum
samples were Acinetobacter, Pantoea, and an unclassified Micro-
bacteriaceae (Fig. 4A). The microbial compositions of individual
samples were diverse (Fig. 4B).
3.3. Alpha diversity

To estimate alpha diversity, we calculated the Shannon diversity
index, chao1, and Fisher index. Alpha diversity was calculated and
compared using the Tukey HSD test. We found a significant higher
alpha diversity in postpartum samples compared to prepartum
samples for all indexes (p < 0.05; Fig. 5). Shannon is an estimator
which evaluates the relative abundance of different OTUs, while
Chao1 takes rare species into account, and Fisher is calculated
based on number of taxa and number of individuals [77]. The
higher these estimators, the more diverse and/or rich the sample is.
These results indicate a significant higher richness and diversity in
postpartum samples, with postpartum sample also having more
rare species than prepartum samples.



Fig. 1. Relative abundance in healthy prepartum samples (n ¼ 6) at the phylum level. A: pie chart of the composition of the microbiome. B: relative abundance in individual samples
(CA1-CA6). CA ¼ chorioallantois.

Fig. 2. Relative abundance in healthy prepartum samples (n ¼ 6) at the genus level. A: pie chart of the composition of the microbiome. B: relative abundance in individual samples
(CA1-CA6). CA ¼ chorioallantois.
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3.4. Beta diversity

To estimate beta diversity, the Bray-Curtis distance was calcu-
lated and compared using ANOVA and Analysis of Similarity
(ANOSIM). A significantly different beta diversity between the two
groups was observed (p < 0.01; Fig. 6). The ANOSIM statistic for the
Bray-Curtis distance was 0.75 (p < 0.01; Fig. 6), with the closer this
statistic is to 1, the more different the two groups are.

3.5. Differentially abundant taxa

A total of seven differentially abundant phyla between post- and
Fig. 3. Relative abundance in healthy postpartum samples (n ¼ 11) at the phylum level. A
samples (CA1-CA6). CA ¼ chorioallantois.
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prepartum samples were identified (p > 0.05): five phyla with a
higher abundancy and two with a lower abundancy in postpartum
samples compared to prepartum samples (Fig. 7). We observed 55
genera that were significantly more abundant in postpartum
samples as compared to prepartum samples (Supplementary
Table 1, p < 0.05).

4. Discussion

Recently, the human placental microbiome has been extensively
researched during healthy and compromised pregnancies
[1,18e20,39,41e44,75,78e80], but few publications are available in
: pie chart of the composition of the microbiome. B: relative abundance in individual



Fig. 4. Relative abundance in healthy postpartum samples (n ¼ 11) at the genus level. A: pie chart of the composition of the microbiome. B: relative abundance in individual samples
(CA1-CA6). CA ¼ chorioallantois.

Fig. 5. alpha diversity (Shannon, Chao1, and Fisher index) in healthy pre-and postpartum samples. Alpha diversity was significantly different (p < 0.05) between the two groups for
any index.

Fig. 6. Non-metric multidimensional scaling (NMDS) of beta diversity (Bray-Curtis
distance) in healthy pre-and postpartum samples. Beta diversity was significantly
different (p < 0.01) between the two groups. The ANOSIM statistic is 0.75 for the Bray-
Curtis distance (p < 0.01).

M. van Heule, H.F. Monteiro, A. Bazzazan et al. Theriogenology 206 (2023) 60e70
other mammals such as mouse, cattle, primates, and sheep
[13,40,45,81e83]. In human placenta, Proteobacteria was identified
as the dominant phylum in samples collected by C-section and
vaginal delivery (Table 1) [1,18,39,41,81,84]. Other abundant phyla
identified in healthy human placenta collected by C-section or after
vaginal delivery were Firmicutes, Cyanobacteria, Spirochaetes,
Tenericutes, Bacteroidetes, Fusobacteria, Actinobacteria, Acid-
obacteria, and Thermus [1,12,18,39,41,43,81,84,85]. In cattle, the
most prevalent phyla identified in the placenta were Firmicutes,
Bacteroidetes, and Proteobacteria in post-mortem samples
collected in slaughterhouses [13] or after normal vaginal delivery
[83] (Table 1).

In the present study, we described the presence of microbial
DNA in the healthy pre- and postpartum equine placenta. The
majority of the identified microbes belong to the phylum Proteo-
bacteria, Firmicutes, Actinobacteria, and Bacteroidota, which ac-
count for more than 75% of the phyla present in the pre- and
postpartum samples. Previous studies also identified these four
phyla as the dominant microbes in the equine placenta collected
after normal vaginal delivery and in the non-pregnant equine
endometrium (Table 1) [12,49,86e90]. The top three genera in the
prepartum samples were Bradyrhizobium, an unclassified Pseudo-
nocardiaceae, and Mycobacterium and in the postpartum samples
were Acinetobacter, Pantoea, and an unclassified Microbacteriaceae.
Bacteria previously identified in the postpartum equine placenta
and equine endometrium [12,49,86,87,89] were also identified in
the postpartum equine placentas in the present study (Table 2),
except for Gemella, Moraxella, Klebsiella, Peptoanaerobacter, and
Lonsdalea spp. In the bovine uterus, Trueperella, Acinetobacter,
Fusobacteria, Proteus, Prevotella, Corynebacterium, Staphylococcus,
Microbacterium, Butyrivibrio, Ralstonia and Peptostreptococcus spp.
were previously described [13,90]. Acinetobacter, Proteus, Prevotella,
Corynebacterium, Staphylococcus, and Peptostreptococcus spp. were
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also present in the equine placentas. Similarly, several genera that
have been identified in the human placenta were also identified in
our equine placental samples (Table 2). Overall, there was a notable
overlap among the genera found in the placenta of different
mammals, suggesting the presence of a micro-environment that
allows the presence of these bacteria. Bacterial function can be
different depending on the environment and substrate availability.
A better insight in the function of these bacteria in the placenta
could expand our understanding of the effect of the placental
microbiome on the outcome of pregnancy and the impact on the
dam and her offspring.



Fig. 7. A: Differentially abundant taxa in healthy postpartum samples compared to
healthy prepartum samples. LFC: log fold change, negative fold change indicates lower
abundance in postpartum samples. FDR: false discovery rate, using the Benjamini-
Hochberg method (BH). B: box plot of the log fold change in postpartum samples
compared to prepartum samples.
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Of note, similar to previous reports [4,63,85,91,92], some of the
above-mentioned genera (Acinetobacter, Bradyrhizobium, Pseudo-
monas, and Coryenbacterium, among others) were also found in our
blank samples and consequently could be considered as contami-
nants. However, even after in silico decontamination, these genera
were still present in the ASV table. This finding highlights the
importance of the decontamination step during data analysis.
Additionally, these genera were previously identified in the endo-
metrium and/or placenta using 16S and/or WGS in different
mammals [1,13,18e20,39,49,78,79,84,85,90], suggesting that these
genera are indeed present in placental samples with a higher
abundance than those in the blank samples. It is also important to
consider that due to the high sequence similarity of the 16S gene,
the 16S rDNA-sequencing method has a limited power in detecting
bacteria at the genus level. In future studies, the presence of the
identified genera needs to be confirmed with higher resolution
sequencing techniques such as metagenomic and metatran-
scriptomic techniques.

Although we identified several bacteria in equine healthy pla-
centas and several other studies have reported the presence of
microbes in the healthy placentae of other species, the existence of
a placental microbiome remains a controversial topic
[8,12,26,93,94]. This controversy is mainly due to limitations
associated with microbial growth and the detection methods
[63,95]. The disagreement around the presence of a placental
microbiome revolves around the question whether the microbial
DNA found in the placenta is originating from viable microbes that
are part of a microbiome, or from microbial DNA that reached the
placenta through the maternal blood circulation or contaminating
microbial DNA present in the environment such as the extraction
kits (so called ‘kitome’) [7,8,21,91,94e97]. Most previous studies
and the current study were not aimed to distinguish between live
or dead microbes. Thus, the current results demonstrate at the
minimum the presence of microbial DNA in this body niche, rather
than an active microbiome [98]. One of the main limitations of 16S
rDNA-seq and a metagenomic method is the difficulty to distin-
guish between microbial DNA that is part of an active microbiome
T O V
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Table 2
Overview of genera present in equine placental samples and in the literature.

Equine Human

Tissue Prepartum
placenta

Postpartum
e placenta

Postpartum
placenta

Postpartum
placenta

Non-pregnant
endometrium

Non-
pregnant
endometrium

Term and preterm
(VD and CS)
placenta

Term
placenta
(CS)

Term (CS)
placenta

Abortion (at 30
e60 days)
placenta

Term and
preterm
placenta (VD)

Term
placenta
(VD)

Term and preterm
placenta (VD and
CS)

Reference Current
study

Current
study

Xia et al.,
2017 [86]
(abstract)

Sones and Heil,
2018 [87]
(abstract)

Holyoak et al.,
2018 [89]
(abstract)

Holyoak
et al., 2022
[49]

Aagaard et al.,
2014 [1]

Benny
et al., 2021
[41]

Collado
et al., 2016
[18]

Zhu et al., 2018
[84]

Prince et al.,
2016 [20]

Zheng
et al., 2015
[78]

Doyle et al., 2014
[79]

Bacillus ✓ ✓ ✓ ✓ ✓ ✓

Mycoplasma ✓ ✓ ✓ ✓ ✓

Clostridium ✓ ✓ ✓ ✓ ✓ ✓ ✓

Pseudomonas ✓ ✓ ✓ ✓ ✓

Porphyromonas ✓ ✓ ✓

Streptococcus ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Lactobacillus ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Prevotella ✓ ✓ ✓ ✓ ✓

Escherichia/
Shigella

✓ ✓ ✓ ✓ ✓ ✓ ✓

Blautia ✓ ✓ ✓

Staphylococcus ✓ ✓ ✓ ✓ ✓ ✓ ✓

Acinetobacter ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Ureaplasma ✓ ✓ ✓ ✓

Paenibacillus ✓ ✓

Haemophilus ✓ ✓ ✓ ✓ ✓

Enterococcus ✓ ✓ ✓ ✓ ✓ ✓

Chryseobacterium ✓ ✓ ✓ ✓

Lysinibacillus ✓ ✓ ✓ ✓

Citrobacter ✓ ✓

Aeromonas ✓ ✓

Sphingomonas ✓ ✓

Micrococcus ✓ ✓

Peptostreptococcus ✓ ✓

Bradyrhizobium ✓ ✓ ✓

Blastococcus ✓ ✓

Corynebacterium ✓ ✓ ✓ ✓ ✓

Actinomyces ✓ ✓

Ruminococcus ✓ ✓ ✓ ✓ ✓

Chryseobacterium ✓ ✓

Paracoccus ✓ ✓ ✓

VD ¼ vaginal delivery; CS ¼ caesarean section.
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in the placenta and contaminating DNA [7,8,21,29,69,91,94,95,97].
Some of the disadvantages associated with DNA-based sequencing
methods in low biomass samples may be avoided by using tech-
niques such as metatranscriptomics to look at the gene expression
of live bacteria in combinationwithmetametabolomics. Generating
‘multi-omics’ datasets would help in elucidating the presence of a
placental microbiome [99,100]. During the last few years, there has
been more evidence regarding the presence of microbes in the
placenta in health and disease [1,18e20,39,41e44,75,78e80]. Yu
et al. (2021) were able to track labelled Staphylococcus aureus to the
placenta with a bacterial tracking technique using fluorescent mi-
croscopy [45]. The presence of an endometrial microbiome is
increasingly accepted in several mammals, including humans
[13,17,24,25,30,35,38,49,70,89,101e104]. The disappearance of the
endometrial microbiome after establishment of pregnancy and
before the development of the placenta would require a process
which has not been yet characterized. Using multi-omics to
investigate the presence of a microbiome could further shed light
on the endometrial and placental microbiome.

Comparingalpha andbetadiversitybetweenpre- andpostpartum
placentas revealed significant differences, with postpartum samples
having a higher diversity. We also identified seven differentially
abundant phyla and 55 differentially abundant genera between the
two groups. These observations suggest possible contamination of
the placenta during its passage through the birth canal. However, our
findings are different from the findings of Parnell et al. (2017), who
found no significant differences between vaginal and C-section
delivered placenta in women [39]. This could be attributed to differ-
ences in the anatomyof the birth canal and the environment inwhich
parturition takesplace inhumanandhorses.Undoubtedly, the foaling
environment could lead to more contamination than a human hos-
pital environment would, and this limitation needs to be considered
when assessingmicrobial DNA found in clinical samples, especially if
the placenta has been separated and collected in a nonsterile envi-
ronment. In the present study, the samples were taken immediately
after passage through the birth canal. Therefore, several of identified
microbes are likely related to the caudal reproductive tract and
vaginal flora. Barba et al. (2020) reported that Corynebacterium,
Akkermansia, Campylobacter, Fusobacterium, Porphyromonas, Helcoc-
cus, Arcanobacterium, and Petoniphilus were among the most abun-
dant genera in the vagina of the mare [48]. These genera were only
present in our postpartum samples, except for Corynebacterium that
was present in both pre- and postpartum samples. Corynebacterium
was the fourth most abundant bacteria in the postpartum samples
andhada significantlyhigher abundancy inpostpartumsamples than
prepartum samples (35% vs 8%, respectively). Additionally, Rodrí-
guez-L�azaro et al. (2022) isolated Acinetobacter spp. from the vagina
of mares [105]. In the present study, Acinetobacter is the most abun-
dant genera found in postpartum samples. These parallels further
suggest that the difference in microbial composition between pre-
and postpartum samples is likely caused by vaginal contamination
during parturition.

Understanding the microbial population in the healthy placenta
will also allow us to better diagnose and treat conditions associated
with pathogenic microbes, such as those involved in equine pla-
centitis. For example, one of the routinemethods for identifying the
cause of abortion in mares is microbiologic assessment using cul-
ture methods and/or polymerase chain reaction (PCR) to detect the
presumed causative agents in samples submitted for diagnosis [57].
Previous studies demonstrated the possibility of false positive
detection of bacteria in the healthy equine placenta [57,58,106,107].

In conclusion, we have demonstrated the presence of bacterial
DNA in the placenta of healthy equine pregnancies. The majority of
bacteria belonged to the genera Bradyrhizobium, an unclassified
Pseudonocardiaceae, Acinetobacter, Pantoea, and an unclassified
67
Microbacteriaceae. We observed a significant difference in the mi-
crobial composition in pre- and postpartum placentae, which could
be due to contamination of the samples with vaginal flora during
the passage of the placenta through the birth canal. This contami-
nation could have a significant influence on microbes found in
postpartum placental tissue when using DNA based methods. This
information needs to be taken into consideration in future studies
and in clinical cases where the causative agent(s) of abortion need
to be determined. Overall, using a DNA-based method, it remains
unclear if the bacteria found in pre- and post-partum samples are
metabolically active and crosstalk with the host.

CRediT authorship contribution statement

Machteld van Heule: Conceptualization, Methodology, Valida-
tion, Investigation, Writing e original draft. Hugo Fernando
Monteiro: Investigation, Writing e review& editing. Ali Bazzazan:
Investigation, Writinge review& editing. Kirsten Scoggin: Sample
collection, Methodology, Conceptualization. Matthew Rolston:
Methodology. Hossam El-Sheikh Ali: Investigation, Writing e re-
view & editing. Bart C. Weimer: Resources, Investigation,
Conceptualization, Writing e review & editing. Barry Ball: Re-
sources, Conceptualization, Funding acquisition. Peter Daels: Re-
sources, Investigation, Writing e review & editing. Pouya Dini:
Funding acquisition, Conceptualization, Investigation, Methodol-
ogy, Writing e review & editing, Supervision, All of the authors
have agreed to the submission of this manuscript and to be
responsible for its contents and declare no conflicts of interest.

Declaration of competing interest

The authors have no conflict of interest to declare. All co-authors
have seen and agree with the contents of the manuscript and there
is no financial interest to report. We certify that the submission is
original work and is not under review at any other journal.

Acknowledgements

The authors want to thank Dr. Fabio Lima for his generous
consultation on building a microbiome analysis pipeline. This study
was supported by, the Foundation for The Horse, Grayson Jockey
Club Foundation (GJCRF # 280), the Special Research Fund (BOF) at
UGent, Clay Endowment at UKY, and the Center for Equine Health
at UCDavis (CEH. 20-4, CEH 21-S and CEH 22-I) with funds provided
by the State of California satellite wagering fund and contributions
by private donors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.theriogenology.2023.04.022.

References

[1] Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. The placenta
harbors a unique microbiome. Sci Transl Med 2014;6. https://doi.org/
10.1126/scitranslmed.3008599.

[2] Braundmeier AG, Lenz KM, Inman KS, Chia N, Jeraldo P, Walther-
Ant�onio MRS, et al. Individualized medicine and the microbiome in repro-
ductive tract. Front Physiol 2015;6:97. https://doi.org/10.3389/
FPHYS.2015.00097.

[3] G�odia M, Ramayo-Caldas Y, Zingaretti LM, Darwich L, L�opez S, Rodríguez-
Gil JE, et al. A pilot RNA-seq study in 40 pietrain ejaculates to characterize the
porcine sperm microbiome. Theriogenology 2020;157:525e33. https://
doi.org/10.1016/J.THERIOGENOLOGY.2020.08.001.

[4] Garcia-Garcia RM, Arias-�Alvarez M, Jord�an-Rodríguez D, Rebollar PG,
Lorenzo PL, Herranz C, et al. Female reproduction and the microbiota in
mammals: where are we? Theriogenology 2022;194:144e53. https://

https://doi.org/10.1016/j.theriogenology.2023.04.022
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.3389/FPHYS.2015.00097
https://doi.org/10.3389/FPHYS.2015.00097
https://doi.org/10.1016/J.THERIOGENOLOGY.2020.08.001
https://doi.org/10.1016/J.THERIOGENOLOGY.2020.08.001
https://doi.org/10.1016/j.theriogenology.2022.10.007


M. van Heule, H.F. Monteiro, A. Bazzazan et al. Theriogenology 206 (2023) 60e70
doi.org/10.1016/j.theriogenology.2022.10.007.
[5] Perez-Mu~noz ME, Arrieta MC, Ramer-Tait AE, Walter J. A critical assessment

of the “sterile womb” and “in utero colonization” hypotheses: implications
for research on the pioneer infant microbiome. Microbiome 2017;5:1e19.
https://doi.org/10.1186/S40168-017-0268-4.

[6] Mols KL, Boe-Hansen GB, Mikkelsen D, Bryden WL, Cawdell-Smith AJ,
Mols KL, et al. Prenatal establishment of the foal gut microbiota: a critique of
the in utero colonisation hypothesis. Anim Prod Sci 2020;60:2080e92.
https://doi.org/10.1071/AN20010.

[7] Kuperman AA, Zimmerman A, Hamadia S, Ziv O, Gurevich V, Fichtman B,
et al. Deep microbial analysis of multiple placentas shows no evidence for a
placental microbiome. BJOG 2020;127:159e69. https://doi.org/10.1111/
1471-0528.15896.

[8] Briana DD, Papaevangelou V, Malamitsi-Puchner A. The jury is still out on the
existence of a placental microbiome. Acta Paediatrica, Int. J. Paediat.
2021;110:2958e63. https://doi.org/10.1111/APA.16048.

[9] Bhuchitra S, Xia P. Placental microbiome and its association with preterm
labor: systematic literature review. Biomed J Sci Tech Res 2019;17:
12598e602. https://doi.org/10.26717/BJSTR.2019.17.002962.

[10] Aagaard K, Riehle K, Ma J, Segata N, Mistretta T-A. A metagenomic approach
to characterization of the vaginal microbiome signature in pregnancy. PLoS
One 2012;7:36466. https://doi.org/10.1371/journal.pone.0036466.

[11] Hornef M, Penders J. Does a prenatal bacterial microbiota exist? Mucosal
Immunol 2017;10:598e601. https://doi.org/10.1038/mi.2016.141.

[12] Heil BA, Paccamonti DL, Sones JL. Role for the mammalian female repro-
ductive tract microbiome in pregnancy outcomes. Physiol Genom 2019;51:
390e9. https://doi.org/10.1152/physiolgenomics.00045.2019.

[13] Moore SG, Ericsson AC, Poock SE, Melendez P, Lucy MC. Hot topic: 16S rRNA
gene sequencing reveals the microbiome of the virgin and pregnant bovine
uterus. J Dairy Sci 2017;100:4953e60. https://doi.org/10.3168/jds.2017-
12592.

[14] Kyono K, Hashimoto T, Nagai Y, Sakuraba Y. Analysis of endometrial
microbiota by 16S ribosomal RNA gene sequencing among infertile patients:
a single-center pilot study. Reprod Med Biol 2018;17:297e306. https://
doi.org/10.1002/RMB2.12105.

[15] Kyono K, Hashimoto T, Kikuchi S, Nagai Y, Sakuraba Y. A pilot study and case
reports on endometrial microbiota and pregnancy outcome: an analysis
using 16S rRNA gene sequencing among IVF patients, and trial therapeutic
intervention for dysbiotic endometrium. Reprod Med Biol 2019;18:72e82.
https://doi.org/10.1002/RMB2.12250.

[16] Santos TMA, Gilbert R, Bicalho RC. Metagenomic analysis of the uterine
bacterial microbiota in healthy and metritic postpartum dairy cows. J Dairy
Sci 2011;94:291e302. https://doi.org/10.3168/JDS.2010-3668.

[17] 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:e0210157. https://doi.org/10.1371/
JOURNAL.PONE.0210157.

[18] Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut coloni-
sation may be initiated in utero by distinct microbial communities in the
placenta and amniotic fluid. Sci Rep 2016;6. https://doi.org/10.1038/
srep23129.

[19] Seferovic MD, Pace RM, Carroll M, Belfort B, Major AM, Chu DM, et al.
Visualization of microbes by 16S in situ hybridization in term and preterm
placentas without intraamniotic infection. Am J Obstet Gynecol 2019;221:
146.e1e146.e23. https://doi.org/10.1016/J.AJOG.2019.04.036.

[20] Prince AL, Ma J, Kannan PS, Alvarez M, Gisslen T, Harris, Alan R, et al. The
placental membrane microbiome is altered among subjects with sponta-
neous preterm birth with and without chorioamnionitis. Am J Obstet
Gynecol 2016;214:627.e1e627.e16. https://doi.org/10.1016/
j.ajog.2016.01.193.

[21] Theis KR, Romero R, Winters AD, Greenberg JM, Gomez-Lopez N,
Alhousseini A, et al. Does the human placenta delivered at term have a
microbiota? Results of cultivation, quantitative real-time PCR, 16S rRNA gene
sequencing, and metagenomics. Am J Obstet Gynecol 2019;220:267.e1.
https://doi.org/10.1016/J.AJOG.2018.10.018.

[22] Zhu H, Yang M, Loor JJ, Elolimy A, Li L, Xu C, et al. Analysis of cow-calf
microbiome transfer routes and microbiome diversity in the newborn hol-
stein dairy calf hindgut. Front Nutr 2021;8. https://doi.org/10.3389/
FNUT.2021.736270/FULL.

[23] Quercia S, Freccero F, Castagnetti C, Soverini M, Turroni S, Biagi E, et al. Early
colonisation and temporal dynamics of the gut microbial ecosystem in
Standardbred foals. Equine Vet J 2019;51:231e7. https://doi.org/10.1111/
EVJ.12983.

[24] Franasiak JM, Scott RT. Endometrial microbiome. Curr Opin Obstet Gynecol
2017;29:146e52. https://doi.org/10.1097/GCO.0000000000000357.

[25] Giudice LC. Challenging dogma: the endometrium has a microbiome with
functional consequences. Am J Obstet Gynecol 2016;215:682e3. https://
doi.org/10.1016/J.AJOG.2016.09.085.

[26] Karstrup CC, Klitgaard K, Jensen TK, Agerholm JS, Pedersen HG. Presence of
bacteria in the endometrium and placentomes of pregnant cows. Ther-
iogenology 2017;99:41e7. https://doi.org/10.1016/
J.THERIOGENOLOGY.2017.05.013.

[27] Benner M, Ferwerda G, Joosten I, van der Molen RG. How uterine microbiota
might be responsible for a receptive, fertile endometrium. Hum Reprod
Update 2018;24:393e415. https://doi.org/10.1093/HUMUPD/DMY012.
68
[28] Wang ML, Liu MC, Xu J, An LG, Wang JF, Zhu YH. Uterine microbiota of dairy
cows with clinical and subclinical endometritis. Front Microbiol 2018;9.
https://doi.org/10.3389/FMICB.2018.02691/FULL.

[29] Altm€ae S, Rienzi L. Endometrial microbiome: new hope, or hype? Reprod
Biomed Online 2021;42:1051e2. https://doi.org/10.1016/
J.RBMO.2021.05.001.

[30] Elnashar AM. Impact of endometrial microbiome on fertility. Middle East
Fertil Soc J 2021;26. https://doi.org/10.1186/S43043-020-00050-3.

[31] Pascottini OB, van Schyndel SJ, Spricigo JFW, Rousseau J, Weese JS, LeBlanc SJ.
Dynamics of uterine microbiota in postpartum dairy cows with clinical or
subclinical endometritis. Sci Rep 2020;10:1e11. https://doi.org/10.1038/
s41598-020-69317-z.

[32] Miranda-CasoLuengo R, Lu J, Williams EJ, Miranda-CasoLuengo AA,
Carrington SD, Evans ACO, et al. Delayed differentiation of vaginal and
uterine microbiomes in dairy cows developing postpartum endometritis.
PLoS One 2019;14:e0200974. https://doi.org/10.1371/
JOURNAL.PONE.0200974.

[33] Reed Holyoak G, Lyman CC. The equine endometrial microbiome: a brief
review. Am J Biomed Sci Res 2021:11. https://doi.org/10.34297/
AJBSR.2021.11.001689.

[34] Sola-Leyva A, Andr�es-Le�oe E, Molina NM, Terron-Camero LC, Plaza-Diaz J,
S�aez-Lara MJ, et al. Mapping the entire functionally active endometrial
microbiota. Hum Reprod 2021;36:1021e31. https://doi.org/10.1093/HUM-
REP/DEAA372.

[35] Diaz-martínez MDC, Bernabeu A, Lled�o B, Carratal�a-munuera C, Quesada JA,
Lozano FM, et al. Impact of the vaginal and endometrial microbiome pattern
on assisted reproduction outcomes. J Clin Med 2021;10:4063. https://
doi.org/10.3390/JCM10184063. 2021;10:4063.

[36] Molina NM, Sola-Leyva A, Jose Saez-Lara M, Plaza-Diaz J, Tubic-Pavlovic A,
Romero B, et al. New opportunities for endometrial health by modifying
uterine microbial composition: present or future? Biomolecules 2020;10:
593. https://doi.org/10.3390/BIOM10040593.

[37] Moreno I, Codo~ner FM, Vilella F, Valbuena D, Martinez-Blanch JF, Jimenez-
Almaz�an J, et al. Evidence that the endometrial microbiota has an effect on
implantation success or failure. Am J Obstet Gynecol 2016;215:684e703.
https://doi.org/10.1016/j.ajog.2016.09.075.

[38] Franasiak JM, Werner MD, Juneau CR, Tao X, Landis J, Zhan Y, et al. Endo-
metrial microbiome at the time of embryo transfer: next-generation
sequencing of the 16S ribosomal subunit. J Assist Reprod Genet 2016;33:
129e36. https://doi.org/10.1007/s10815-015-0614-z.

[39] Parnell LA, Briggs CM, Cao B, Delannoy-Bruno O, Schrieffer AE, Mysorekar IU.
Microbial communities in placentas from term normal pregnancy exhibit
spatially variable profiles. Sci Rep 2017;7. https://doi.org/10.1038/S41598-
017-11514-4.

[40] Fardini Y, Chung P, Dumm R, Joshi N, Han YW. Transmission of diverse oral
bacteria to murine placenta: evidence for the oral microbiome as a potential
source of intrauterine infection. Infect Immun 2010;78:1789e96. https://
doi.org/10.1128/IAI.01395-09.

[41] Benny PA, Al-Akwaa FM, Dirkx C, Schlueter RJ, Wolfgruber TK, Chern IY, et al.
Placentas delivered by pre-pregnant obese women have reduced abundance
and diversity in the microbiome. FASEB (Fed Am Soc Exp Biol) J 2021;35.
https://doi.org/10.1096/FJ.202002184RR.

[42] Cao B, Stout MJ, Lee I, Mysorekar IU. Placental microbiome and its role in
preterm birth. NeoReviews 2014;15:e537e45.

[43] Varlas V, Peneș O, P�arl�atescu I. The controversial role of placental micro-
biome in preterm birth. Romanian J Infect Dis 2021;24:76e82. https://
doi.org/10.37897/RJID.2021.2.3.

[44] Stout MJ, Conlon B, Landeau M, Lee I, Bower C, Zhao Q, et al. Identification of
intracellular bacteria in the basal plate of the human placenta in term and
preterm gestations. Am J Obstet Gynecol 2013;208:226.e1e7. https://
doi.org/10.1016/J.AJOG.2013.01.018.

[45] Yu K, Rodriguez M, Paul Z, Gordon E, Gu T, Rice K, et al. Transfer of oral
bacteria to the fetus during late gestation. Sci Rep 2021;11:708. https://
doi.org/10.1038/s41598-020-80653-y.

[46] Heil BA, Thompson SK, Kearns TA, Davolli GM, King G, Sones JL. Metagenetic
characterization of the resident equine uterine microbiome using multiple
techniques. J Equine Vet Sci 2018;66:111. https://doi.org/10.1016/
J.JEVS.2018.05.156.

[47] Omar H, Hambidge M, Firmanes B, Shabandri AM, Wilsher S. Bacteria iso-
lated 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.

[48] Barba M, Martínez-Boví R, Quereda JJ, Moc�e ML, Plaza-D�avila M, Jim�enez-
Trigos E, et al. Vaginal microbiota is stable throughout the estrous cycle in
arabian mares. Animals 2020;10. https://doi.org/10.3390/ANI10112020.

[49] 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:
1e14. https://doi.org/10.1038/s41598-022-18971-6.

[50] John R, Hemberger M. A placenta for life. Reprod Biomed Online 2012;25:
5e11. https://doi.org/10.1016/J.RBMO.2012.03.018.

[51] Guttmacher AE, Maddox YT, Spong CY. The Human Placenta Project:
placental structure, development, and function in real time. Placenta
2014;35:303e4. https://doi.org/10.1016/J.PLACENTA.2014.02.012.

[52] Dini P, Kalbfleisch T, Uribe-Salazar JM, Carossino M, El-Sheikh Ali H, Loux SC,

https://doi.org/10.1016/j.theriogenology.2022.10.007
https://doi.org/10.1186/S40168-017-0268-4
https://doi.org/10.1071/AN20010
https://doi.org/10.1111/1471-0528.15896
https://doi.org/10.1111/1471-0528.15896
https://doi.org/10.1111/APA.16048
https://doi.org/10.26717/BJSTR.2019.17.002962
https://doi.org/10.1371/journal.pone.0036466
https://doi.org/10.1038/mi.2016.141
https://doi.org/10.1152/physiolgenomics.00045.2019
https://doi.org/10.3168/jds.2017-12592
https://doi.org/10.3168/jds.2017-12592
https://doi.org/10.1002/RMB2.12105
https://doi.org/10.1002/RMB2.12105
https://doi.org/10.1002/RMB2.12250
https://doi.org/10.3168/JDS.2010-3668
https://doi.org/10.1371/JOURNAL.PONE.0210157
https://doi.org/10.1371/JOURNAL.PONE.0210157
https://doi.org/10.1038/srep23129
https://doi.org/10.1038/srep23129
https://doi.org/10.1016/J.AJOG.2019.04.036
https://doi.org/10.1016/j.ajog.2016.01.193
https://doi.org/10.1016/j.ajog.2016.01.193
https://doi.org/10.1016/J.AJOG.2018.10.018
https://doi.org/10.3389/FNUT.2021.736270/FULL
https://doi.org/10.3389/FNUT.2021.736270/FULL
https://doi.org/10.1111/EVJ.12983
https://doi.org/10.1111/EVJ.12983
https://doi.org/10.1097/GCO.0000000000000357
https://doi.org/10.1016/J.AJOG.2016.09.085
https://doi.org/10.1016/J.AJOG.2016.09.085
https://doi.org/10.1016/J.THERIOGENOLOGY.2017.05.013
https://doi.org/10.1016/J.THERIOGENOLOGY.2017.05.013
https://doi.org/10.1093/HUMUPD/DMY012
https://doi.org/10.3389/FMICB.2018.02691/FULL
https://doi.org/10.1016/J.RBMO.2021.05.001
https://doi.org/10.1016/J.RBMO.2021.05.001
https://doi.org/10.1186/S43043-020-00050-3
https://doi.org/10.1038/s41598-020-69317-z
https://doi.org/10.1038/s41598-020-69317-z
https://doi.org/10.1371/JOURNAL.PONE.0200974
https://doi.org/10.1371/JOURNAL.PONE.0200974
https://doi.org/10.34297/AJBSR.2021.11.001689
https://doi.org/10.34297/AJBSR.2021.11.001689
https://doi.org/10.1093/HUMREP/DEAA372
https://doi.org/10.1093/HUMREP/DEAA372
https://doi.org/10.3390/JCM10184063
https://doi.org/10.3390/JCM10184063
https://doi.org/10.3390/BIOM10040593
https://doi.org/10.1016/j.ajog.2016.09.075
https://doi.org/10.1007/s10815-015-0614-z
https://doi.org/10.1038/S41598-017-11514-4
https://doi.org/10.1038/S41598-017-11514-4
https://doi.org/10.1128/IAI.01395-09
https://doi.org/10.1128/IAI.01395-09
https://doi.org/10.1096/FJ.202002184RR
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref42
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref42
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref42
https://doi.org/10.37897/RJID.2021.2.3
https://doi.org/10.37897/RJID.2021.2.3
https://doi.org/10.1016/J.AJOG.2013.01.018
https://doi.org/10.1016/J.AJOG.2013.01.018
https://doi.org/10.1038/s41598-020-80653-y
https://doi.org/10.1038/s41598-020-80653-y
https://doi.org/10.1016/J.JEVS.2018.05.156
https://doi.org/10.1016/J.JEVS.2018.05.156
https://doi.org/10.1016/J.JEVS.2022.104029
https://doi.org/10.1016/J.JEVS.2022.104029
https://doi.org/10.3390/ANI10112020
https://doi.org/10.1038/s41598-022-18971-6
https://doi.org/10.1016/J.RBMO.2012.03.018
https://doi.org/10.1016/J.PLACENTA.2014.02.012


M. van Heule, H.F. Monteiro, A. Bazzazan et al. Theriogenology 206 (2023) 60e70
et al. Parental bias in expression and interaction of genes in the equine
placenta. Proc Natl Acad Sci U S A 2021;118. https://doi.org/10.1073/
pnas.2006474118.

[53] Veronesi MC, Riccaboni P, Faustini M, Battocchio M, Cairoli F, Villani M.
Potential association between placental features and apgar scores after
normal parturition in the thoroughbred horse. J Anim Vet Adv 2005;4:
965e70.

[54] LeBlanc MM. Ascending placentitis in the mare: an update. Reprod Domest
Anim 2010;45:28e34. https://doi.org/10.1111/j.1439-0531.2010.01633.x.

[55] Canisso IF, Loux SC, Lima FS. Biomarkers for placental disease in mares.
Theriogenology 2020;150:302e7. https://doi.org/10.1016/
j.theriogenology.2020.01.073.

[56] Troedsson MHT, Miller LMJ. Equine placentitis. PFERDEHEILKUNDE 2016;32:
49e53. https://doi.org/10.21836/PEM20160109.

[57] Canisso IF, Ball BA, Erol E, Squires EL, Troedsson MHT. Comprehensive review
on equine placentitis. Proceedings of the 61st Annual Convention of the
American Association of Equine Practitioners, Las Vegas, Nevada, USA
2015;61:490e509. December 5-9.

[58] Fedorka CE, Scoggin KE, Ruby RE, Erol E, Ball BA. Clinical, pathologic, and
epidemiologic features of nocardioform placentitis in the mare. Ther-
iogenology 2021;171:155e61. https://doi.org/10.1016/
J.THERIOGENOLOGY.2021.05.023.

[59] Leary S, Underwood W, Anthony R, Cartner S, Corey D, Greenacre C, et al.
AVMA guidelines for the euthanasia of animals: 2013 edition. American
Veterinary Medical Association; 2013.

[60] Ball BA, Loux SC, Kennedy L, Kalbfleisch TS, Scoggin KE, Esteller-Vico A, et al.
Transcriptomic analysis of the chorioallantois frommares with nocardioform
placentitis. J Equine Vet Sci 2018;66:231. https://doi.org/10.1016/
j.jevs.2018.05.118.

[61] El-Sheikh Ali H, Dini P, Scoggin K, Loux S, Fedorka C, Boakari Y, et al. Tran-
scriptomic analysis of equine placenta reveals key regulators and pathways
involved in ascending placentitis. Biol Reprod 2020;1e18. https://doi.org/
10.1093/biolre/ioaa209.

[62] Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent
and laboratory contamination can critically impact sequence-based micro-
biome analyses. BMC Biol 2014;12:1e12. https://doi.org/10.1186/s12915-
014-0087-z.

[63] Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, Weyrich LS. Contam-
ination in low microbial biomass microbiome studies: issues and recom-
mendations. Trends Microbiol 2019;27:105e17. https://doi.org/10.1016/
J.TIM.2018.11.003.

[64] 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. Appl
Environ Microbiol 2013;79:5112e20. https://doi.org/10.1128/AEM.01043-
13.

[65] Yilmaz Pelin, 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:D643e8. https://doi.org/10.1093/NAR/GKT1209.

[66] 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. Environ DNA 2019;1:
14e25. https://doi.org/10.1002/EDN3.11.

[67] McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 2013;8:e61217.
https://doi.org/10.1371/JOURNAL.PONE.0061217.

[68] Lin H, das Peddada S. Analysis of compositions of microbiomes with bias
correction. Nat Commun 2020;11:1e11. https://doi.org/10.1038/s41467-
020-17041-7. 1 2020;11.

[69] de Goffau MC, Lager S, Sovio U, Gaccioli F, Cook E, Peacock SJ, et al. Human
placenta has no microbiome but can contain potential pathogens. Nature
2019;572:329e34. https://doi.org/10.1038/s41586-019-1451-5.

[70] Verstraelen H, Vilchez-Vargas R, Desimpel F, Jauregui R, Vankeirsbilck N,
Weyers S, et al. Characterisation of the human uterine microbiome in non-
pregnant women through deep sequencing of the V1-2 region of the 16S
rRNA gene. PeerJ 2016;4:e1602. https://doi.org/10.7717/peerj.1602.

[71] MacIntyre DA, Chandiramani M, Lee YS, Kindinger L, Smith A,
Angelopoulos N, et al. The vaginal microbiome during pregnancy and the
postpartum period in a European population. Sci Rep 2015;5:1e9. https://
doi.org/10.1038/srep08988. 2015 5:1.

[72] Lietaer L, Bogado Pascottini O, Hernandez-Sanabria E, Kerckhof FM,
Lacoere T, Boon N, et al. Low microbial biomass within the reproductive tract
of mid-lactation dairy cows: a study approach. J Dairy Sci 2021;104:
6159e74. https://doi.org/10.3168/JDS.2020-19554.

[73] Zhang L, Zhang M, Huang S, Li L, Gao Q, Wang Y, et al. A highly conserved
core bacterial microbiota with nitrogen-fixation capacity inhabits the xylem
sap in maize plants. Nat Commun 2022;13:1e13. https://doi.org/10.1038/
s41467-022-31113-w.

[74] Swartz JD, Lachman M, Westveer K, O'Neill T, Geary T, Kott RW, et al.
Characterization of the vaginal microbiota of ewes and cows reveals a unique
microbiota with low levels of lactobacilli and near-neutral pH. Front Vet Sci
2014;1:19. https://doi.org/10.3389/fvets.2014.00019.

[75] Williams N, Vella R, Zhou Y, Gao H, Mass K, Townsel C, et al. Investigating the
origin of the fetal gut and placenta microbiome in twins. J Matern Fetal
Neonatal Med 2021;35:7025e35. https://doi.org/10.1080/
69
14767058.2021.1936487.
[76] Sanglard LP, Schmitz-Esser S, Gray KA, Linhares DCL, Yeoman CJ,

Dekkers JCM, et al. Vaginal microbiota diverges in sows with low and high
reproductive performance after porcine reproductive and respiratory syn-
drome vaccination. Sci Rep 2020;10:1e11. https://doi.org/10.1038/s41598-
020-59955-8.

[77] Kim BR, Shin J, Guevarra RB, Lee JH, Kim DW, Seol KH, et al. Deciphering
diversity indices for a better understanding of microbial communities.
J Microbiol Biotechnol 2017;27:2089e93. https://doi.org/10.4014/
jmb.1709.09027.

[78] Zheng J, Xiao X, Zhang Q, Mao L, Yu M, Xu J. The placental microbiome varies
in association with low birth weight in full-term neonates. Nutrients 2015;7:
6924e37. https://doi.org/10.3390/NU7085315.

[79] Doyle RM, Alber DG, Jones HE, Harris K, Fitzgerald F, Peebles D, et al. Term
and preterm labour are associated with distinct microbial community
structures in placental membranes which are independent of mode of de-
livery. Placenta 2014;35:1099e101. https://doi.org/10.1016/
J.PLACENTA.2014.10.007.

[80] Amarasekara R, Jayasekara RW, Senanayake H, Dissanayake VHW. Micro-
biome of the placenta in pre-eclampsia supports the role of bacteria in the
multifactorial cause of pre-eclampsia. J Obstet Gynaecol Res 2015;41:662e9.
https://doi.org/10.1111/JOG.12619.

[81] Hummel GL, Austin K, Cunningham-Hollinger HC. Comparing the maternal-
fetal microbiome of humans and cattle: a translational assessment of the
reproductive, placental, and fetal gut microbiomes. Biol Reprod 2022:1e11.
https://doi.org/10.1093/BIOLRE/IOAC067.

[82] Hummel GL, Woodruff KL, Austin KJ, Knuth RM, Williams JD, Cunningham-
Hollinger HC. The materno-placental microbiome of gravid beef cows under
moderate feed intake restriction. Transl Anim Sci 2021;5:S159e63. https://
doi.org/10.1093/TAS/TXAB172.

[83] Hummel G, Woodruff K, Austin K, Knuth R, Lake S, Cunningham-Hollinger H.
Late gestation maternal feed restriction decreases microbial diversity of the
placenta while mineral supplementation improves richness of the fetal gut
microbiome in cattle. Animals 2021;11:2219. https://doi.org/10.3390/
ani11082219.

[84] Zhu L, Luo F, Hu W, Han Y, Wang Y, Zheng H, et al. Bacterial communities in
the womb during healthy pregnancy. Front Microbiol 2018;9. https://
doi.org/10.3389/FMICB.2018.02163/FULL.

[85] Zakis DR, Paulissen E, Kornete L, Kaan AM, Marije), Nicu EA, Zaura E. The
evidence for placental microbiome and its composition in healthy preg-
nancies: a systematic review. J Reprod Immunol 2022;149:103455. https://
doi.org/10.1016/J.JRI.2021.103455.

[86] Xia YW, Cornelius AJ, Donnelly CG, Bicalho RC, Cheong SH, Sonesc JL. Met-
agenomic analysis of the equine placental microbiome. Clin Theriogenol
2017;9:2017.

[87] Sones JL, Heil BA. Equine placental microbiome. Clin Theriogenol 2018;10:
279e82.

[88] Sathe S, Leiken A, Plummer P. Metagenomic sequencing of the uterine mi-
crobial environment during estrus and early pregnancy in mares. Clin
Theriogenol 2017;9.

[89] Holyoak GR, Lyman CC, Wieneke X, DeSilva U. The equine endometrial
microbiome. Clin Theriogenol 2018;10:273e8.

[90] Vikram R, Vivek J, Milton AAP, Khan MH, Biam KP. Reproductive tract
microbiome in animals: physiological versus pathological condition. Micro-
biome-host interactions 2020:209e20.

[91] Leiby JS, McCormick K, Sherrill-Mix S, Clarke EL, Kessler LR, Taylor LJ, et al.
Lack of detection of a human placenta microbiome in samples from preterm
and term deliveries. Microbiome 2018;6. https://doi.org/10.1186/s40168-
018-0575-4.

[92] Molina NM, Sola-Leyva A, Haahr T, Aghajanova L, Laudanski P, Castilla JA,
et al. Analysing endometrial microbiome: methodological considerations
and recommendations for good practice. Hum Reprod 2021;36:859e79.
https://doi.org/10.1093/HUMREP/DEAB009.

[93] Pelzer E, Gomez-Arango LF, Barrett HL, Nitert MD. Review: maternal health
and the placental microbiome. Placenta 2017;54:30e7. https://doi.org/
10.1016/j.placenta.2016.12.003.

[94] Sterpu I, Fransson E, Hugerth LW, Du J, Pereira M, Cheng L, et al. No evidence
for a placental microbiome in human pregnancies at term. Am J Obstet
Gynecol 2021;224:296.e1e296.e23. https://doi.org/10.1016/
J.AJOG.2020.08.103.

[95] Kliman HJ. Comment on “The placenta harbors a unique microbiome. Sci
Transl Med 2014;6:254le4. https://doi.org/10.1126/scitranslmed.3009864.

[96] Willyard C. Could baby's first bacteria take root before birth? Nature
2018;553:264e6. https://doi.org/10.1038/D41586-018-00664-8.

[97] Dudley DJ. The placental microbiome: yea, nay or maybe? BJOG 2020;127:
170. https://doi.org/10.1111/1471-0528.15994.

[98] Berg G, Rybakova D, Fischer D, Cernava T, Verg�es MCC, Charles T, et al.
Microbiome definition re-visited: old concepts and new challenges. Micro-
biome 2020;8:1e22. https://doi.org/10.1186/S40168-020-00875-0.

[99] Knight R, Vrbanac A, Taylor BC, Aksenov A, Callewaert C, Debelius J, et al. Best
practices for analysing microbiomes. Nat Rev Microbiol 2018;16:410e22.
https://doi.org/10.1038/s41579-018-0029-9. 2018 16:7.

[100] Bi Y, Tu Y, Zhang N, Wang S, Zhang F, Suen G, et al. Multiomics analysis
reveals the presence of a microbiome in the gut of fetal lambs. Gut 2021;70:
853e64. https://doi.org/10.1136/GUTJNL-2020-320951.

https://doi.org/10.1073/pnas.2006474118
https://doi.org/10.1073/pnas.2006474118
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref53
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref53
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref53
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref53
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref53
https://doi.org/10.1111/j.1439-0531.2010.01633.x
https://doi.org/10.1016/j.theriogenology.2020.01.073
https://doi.org/10.1016/j.theriogenology.2020.01.073
https://doi.org/10.21836/PEM20160109
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref57
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref57
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref57
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref57
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref57
https://doi.org/10.1016/J.THERIOGENOLOGY.2021.05.023
https://doi.org/10.1016/J.THERIOGENOLOGY.2021.05.023
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref59
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref59
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref59
https://doi.org/10.1016/j.jevs.2018.05.118
https://doi.org/10.1016/j.jevs.2018.05.118
https://doi.org/10.1093/biolre/ioaa209
https://doi.org/10.1093/biolre/ioaa209
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1016/J.TIM.2018.11.003
https://doi.org/10.1016/J.TIM.2018.11.003
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1093/NAR/GKT1209
https://doi.org/10.1002/EDN3.11
https://doi.org/10.1371/JOURNAL.PONE.0061217
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41586-019-1451-5
https://doi.org/10.7717/peerj.1602
https://doi.org/10.1038/srep08988
https://doi.org/10.1038/srep08988
https://doi.org/10.3168/JDS.2020-19554
https://doi.org/10.1038/s41467-022-31113-w
https://doi.org/10.1038/s41467-022-31113-w
https://doi.org/10.3389/fvets.2014.00019
https://doi.org/10.1080/14767058.2021.1936487
https://doi.org/10.1080/14767058.2021.1936487
https://doi.org/10.1038/s41598-020-59955-8
https://doi.org/10.1038/s41598-020-59955-8
https://doi.org/10.4014/jmb.1709.09027
https://doi.org/10.4014/jmb.1709.09027
https://doi.org/10.3390/NU7085315
https://doi.org/10.1016/J.PLACENTA.2014.10.007
https://doi.org/10.1016/J.PLACENTA.2014.10.007
https://doi.org/10.1111/JOG.12619
https://doi.org/10.1093/BIOLRE/IOAC067
https://doi.org/10.1093/TAS/TXAB172
https://doi.org/10.1093/TAS/TXAB172
https://doi.org/10.3390/ani11082219
https://doi.org/10.3390/ani11082219
https://doi.org/10.3389/FMICB.2018.02163/FULL
https://doi.org/10.3389/FMICB.2018.02163/FULL
https://doi.org/10.1016/J.JRI.2021.103455
https://doi.org/10.1016/J.JRI.2021.103455
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref86
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref86
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref86
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref87
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref87
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref87
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref88
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref88
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref88
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref90
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref90
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref90
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref89
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref89
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref89
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref89
https://doi.org/10.1186/s40168-018-0575-4
https://doi.org/10.1186/s40168-018-0575-4
https://doi.org/10.1093/HUMREP/DEAB009
https://doi.org/10.1016/j.placenta.2016.12.003
https://doi.org/10.1016/j.placenta.2016.12.003
https://doi.org/10.1016/J.AJOG.2020.08.103
https://doi.org/10.1016/J.AJOG.2020.08.103
https://doi.org/10.1126/scitranslmed.3009864
https://doi.org/10.1038/D41586-018-00664-8
https://doi.org/10.1111/1471-0528.15994
https://doi.org/10.1186/S40168-020-00875-0
https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1136/GUTJNL-2020-320951


M. van Heule, H.F. Monteiro, A. Bazzazan et al. Theriogenology 206 (2023) 60e70
[101] Karstrup CC, Agerholm JS, Jensen TK, Swaro LRV, Klitgaard K, Rasmussen EL,
et al. Presence and localization of bacteria in the bovine endometrium
postpartum using fluorescence in situ hybridization. Theriogenology
2017;92:167e75. https://doi.org/10.1016/J.THERIOGENOLOGY.2017.01.026.

[102] Franasiak JM, Scott RT. Reproductive tract microbiome in assisted repro-
ductive technologies. Fertil Steril 2015;104:1364e71. https://doi.org/
10.1016/J.FERTNSTERT.2015.10.012.

[103] Yang X, Cheng G, Li C, Yang J, Li J, Chen D, et al. The normal vaginal and
uterine bacterial microbiome in giant pandas (Ailuropoda melanoleuca).
Microbiol Res 2017;199:1e9. https://doi.org/10.1016/J.MICRES.2017.01.003.

[104] Garcia-Grau I, Simon C, Moreno I, Gardner DK. Uterine microbiomedlow
biomass and high expectations. Biol Reprod 2019;101:1102e14. https://
70
doi.org/10.1093/BIOLRE/IOY257.
[105] Rodríguez-L�azaro D, Malaluang P, Wil�en E, Frosth S, Lindahl J, Hansson I,

et al. Vaginal bacteria in mares and the occurrence of antimicrobial resis-
tance. Microorganisms 2022;10:2204. https://doi.org/10.3390/
MICROORGANISMS10112204.

[106] Elsheikh HA, Ball BA, Fedorka C, Scoggin KE, Schnobrich M, Erol E, et al.
Nocardioform placentitis: a continuing question. American Equine Practi-
tioner 2021;67.

[107] Donahue JM, Williams NM. Emergent causes of placentitis and abortion. Vet
Clin N Am Equine Pract 2000;16:443e56. https://doi.org/10.1016/S0749-
0739(17)30088-3.

https://doi.org/10.1016/J.THERIOGENOLOGY.2017.01.026
https://doi.org/10.1016/J.FERTNSTERT.2015.10.012
https://doi.org/10.1016/J.FERTNSTERT.2015.10.012
https://doi.org/10.1016/J.MICRES.2017.01.003
https://doi.org/10.1093/BIOLRE/IOY257
https://doi.org/10.1093/BIOLRE/IOY257
https://doi.org/10.3390/MICROORGANISMS10112204
https://doi.org/10.3390/MICROORGANISMS10112204
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref106
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref106
http://refhub.elsevier.com/S0093-691X(23)00149-8/sref106
https://doi.org/10.1016/S0749-0739(17)30088-3
https://doi.org/10.1016/S0749-0739(17)30088-3

	Characterization of the equine placental microbial population in healthy pregnancies
	1. Introduction
	2. Material and methods
	2.1. Ethics
	2.2. Experimental design
	2.3. 16S rDNA extraction and sequencing
	2.4. Downstream analyses

	3. Results
	3.1. Prepartum
	3.2. Postpartum
	3.3. Alpha diversity
	3.4. Beta diversity
	3.5. Differentially abundant taxa

	4. Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


