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Abstract

Bacterial overgrowth in the uterus is a normal event after parturition. In contrast to the
healthy cow, animals unable to control the infection within 21 days after calving develop
postpartum endometritis. Studies on the Microbial Ecology of the bovine reproductive tract
have focused on either vaginal or uterine microbiomes. This is the first study that compares
both microbiomes in the same animals. Terminal Restriction Fragment Length Polymor-
phism of the 16S rRNA gene showed that despite large differences associated to individu-
als, a shared community exist in vagina and uterus during the postpartum period. The
largest changes associated with development of endometritis were observed at 7 days post-
partum, a time when vaginal and uterine microbiomes were most similar. 16S rRNA pyrose-
quencing of the vaginal microbiome at 7 days postpartum showed at least three different
microbiome types that were associated with later development of postpartum endometritis.
All three microbiome types featured reduced bacterial diversity. Taken together, the above
findings support a scenario where disruption of the compartmentalization of the reproductive
tract during parturition results in the dispersal and mixing of the vaginal and uterine micro-
biomes, which subsequently are subject to differentiation. This differentiation was observed
early postpartum in the healthy cow. In contrast, loss of bacterial diversity and dominance of
the microbiome by few bacterial taxa were related to a delayed succession at 7DPP in cows
that at 21 DPP or later were diagnosed with endometritis.
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Introduction

Uterine infection is a common event in the postpartum period in cattle [1]. Early postpartum
endometrial inflammation has been shown to occur in response to infection and tissue dam-
age, and as a pre-requisite for uterine involution in preparation for a future pregnancy [2,3].
Failure or delay in resolving infection has implications for the reproductive health and fertility
of cows. Postpartum endometritis is clinically defined as a persistent uterine infection with
purulent discharge beyond 21 days postpartum (DPP) and is a major cause of infertility and
economic loss in the dairy industry worldwide [4]. A scoring system based on the characteriza-
tion of vaginal mucus, which reflects the level of bacterial infection in the uterus, has been
used as a diagnostic tool for postpartum endometritis [5].

Early studies to identify possible aetiological agent(s) of postpartum uterine infection were
focused on the isolation of bacteria from diseased animals [5-8]. Although postpartum endo-
metritis often results from non-specific infections [8], the most common pathogens associated
with the uterus of endometritic animals are Escherichia coli, Trueperella pyogenes, Prevotella
melaninogenicus and Fusobacterium necrophorum [5,9]. These bacteria are often associated in
mixed infections of the uterus, with evidence pointing to a succession in which E. coli is most
prevalent in metritic cows during the first week postpartum. Its presence then increases the
subsequent risk of infection by T. pyogenes in postpartum weeks 2 and 3, which in turn has
been associated with postpartum endometritis [9,10].

A deeper insight into the bovine uterine microbiome at the postpartum period was recently
gained using cultivation-independent molecular techniques [11-18]. Temporal analysis
showed the occurrence of a bacterial succession in the uterine microbiome, with changes in
the composition of cows with uterine disease reported from calving until late postpartum
[12,15,17]. The vaginal microbiome has become the subject of analysis using culture-depen-
dent and culture-independent approaches [19-24]. However, a missing piece in the microbiol-
ogy of the postpartum period is the comparison of the vaginal and uterine microbiomes. This
study addresses whether there are consistently distinct communities in these compartments of
the reproductive tract and how they are affected by postpartum disease, specifically by postpar-
tum endometritis. We hypothesize that the disruption of the compartmentalization in the
reproductive tract during parturition results in the mixing of vaginal and uterine microbiota
and that differentiation of microbial communities between vagina and uterus will differ
between healthy cows and cows that go on to develop postpartum endometritis.

Materials and methods
Animals

A power analysis resulted in 24 cows per group to detect differences between cows that at 21
DPP or later were diagnosed as either healthy or having clinical postpartum endometritis (see
below for diagnosis details). Three Irish dairy farms participated in this study. Each farm was
selected based on high animal welfare standards. From the three farms, 113 cows were
recruited onto the study: 42 from Farm A, 37 from Farm B and 34 from Farm C. Sixteen cows
were excluded from the study for the following reasons: caesarean operation (1), twin birth (4)
uterine wash immediately after calving (1), died (5), sold (3) and dried off (2). The vaginal
mucus score was recorded at 7 (range 5-11), 14 (range 12-18), 21 (range 19-25) and 50 (range
45-54) DPP. Vaginal and uterine swab samples were collected in duplicate from each cow at
-7 days pre-calving and 7, 21 and 50 DPP (see below for details on sample collection). While
every effort was made to obtain all duplicate swab samples from all cows, the collection of 48
samples was missed. A detailed account of missing samples is given in the tab “Animals, sites
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and times of sampling and analyses” of S1 Table. All procedures were carried out under autho-
risation of the Irish Department of Health and Children in compliance with the Cruelty to
Animals Act 1876 (as amended by EU directive 86/609/EC), and all experimental protocols
were approved by the University College Dublin Animal Research Ethics Committee
(AREC-P-10-53).

Vaginal mucus assessment and uterine health diagnosis

Uterine health was assessed by weekly vaginal mucus scoring [5]. The vulva was thoroughly
cleaned by spraying a solution of Hibiscrub (BCM Ltd, UK) and subsequent drying with a
paper towel (Wypall L35; Kimberley Clark, UK). A clean, lubricated, gloved-hand was then
inserted through the vulva. In each cow, the lateral, dorsal and ventral walls of the vagina and
the external cervical os were palpated, and the mucus contents of the vagina withdrawn manu-
ally for examination. The vaginal mucus was assessed for colour, proportion and volume of
pus, and a character score assigned as follows: 0 = clear or translucent mucus; 1 = mucus con-
taining flecks of white or off-white pus; 2 = mucopurulent discharge containing approximately
50% purulent material; and 3 = discharge containing purulent material, usually white or yel-
low, but occasionally sanguineous. The vaginal mucus was also assessed by odour, and given a
score 0 for normal odour or a score of 1 if a fetid odour was detected. Animals were assessed
weekly from 7 to 21 DPP and again prior to first breeding (at 50 DPP). They were diagnosed
as healthy if the vaginal mucus character score was 0 or 1 and there was no fetid odour present
at every time point. Animals were diagnosed as having postpartum endometritis based on the
presence of purulent mucus, i.e. VMS of 3 at 21 DPP or VMS >2 at 50 DPP [25].

Uterine and vaginal swab collection

A double-guarded instrument (Labstock, Co. Meath, Ireland) was used to collect uterine and
vaginal swabs in duplicate from each cow. Uterine swabs were collected from the uterine body
using a validated method [5,26]. Briefly, the vulva was thoroughly cleaned as described above.
A double guarded instrument containing the swab was then inserted through the vagina and
cervical canal into the lumen of the uterus, guided by palpation per rectum. Within the uterine
body, the cotton swab was extruded from the double guard tube and brought into firm contact
with the endometrium by gentle pressure per rectum, about 2cm from the bifurcation of the
horns, before being withdrawn into the guard. Vaginal swabs were collected using a similar
protocol. Briefly, the double guarded instrument was inserted into the vagina, the swab was
extruded from the guard and rotated gently against the vaginal wall before being drawn back
into the guard. Swab samples were collected before vaginal examination and mucus assessment
to avoid the possibility of introducing bacterial contaminants into the vagina and/or disrupt-
ing the equilibrium of the reproductive tract prior to sample collection. The tip of each swab
was cut off and placed into a 1.5 ml polypropylene tube containing 300 ul of TE buffer (20 mM
TrisHCI, pH 8.0, 2 mM sodium EDTA), snap-frozen in liquid Nitrogen and shipped in dry ice
for molecular analysis.

DNA extraction

Swab samples were vortexed to disperse cells from the cotton tip and centrifugated for 8 min
at 8000 x g. Metagenomic DNA was extracted using the Qiagen DNeasy Blood and Tissue kit
following the manufacturer’s instructions for Gram positive bacteria (Qiagen). Briefly, pellets
were suspended by vortexing in 90 ul TET buffer (TE supplemented with 0.2% [v/v] TritonX-
100). 90 pl of TET supplemented with 40 mg/ml egg white Lysozyme were added and incu-
bated at 37°C for 2h. Proteinase K digestion of the sample was performed at 56°C for 1h.
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Samples were further incubated at 90°C for 5 min and after adding AL buffer, they were loaded
in the Qiagen column. Elution was performed in 50 pl of AE buffer. Extracted DNA was stored
at -80°C until further use.

Terminal-restriction fragment length polymorphism

Terminal-restriction fragment length polymorphism (T-RFLP) was used to obtain fingerprints
of the microbial communities associated with vaginal and uterine DNA samples as previously
described [27]. Briefly, amplicons of the 16S rRNA genes were obtained by nested PCR, first
by 15 amplification cycle with primers 27F-CM (5’ ~AGAGTTTGATCMTGGCTCAG) and
1492R (5’ - TACGGYTACCTTGTTACGACTT) [28,29], followed by a second amplification of
a ~1kb fluorescently-labelled product using primers 6FAM-27F-CM and U1052R (5’ - GARC
TGRCGRCRRCCATGCA) [30]. Mspl digested products were ethanol precipitated, resuspended
in Hi-Di Formamide (final concentration 50 ng/pl) containing GeneScan-500 LIZ Size Stan-
dard (Applied Biosystems) and separated by capillary electrophoresis using a 3130x! capillary
array (36 cm) in an ABI 3130x/ Genetic Analyzer (Applied Biosystems).

Pyrosequencing

A fragment of ~507 bp covering V1-V3 regions of the 16S rRNA gene (E. coli position 27 to
534) was selected as target for pyrosequencing. Libraries for pyrosequencing were obtained by
nested PCR. In a first step, ~1.5 kb amplicons (10 uL) were produced from each DNA sample
with primers 27F-CM and 1492R using the Phusion HF DNA polymerase (New England Bio-
labs). Then, 1 L of the resulting amplicon was used as template for the nested PCR (20 pL)
using primers A-MID-27F (5’ CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNAG
AGTTTGATCMTGGCTCAG) and B-534R (5’ CCTATCCCCTGTGTGCCTTGGCAGTCTCAGAT
TACCGCGGCTGCTGG). Amplicons were barcoded by introducing a 10 bp multiplex identifier
(MID) represented by Ns in the primer A-MID-27F. Underlined sequences at the 5 of the
primers correspond to the pyrosequencing adapters A and B, respectively (454 Life Sciences).
PCR reactions contained 1X Phusion HF buffer, 0.2 mM dNTPs, 0.5 uM each of primer
(27F-CM and 1492R), 3% DMSO and 0.2 units of Phusion HF DNA polymerase as recom-
mended by the manufacturer (New England Biolabs). The amplification program consisted of
an initial denaturation step at 98°C 30 sec, followed by either 15 or 27 cycles of 8 sec melting at
98°C; 20 sec of annealing at 65°C and 45 sec of extension at 72°C for the first and second PCR,
respectively. A final extension was carried out for 5 minutes at 72°C. Duplicate PCR amplicons
originated from the same sample were pooled and purified with the Agencourt AMPure XP

PCR Purification system following the manufacturer’s instructions (Agencourt Bioscience
Corporation, Beckman Coulter). The quantification of purified PCR amplicons was assessed
in black 96-well plates on a Varioskan spectrofluorometer (Thermo Electron Corporation)
using PicoGreen dsDNA Quantitation Kit (Invitrogen). Purified amplicons (1 uL) were also
visualized on 2% agarose gel. Equimolar amounts of amplicons obtained from different sam-
ples were pooled. Emulsion PCR and 454 library generation were performed at the 454
Sequencing Centre (Branford, USA). Sequencing, starting from the A adapter end by using
lib-L annealing beads, was performed on a Roche/454 GS-FLX Titanium system at the 454
Sequencing Centre (Branford, USA).

Bioinformatics

T-RFLP fragment sizes were determined using GeneMapper v4.0 (Applied Biosystems). Merg-
ing of biological replicates and multiple alignment of T-RFLP profiles was performed with
T-Align [31]. Only fragments present in both biological replicates and contributing at least
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0.5% of the total fluorescence signal were included in the analysis. The relative abundance of a
given OTU in the community of a given sample was calculated as a percentage from the total
signal of the T-RFLP profile. In total, 41 cows had paired vaginal and uterine T-RFLP data as
follows: At every time point (6), two time points (18) and a single time point (17). The number
of cows with paired data at given time point was: 7 DPP (30), 21 DPP (22) 50 DPP (18). Due to
the loss of samples, no paired analysis was performed across time points. In other words,
paired samples at 7, 21 and 50 DPP were analysed independently. Paired vaginal and uterine
samples are colour highlighted in S1 Table. Terminal restriction fragments and Bray-Curtis
resemblance matrix are provided as supporting information (S1 Table). Heatmaps of relative
abundance obtained from the fluorescent signal of terminal restriction fragments were made
using the conditional formatting tool in Excel 2010. Cells were formatted depending on their
value using a 3-colour scale where the midpoint was set as the 95 percentile. Data were ana-
lysed using Primer6 v6.1.13 and Permanova+ v1.0.3 [32]. Briefly, square root transformed rela-
tive abundances were used to obtain a resemblance matrix based on the S17 Bray-Curtis
similarity. The above matrix was then used into downstream analysis including hierarchical
cluster analysis and non-metric multidimensional scaling (nMDS). Group centroids were
determined from the above Bray-Curtis resemblance matrix and used to generate a new
resemblance matrix of distances between groups. A network focusing on the high frequency
OTUs detected in both vagina and uterus was generated with QIIME 1.8 and implemented in
Cytoscape 3.2.0.

Pyrosequencing data was analysed with the Quantitative Insights Into Microbial Ecology
(QIIME 1.8) [33]. Multiplexed sequences were assigned to samples based on their unique nucle-
otide barcode while any low quality or ambiguous reads were removed. In order to reduce the
amount of erroneous Operational Taxonomic Units (OTUs), denoising of the dataset was per-
formed using denoise_wrapper.py [34] in two hil.4x large instances in EC2 Amazon Web Ser-
vices. Chimeras were detected with ChimeraSlayer [35] and removed from the dataset. Datasets
were deposited into the Sequence Read Archive (SRA) under accession numbers SRX3849466
and SRX3849984. A predicted T-RFLP profile of the vaginal microbiome at 7DPP was gener-
ated by in silico digestion of sequences obtained by pyrosequencing with MspI (S1 Fig). De novo
picking of OTUs, at 97% of sequence identity, was carried out with uclust [36]. Representative
sequences were aligned to the best matching sequence in the Greengenes 13_8 core reference
alignment using the PyNAST method [37]. Taxonomic affiliations were assigned with uclust
and a phylogenetic tree constructed using FastTree [38]. Jackknifed-supported UPGMA trees of
samples was constructed from rarefied OTU tables using UniFrac distances [39].

Results
Incidence of postpartum endometritis and summary of sampling

This study retrospectively compares the vaginal and uterine microbiomes of cows that were
diagnosed as healthy and endometritic, based on the assessment of the vaginal mucus score at
21 or 50 DPP. In total, 26 out of 97 animals were diagnosed as healthy (26.8%) and 24 were diag-
nosed with postpartum endometritis (24.7%). Of these 24, 15 cows had a vaginal discharge
score of 3 at 21 DPP and 5 cows had a vaginal mucus score >2 at 50 DPP thereby meeting the
criteria for clinical endometritis diagnosis as defined by Sheldon et. al. (2006). Although not
meeting the Sheldon’s definition, the remaining 3 cows were classified as borderline endometri-
tic because i) they had purulent material at 7 and 14 DPPs and a vaginal mucus score of 2 on 21
DPP, thus failing the exclusion criteria for cows with short, acute uterine disease (see below)
and ii) the met Williams et. al. (2005) criteria. While borderline cows are not discussed apart,
they have been identified in figures and supporting information. The remaining 47 (48.5%)
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animals presented with short term, acute uterine disease i.e. VMS >2 at 7 or 14 DPP but 0 or 1
at 21 DPP and later. As these animals did not develop clinical postpartum endometritis, they
were not further included in the study. Two cows were also excluded because only pre-calving
swabs were available. From 336 potential duplicated swabs from 48 cows at the different time-
points, the collection of 48 duplicate swabs was missed. From the remaining 288 duplicated
swabs, only 217 produced T-RFLP data that was further analysed in the study. The reasons that
caused the loss of the remaining 71 duplicated swabs are as follow: Loss during DNA isolation
(13), failure to produce PCR product (17), failure to produce T-RFLP data (4), one replicate
failed to produce TRF data (31) and none of the TRF matched between the biological replicates
(6). Table 1 shows the number of duplicate samples remaining for healthy and endometritic
cows at different times postpartum. A detailed account of samples the study, including missing
samples, is given in the tab ‘Animals, sites and times of sampling and analyses’ of S1 Table.

Comparison of vaginal and uterine microbiomes in the reproductive tract
of healthy cows postpartum

With the aim of comparing vaginal and uterine microbiomes, duplicate vaginal and uterine
swabs were collected from dairy cows on days 7, 21 and 50 postpartum (Table 1) and analysed
by T-RFLP of the 16S rRNA gene. Overall, 327 OTUs were observed (Fig 1A) at different fre-
quencies among the sampled animals (Fig 1B). Approximately 50% of the OTUs were observed
in 5% or less of the cows, showing an important degree of variation among individuals. OTUs
of medium representation, shared by 7 to 23% of the cows, constituted about 40% of the
microbiome. The remaining 10% of the OTUs were detected in 23 to 68% of the animals. Vagi-
nal and uterine samples produced similar T-RFLP profiles (Fig 1A), OTU distributions (Fig
1B) and shared highly represented OTUs, as visualised in an OTU network (Fig 1C). Unsur-
prisingly, ordination of samples by non-metric multidimensional scaling (nMDS) failed to
form clusters by site of sampling (Fig 1D). Permanova analysis of 36 vaginal and uterine
T-RFLP profiles from 21 healthy cows (See tab “Animals, Sites, Times and Analyses” in S1
Table for details on paired vaginal and uterine samples) resulted in no statistically different
microbial communities between the above compartments (P = 0.1946). In addition, the analy-
sis failed to show a significant temporal variation at different times postpartum (Permanova

P =0.2293). Taken together, these results indicate that although there is a high degree of varia-
tion among individuals, a core microbiome exists in the postpartum reproductive tract, not
only among different animals but also between the vaginal and uterine microbiomes as no sig-
nificant differences were detected.

Table 1. Summary of vaginal and uterine sampling and clinical assignments*.

Days postpartum Healthy** Endometritic**
Vagina Uterus Vagina Uterus
Pre-calving™** 20%%** - 20 -
7 24 20 16 16
21 13 15 15 14
50 10 12 13 12

* Vaginal and uterine swab samples were taken in duplicate on 7, 21 and 50 DPP.

** Healthy and endometritic denote assignments made at 21 DPP or later, based on the vaginal mucus score [5].

*** Pre-calving samples were only taken from the vagina at -7 DPP.

#**% A detailed account of cows, sampling and analyses, including missing samples is provided in S1 Table under the tab “Animals, sites and times of sampling and
analyses”.

https://doi.org/10.1371/journal.pone.0200974.t001
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Fig 1. T-RFLP-based comparison of the vaginal and uterine microbiomes of healthy cows postpartum. PCR amplicons of the 16S rRNA were obtained
from DNA samples using primers 6-FAM-labeled 27F and 1052R and digested with MspI restriction enzyme. Fluorescently labeled terminal restriction
fragments (TRFs) were resolved in an ABI 3730xl genetic analyzer (Applied Biosystems). GeneScan Liz 600 size standard was used for fragment sizing using
GeneMapper v4.0 (Applied Biosystems). Operational Taxonomic Units (OTUs) were assigned in T-Align from TRFs representing at least 0.5% of the total
signal and consistently found in duplicated samples. A) Heat map representing community profiles obtained from postpartum vaginal (N = 47) and uterine
(N = 47) samples. The profile of each sample (rows) is populated by OTUs of varying lengths (columns). The relative abundance of the OTUs in a given
profile is indicated by the colour key on the top where black and red represent the lowest and highest values and the midpoint (yellow) was set as the 95
percentile. The heat map was produced in Excel 2010 using the conditional formatting function and subsequently imported as image into CorelDraw X4.
B) Distribution of OTUs in the reproductive tract of healthy cows postpartum. Black, vagina; Red, uterus. The regions marked on top show the
contribution of OTUs to the total number of observed OTUS. i, 50%; m, 40%; s, 10%. C) Network showing high frequency OTUs (green circles) present in
both vaginal (black triangles) and uterine (red circles) samples. OTUs and samples are connected through edges. The size of the green circles represents the
OTU frequency among sampled animals. Samples with higher number of connections are displayed closer to the OTUs. D) Ordination of samples by non-
metric multidimensional scaling (nMDS) based on the Bray-Curtis resemblance of the samples. Vaginal and uterine samples are represented by black

triangles and red circles, respectively.

https://doi.org/10.1371/journal.pone.0200974.9001

Community changes associated with postpartum endometritis

This study hypothesises that the microbiome of the bovine reproductive tract is related to the
reproductive health status of the animal and that changes in microbial community structure
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would be especially relevant in animals affected by postpartum endometritis. Comparison of
180 T-RFLP profiles obtained from all postpartum samples (Tables 1 and S1) showed that the
microbiome of the reproductive tract of cows that subsequently developed postpartum endome-
tritis is significantly different to that of healthy cows (Permanova P = 0.001) and that the micro-
bial populations change over time (Permanova P = 0.001). Furthermore, a change in
community structure on 7 DPP from both vagina (Healthy N = 24; Endometritic N = 16) and
uterus (Healthy N = 20; Endometritic N = 16) is associated with the subsequent development of
endometritis (Fig 2) (Permanova P = 0.0001). The community change included both a decline
in OTUs that were otherwise highly represented in healthy animals, as well as the appearance of
a sub-community associated with postpartum endometritis that is observed in both vagina and
uterus (Fig 2A and 2B). Hierarchical cluster analysis of group centroids separated the sample
groups into two major clusters. Cluster 1 (Branch 1 in Fig 2C) contains both vaginal and uterine
populations at 7 and 21 DPP from cows that were diagnosed with postpartum endometritis
(V7E, U7E, V21E and U21E). Cluster 2 is formed by two branches (Branches 2a and 2b in Fig
2C). Branch 2a contains healthy cows at 7 DPP (V7C and U7C), uterine microbiomes of healthy
cows at 21 DPP (U21H), microbiomes of endometritic cows at 50 DPP (V50E and U50E) and
uterine microbiomes of healthy cows at 50 DPP (U50H). Branch 2b contains the pre-calving
groups (VPcC and VPcE) and vaginal microbiomes from healthy animals at 21 DPP and 50
DPP (V21H and V50H). Recovery of the community structure in cows that developed postpar-
tum endometritis was evident at 21 DPP and continued at 50 DPP (Fig 2). Highly represented
OTUs in healthy animals that were lost at 7 DPP in animals that later developed postpartum
endometritis, started to reappear while endometritis-associated OTUs decreased (Fig 2A and
2B). These results suggest a succession in the microbial communities as a consequence of the
disturbance in the reproductive tract during calving. In addition, they show that the disturbance
in healthy animals is lower and resolve faster than in cows developing postpartum endometritis.

Vaginal and uterine microbiomes are most similar at 7 days postpartum in
cows that were diagnosed with postpartum endometritis at 21 DPP

So far, we have shown that the most important changes in the community structure of the
reproductive tract microbiome happen at 7 DPP (Fig 2), that there is a strong component of
the microbiome associated with individual-specific OTUs (Fig 1B) and that vaginal and uter-
ine share a core microbiome in healthy animals (Fig 1C and 1D). Regression analysis of shared
OTUs in 30 paired samples of vagina and uterus at 7 DPP provided evidence that the observed
similarity is based not only on the presence of shared OTUs but also on their relative abun-
dances (Fig 3A and 3B). The probability of detecting OTUs in a given microbiome due to neu-
tral processes, such as bacterial dispersion, is proportional to the abundance of the same OTU
in a source microbiome [40]. The results presented in Fig 3C and 3D show that the higher the
relative abundance of shared OTUs in the vagina, the higher their frequency of detection in
uterus. This is consistent with the occurrence of a neutral process that results from the homog-
enization of the vaginal and uterine microbiomes due to the disruption of the compartmentali-
zation of the reproductive tract during parturition. In addition, higher coefficients of
determination were observed in cows that were diagnosed with postpartum endometritis at 21
DPP as compared with healthy cows suggesting a delayed differentiation of the vaginal and
uterine microbiomes in the former group.

In agreement with the above results, comparison of the similarity between paired vaginal and
uterine microbiomes showed that, at 7 DPP (N = 30), the vaginal and uterine microbiomes of
cows that later developed postpartum endometritis (N = 12) are more similar than in healthy ani-
mals (N = 18) (50.9 + 23.2% vs 26.6 + 15.23%, P = 0.002) (Fig 4A). Differentiation between vaginal
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Fig 2. Temporal analysis of the microbiome associated with the reproductive tract of cows pre- and postpartum. A) T-RFLP-based analysis of the vaginal
(triangles at the right of the heatmaps) and uterine (circles) microbiomes of healthy (empty symbols) and endometritic (solid symbols) cows pre-calving (Pc) and at
different times postpartum (7, 21 and 50 DPP). The profile of each sample (rows) is populated by OTUs of varying lengths (columns). Arrowheads at the top of the
heatmap indicate some of the changes associated with animals developing postpartum endometritis. Black arrowheads, loss of highly represented OTUs; Red
arrowheads, appearance of OTUs. The relative abundance of the OTUs in a given profile is indicated by the colour key at the top right corner. Amplicons of the 16S
rRNA were obtained from DNA samples by nested PCR and as described in Materials and Methods section. Fluorescently labeled terminal restriction fragments
(TRFs) were resolved in an ABI 3730xl genetic analyzer. GeneScan Liz 600 size standard was used for fragment sizing using GeneMapper v4.0. OTUs were assigned in
T-Align from TRFs representing at least 0.5% of the total signal and consistently found in duplicated samples. The heat maps were produced in Excel 2010 using the
conditional formatting function. B) Differential OTUs in the reproductive tract of dairy cows postpartum. The dE, value accounts for the difference in frequency of a
given OTU between groups of cows, that at 21 DPP were diagnosed respectively as endometritic and healthy (dE, = f,—f},), at a given time postpartum (denoted by ?).
Thus, the frequency of OTUs with positive values of dE is increased in endometritic animals while negative values show increased frequency in healthy cows at a given
time postpartum. Top to bottom plots respectively correspond to pre-calving, 7, 21 and 50 DPP in vagina (Black plots) and 7, 21 and 50 DPP in uterus (Red plots). C)
Complete linkage hierarchical cluster analysis (Top panel) and non-metric multidimensional scaling (Bottom panel) of groups. Distances are based on Bray-Curtis
dissimilarity of group centroids. Each group is identified using the same symbols showed at the right of the heat maps in A. The analysis was performed in PRIMER6
and PERMANOV A+ with group centroids obtained from a resemblance matrix generated from square root transformed T-RFLP data. Table 1 shows the number of
samples per group. Figures were re-drawn using CorelDraw X4.

https://doi.org/10.1371/journal.pone.0200974.9002

and uterine communities was evident from a decreased similarity in paired samples over time
(32.5£17.9% at 21 DPP and 23.1 + 14.6% at 50 DPP) (Fig 4B-4D). Taken together, these results
suggest that both differences among individuals and the presence of shared OTUs in vagina and
uterus mask differences in the composition of vaginal and uterine microbiomes that only become
evident when comparing paired samples. In addition, they also suggest that the microbial succes-
sion in animals that go on to develop postpartum endometritis is delayed as compared with
healthy animals, whose vaginal and uterine microbiomes differentiated as early as 7 DPP.

The above results prompted the question whether the prepartum vaginal communities in
dairy cows could differentiate between healthy animals and those that will develop endometri-
tis. Comparison of T-RFLP datasets obtained from 40 cows indicated that the vaginal micro-
bial community of the pre-calving cow is not related to postpartum uterine health (Permanova
P =0.6291) (S2 Fig). In agreement, differential OTUs associated with the development of
endometritis observed at 7 DPP were not consistently observed pre-calving (Fig 2B). In addi-
tion, the profile of pre-calving cows, irrespective of health status postpartum, appeared most
similar to the vaginal profiles of healthy cows at 21 and 50 DPP (Fig 2C).

Pyrosequencing of the vaginal microbiome of cows at 7 days postpartum

So far, the largest differences in the microbiomes of healthy cows and cows developing post-
partum endometritis were observed at 7 DPP. Interestingly, those differences are contained in
the vaginal microbiome. Thus, we decided to further analyse the vaginal microbiome of 30
cows, 20 healthy and 10 developing postpartum endometritis, by pyrosequencing an amplicon
containing the variable regions v1 to v3 of the 16S rRNA. A dataset of 701189 high-quality,
non-chimeric, sequences was obtained with an average of 23373 + 6898 sequences per animal.
Congruency between the T-RFLP and pyrosequencing datasets was observed by comparing
experimental and predicted T-RFLP profiles, the later obtained from an in silico MspI diges-
tion of sequences (S1 Fig). A representative set was generated by clustering sequences in
(OTUs) at 97% of identity. In total, 8504 non-chimeric OTUs were found with an average

933 + 614 per sample. S2 Table shows a summary of the metrics for each sample. The Chaol
metric estimated that the average number of species was 1410 + 860 per sample. The current
sequencing effort was sufficient to cover 95.47 + 3.56% of the species as determined by Good’s
estimator of coverage. The diversity was observed in the range of H’0.61 to 6.29 with an aver-
age of H’3.82 + 1.75 and the evenness ranging from J’ 0.1 to 0.84 (52 Table). In agreement
with the T-RFLP data, the wide range in the values of these metrics show an important differ-
ence in the communities associated with individual samples.
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Fig 3. Disruption of the compartmentalization in the reproductive tract during parturition results in homogenization of vaginal and uterine
microbiomes. A and B) Scatter plots of the abundance of OTUs observed in both vagina and uterus of dairy cows at 7 DPP. OTUs from each cow are
displayed in different colour. The line of best fit (solid line) was obtained by least squares regression. The coefficient of determination shows the goodness
of fit. The dotted line indicates the expected line assuming perfect correlation. C and D) Frequency of OTU detection in the uterus of dairy cows at 7 DPP
as a function of their relative abundance in vagina. The relative abundance of a given OTU in the community of vagina was calculated as the average
fluorescence signal associated to the OTU in the vagina of sampled animals. The observed frequency of detection for each OTU in uterus was calculated as
number of cows in which the OTU was detected / total number of cows. Data was fitted to a 3-parameter sigmoid using the dynamic fit wizard of
SigmaPlot 13. The higher the coefficient of determination the best the overall best-fit solution. A and C) Healthy cows (N = 18); B and D) Cows that
developed postpartum endometritis (N = 12). Clinical assignments were made at 21 DPP based on the vaginal mucus score as described in Materials and
Methods.

https://doi.org/10.1371/journal.pone.0200974.9003

A total of 7576 out of 8504 OTUs had representative sequences in the Greengenes 13_8
database and were distributed into 21 phyla, 52 classes, 90 orders, 174 families and 379 gen-
era. Overall, the six most abundant phyla were Firmicutes (64%), Bacteroidetes (27.7%),
Fusobacteria (2.9%), Proteobacteria (1.8%), Tenericutes (1.3%) and Actinobacteria (1.1%).
The remaining 928 OTUs were only assigned within the kingdom Bacteria. In spite of
accounting for a large percentage of the OTUs, their contribution to the total abundance
was relatively minor as only 4683 sequences (ie. 0.67% of the observations) were associated
with these.
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Fig 4. Differentiation of the vaginal and uterine microbiomes. A-C) Non-metric multidimensional scaling of vaginal (squares) and uterine (circles)
samples collected at A) 7 DPP (Healthy N = 18; Endometritis N = 12), B) 21 DPP (Healthy N = 10; Endometritis N = 12) and C) 50 DPP (Healthy N = 8;
Endometritis N = 10) from healthy animals (black closed symbols) or cows that developed postpartum endometritis (red closed symbols; borderline: open
symbols)). Vaginal and uterine samples originating from the same animal are linked. The colour of the link represents the Bray-Curtis similarity between
the microbiomes associated with each compartment of the reproductive tract. Links between paired samples were added in CorelDraw X4. D) Average
and standard deviation of the Bray-Curtis similarities of paired vaginal and uterine samples at 7, 21 and 50 days postpartum from healthy (black bars) and
endometritic cows (red bars). Numbers above the horizontal lines show selected P values of differences between groups. The asterisk denotes groups with
statistically significant differences. Clinical assignments were made at 21 DPP or later based on the vaginal mucus score as described in Materials and
Methods.

https://doi.org/10.1371/journal.pone.0200974.9004

Dysbiosis in the vaginal microbiome of cows at 7 DPP that were diagnosed
as endometritic at 21 DPP

In agreement with the results yielded by T-RFLP, pyrosequencing data showed distinct micro-
biomes at 7 DPP between healthy cows and in cows subsequently developing postpartum
endometritis. Analysis of principal coordinates showed that 33% of the variation of the data
was explained by the first principal coordinate (PC1), which separated healthy from
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endometritic cows (Fig 5A). PC2, accounting for 17% of the variation, was most likely related
to differences among individuals. These changed communities featured a significant reduction
in the number of observed OTUs (P < 0.0001), bacterial diversity (H’, P < 0.0001) and species
evenness (J’, P = 0.0003) as compared to healthy animals (Fig 5B and S2 Table). The collapse of
bacterial diversity was evident in a rarefaction curve where the number of observed species in
cows that developed postpartum endometritis approached the asymptote much faster than
healthy cows (Fig 5C). The total number of estimated species by the Chaol metric was

649.6 + 322.14 and 1789.95 + 789.58 for cows that later developed endometritis and healthy
cows, respectively (Fig 5A and S2 Table).

Taxonomic assignments of OTUs at phylum level showed that the microbiome of healthy
animals displays high content of Firmicutes while most cows that developed postpartum endo-
metritis had an increased representation of Bacteroidetes (Figs 6 and S3A). The median Firmi-
cutes to Bacteroidetes ratio (F/B) in the healthy group was 4.02 while cows that developed
postpartum endometritis displayed a median F/B of 0.64.

The vaginal microbiome displays different community types in both
healthy and endometritic animals

Hierarchical cluster analysis using a weighted UniFrac metric resulted in four clusters of sam-
ples (Fig 6A). Cluster I is formed by 16 out of the 20 samples collected from healthy animals,
whose microbiomes featured the larger number of observed OTUs in the dataset

(1297.5 £ 584.4), high diversity (H’5.25 + 0.60) and evenness (J, 0.75 + 0.07) (Table 2). Cluster
IV was formed by two healthy cows that displayed a microbiome with low diversity but inter-
mediate species richness (H’ = 1.66 and J” = 0.24, S2 Table). The phylum Firmicutes constituted
the 74.9 + 7% and 95.1 * 1% of the total abundance of the microbiomes of respectively clusters
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Fig 5. Collapse of the vaginal microbiome in cows developing postpartum endometritis. Differences in the vaginal microbiome of cows developing postpartum
endometritis (red; borderline: open symbols) and healthy cows (blue) were captured by 454 pyrosequencing of the v1-v3 16S rRNA at 7 days postpartum. OTUs at 97%
of identity were generated in QIIME 1.8 using the pick_de_novo_otus.py pipeline. A) Principal components analysis showing a clear separation of samples by health
status. B) Box plot summary of the diversity metrics of the vaginal microbiome showing lower richness and lower diversity in animals that developed postpartum
endometritis (See S2 Table). C) Rarefaction analysis of observed species. The curves represent the average of each group. Error bars are the standard error of the
corresponding groups. Healthy N = 20 and Endometritis N = 10. Clinical assignments were made at 21 DPP or later based on the vaginal mucus score.

https://doi.org/10.1371/journal.pone.0200974.9005
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distance. Cluster membership as defined by the branching pattern of this dendrogram is shown at the far right of the figure and is based upon a distance cut off
displayed by a dashed line. B) and C) Taxonomic composition at phylum and genus levels, respectively. Each bar represents the complete microbiome as observed
in each of the vaginal samples. D) Colour key of selected phyla (within box) and genera from B and C. Superscripts: * OTUs with ambiguous assignment below the
indicated taxonomic level; ® OTUs that although matching reference sequences in the Greengenes 13_8 database, no taxonomic name has been defined. In these
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https://doi.org/10.1371/journal.pone.0200974.9006
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Iand IV (Fig 6A and Table 2). An important difference between clusters I and IV is that while
the most abundant OTU in animals of cluster I constituted the 12.5 + 7.5% of the microbiome,
a single OTU accounted for more than 70% of the microbiomes of cows in cluster IV.

Cows that developed postpartum endometritis branched in clusters IT and III. Interestingly,
both clusters displayed similar metrics. In contrast to cluster I, both cluster II and III were
characterised by a lower species richness and lower diversity (S2 Table). Interestingly, the vagi-
nal microbiomes of cows N495 and N233, both classified as healthy by inspection of the vagi-
nal mucus score, were most similar to the microbiomes of cows that developed postpartum
endometritis and branched in clusters IT and III, respectively (Fig 6A and S2 Table). The latter
was characterised by high content of Bacteroidetes (65 + 14.7%, F/B = 0.49) (S3B Fig). In con-
trast, cluster IT was formed by two branches differing in the number of Firmicutes and Bacter-
oidetes. The Firmicutes to Bacteroidetes ratio branch IIb was low (F/B = 1.46) while samples
in branch Ila had very low representation of Bacteroidetes and therefore displayed a F/B of
78.83. At the phylum level both cluster ITa and IIb had a high content of Fusobacteria (~12%)
relative to other clusters (S3B Fig).

Firmicutes in cluster I comprised OTUs belonging to classes of Clostridia and Bacilli. A sin-
gle order, Clostridiales, was represented in the first, whereas the second was represented by the
orders of Lactobacillales (72.2%), Bacillales (21%) and Gemellales (6.2%). The most abundant
taxon in cows of cluster I, formed by OTUs assigned to the family Ruminococcaceae, which
accounted for 19.4 + 7.4% of the abundance of the microbiome and 41.4% of Clostridia (S3B
Fig). Moreover, in contrast to the low diversity in clusters Ila, IIl and IV, in which micro-
biomes were dominated by a single OT'U, the combined abundance of the top five OTUs of
the family Ruminococcaceae in cows of cluster I accounted for 17.1 + 11.2% of the taxon.
Although this taxon was found in 29 out of the 30 animals under study, its relative abundance
was lower in endometritic cows of clusters I1a, IIb and III (P < 0.01). Interestingly, the repre-
sentation of this taxon in cow N233, who was healthy but branched in cluster III was in similar
abundance as in cows of cluster I, while OTUs affiliated to Ruminococcaceae in the two
healthy cows of cluster IV constituted 4.5% and 11.5% of their microbiomes. Similar results
were observed for the family of Lachnospiraceae. In addition, while single OTUs dominated
the diversity of Bacteroidetes in cows that developed postpartum endometritis, healthy animals
of cluster I displayed higher diversity and evenness indexes of Bacteroidetes than cows in clus-
ters IIb and IIT (P < 0.001).

The loss of diversity in vaginal microbiome of cows developing postpartum
endometritis is characterised by the presence of dominant OTUs at genus
level

At genus level, the two cows in cluster IV produced 26 and 34 OTUs of the genus Streptococ-
cus, which comprised 76.8% and 87.2% of their microbiomes. From these, a single OTU in
each cow dominated at least 98% of the representation of the above genus explaining the sharp
decrease in bacterial diversity (Figs 6C and S3B). The high content of Bacteroidetes in 5 out of
the 7 cows of cluster III was due to the presence of a highly dominant OTU of the genus Bac-
teroides contributing 52.5 + 24.2% of the total vaginal microbiome in cows that developed
postpartum endometritis. In addition, OTUs of Porphyromonas constituted 26.3 and 38% of
the microbiomes of two cows in cluster III (Fig 6C). Cluster Ila featured a high content of Fir-
micutes (>80%). However, in contrast to cluster I that showed high indexes of diversity and
evenness, the microbiomes of cows in cluster IIa were dominated by OTUs of the family Tis-
sierellaceae (69.9%), of which 96% were affiliated to the genus Helcococcus (S3B Fig). The phy-
lum of Firmicutes in cluster IIb also displayed high proportion of Tissierellaceae (39.6%).
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Table 2. Summary of metrics for clusters obtained by weighted unifrac hierarchical analysis.

Cluster Sequences OTUs H' J Chaol Coverage Characteristics
I 20752.1 (4284.6) ° 1297.5** 5.25%** 0.75%** 1901.6** 93.4** Healthy, high richness, high diversity
(584.4) (0.6) (0.07) (843) (3.5)
Ila 27010.7 (15756.5) 523 (160.7) 1.63 (0.7) 0.26 (0.11) 776.6 (127.5) 99.3 Endometritis, low richness, low diversity
(0.3)
1Ib 24998 (6137.7) 319.5(21.9) 3.23 (0.04) 0.56 (0.01) 429.8 (35.6) 99.7 Endometritis, low richness, high diversity
0.1)
111 26652.4 (6177.1) 435.4 2.28 0.38 755.9 98.3 Endometritis, low richness, low diversity
(325.3) (1.18) (0.16) (491) (1.5)
v 25780.5 (9975.2) 985.5* 1.66 0.24 1413.6* 95.9* Healthy, high richness, low diversity
(99.7) (0.51) (0.08) (270.8) (1.2)

* Standard deviations are given in brackets
*P <0.05
P <0.01;

*** P < 0.0001 indicate significantly different as compared to the same metric of non-starred clusters.

https://doi.org/10.1371/journal.pone.0200974.t002

However, in contrast to cluster Ila, genera ph2, Sporanaerobacter and Parvimonas were in sim-
ilar proportions and constituted 90.8% of the above family. Another important characteristic
of clusters ITa and IIb is the high content of Fusobacteria. The major OTUs within this phylum
had close relatives from the family Leptotrichiaceae (99% identity) and genus Fusobacterium
(100% identity). Similar to cluster III, the OTUs with largest abundance in cows of cluster IIb
were Bacteroidetes from the genus Bacteroides and Porphyromonas, respectively.

Discussion

This study revealed early differences in the microbiome of the reproductive tract of cows at 7
DPP that subsequently developed postpartum endometritis as diagnosed at 21 DPP. T-RFLP
analysis showed that these differences were characterised by the appearance of a community
associated with endometritis as well as the decline of OTUs highly represented in healthy ani-
mals. Significantly changed communities were evident at different time points between 7 DPP
and 50 DPP. The occurrence of bacterial succession during the postpartum period was previ-
ously reported for bovine uterine microbiota [12,15,17]. Here, we show that this succession
also includes the vaginal microbiota. The greatest differences in microbiome composition
were observed at 7 DPP between healthy cows and those that developed postpartum endome-
tritis. Previous studies of either the vaginal [19-24] or uterine microbiome [11-18] have been
reported but to date no study has compared the vaginal and uterine microbiomes in the same
cows. Analysis of paired vaginal and uterine microbiomes at 7 DPP suggested the mixing of
bacteria due to neutral processes during or early after calving. According to the theory of neu-
tral biodiversity, processes with neutral outcomes, such as bacterial dispersal and stochastic
birth and death, shape the relative abundance of organisms in a given environment [40]. Con-
sistent with the theory, we showed that the probability of finding bacterial OTUs in the uterus,
measured as the frequency of OTUs in uterine microbiomes, was related to the relative abun-
dance of OTUs in the vaginal microbiome. This was most conspicuous at 7 DPP in the micro-
biomes of cows that developed postpartum endometritis at 21 DPP. Presented data also
suggested a differentiation of the vaginal and uterine microbiomes that was most evident later
postpartum in cows that developed postpartum endometritis. While providing information of
community structure, a limitation of T-RFLP is that it does not provide the phylogenetic affili-
ations of observed OTUs. Without the aim of matching experimental TRFs to a given sequence
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or taxonomic affiliation, the comparison between experimentally and predicted T-RFLP pro-
files, the later obtained from in silico MspI digestion of sequences obtained by pyrosequencing,
resulted in congruent depictions of the vaginal microbiomes at 7 DPP (S1 Fig). These results
provide confidence that our T-RFLP data accurately captured the structure and dynamic of
vaginal and uterine microbiomes at the different time points.

Despite widespread use of vaginal mucus assessment for the clinical evaluation and classifica-
tion of the reproductive health status of cows, the bovine vaginal microbiome has only recently
become the focus of analysis [19-24]. Using pyrosequencing of an amplicon containing the V1
—V3 hypervariable regions of the 16S rRNA, we showed at 7DPP the presence of a complex
microbiome in the vaginas of healthy cows and a dysbiotic microbiome in cows that were diag-
nosed with postpartum endometritis at 21 DPP. High content of Firmicutes, high Firmicutes to
Bacteroidetes ratio and a high diversity index were some of the most prominent features of the
vaginal microbiome in healthy cows. A major reduction in the vaginal bacterial diversity of
cows that subsequently developed postpartum endometritis was associated with an increased
abundance of OTUs of Bacteroides, Helcococcus, and Fusobacterium, among other genera. Simi-
lar results were recently shown in the vagina of cows [21,23]. In agreement with our data, a
recent study showed that at 7 DPP the number of Bacteroidetes is significantly higher in the
vagina of cows that were subsequently diagnosed with endometritis at 35 days in milk (DIM)
[24]. However, other studies have found different results. For example, in contrast to major
changes in the microbiome of cows that go on to develop postpartum endometritis observed in
this work, the most significant difference between metritic and healthy cows was an increased
rate of isolation of E. coli in infected cows [22]. The authors suggested a lack of a stable micro-
biota in the bovine vagina and concluded that vaginal bacteria were likely contaminants from
different sources, including skin, faeces and/or from the environment. Although our data sup-
ports the conjecture of an unstable (i.e. changing) microbiota during the postpartum period,
the bias introduced by enrichment in culture-dependent approaches is well known, as only a
very small fraction of the microbiome can be cultured on any given media and growth condi-
tions [41]. A study using denaturing gradient gel electrophoresis (DGGE) and clone libraries of
16S indicated that there is a lower bacterial diversity in the vaginal microbiome of healthy cows
as compared to cows with endometritis at 30-40 DPP. Dominant taxa included Lactobacillus
and Weissella while endometritic animals did not show any dominant species [20]. Interest-
ingly, while Bacteroides, Prevotella, and Clostridium perfringens strains were equally prevalent in
healthy and endometritic cows, Fusobacterium, Enterococcus and E. coli were found in higher
numbers in diseased animals as determined by qPCR [20]. Another study using Ion Torrent
showed evidence of distinct communities in the healthy and diseased groups. Bacteroides and
Enterobacteriacea were the largest taxa in both groups [19]. However, the number of sequence
reads was highly dissimilar between groups: 31,000 and less than 1000 for the endometritic and
healthy groups, respectively, making difficult any comparison between the microbiomes associ-
ated with groups of different health status. While some of the varying findings among the above
studies may be related to the employment of different technologies, sampling times or other fac-
tors intrinsic to each study, our findings showed that postpartum endometritis may be associ-
ated with microbiomes of varying composition. In fact, our pyrosequencing analysis showed at
least three different vaginal microbiome types that at 7 DPP are associated with the develop-
ment of postpartum endometritis as diagnosed based on the vaginal mucus score at 21 DPP.
Microbiome type IIa was dominated by OTUs of the genus Helcococcus while types IIb and III
were characterised by a large content of Bacteroides. Fusobacteria was higher in vaginal micro-
biome types ITa and IIb than in type III and rare in healthy animals. Whether different micro-
biome types correspond to different types of postpartum endometritis or represent
intermediate states of recovery into a healthy microbiome is yet to be determined.
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In agreement with our T-RFLP data, suggesting an arrest of the differentiation of the vaginal
and uterine microbiomes in cows that go on to develop postpartum endometritis, Bacteroides
and Fusobacterium have been found to be most abundant in the uterine microbiome of cows
with uterine infection at different times postpartum [11,14,16-18,42,43]. Sequencing of the V4
hypervariable region of the 16S rRNA showed the progression of the uterine microbiome of
dairy cows during the first 6 DPP [17]. A rapid succession resulted in a shift from Proteobac-
teria to Bacteroidetes and Fusobacteria as the most abundant phyla in the uterus of metritic
cows. Similar to our findings in vagina, diseased cows displayed lower uterine bacterial richness
and diversity indices related to an increased abundance of OTUs of Bacteroides, Porphyromonas
and Fusobacterium [17,18]. Failure to cure metritis, either spontaneously or with antibiotic
treatment, was related to increased relative abundances of the above genera and a correspond-
ing decrease in bacterial diversity in uterus [18]. Another study based on pair-ended MiSeq
sequencing of an amplicon containing the V1 and V2 hypervariable regions of the 16S DNA of
uterine fluids obtained from cows with pyometra, slaughtered at no less than 22 DPP, found
that the five most abundant OTUs in uterine fluids belonged to families of Fusobacteriaceae,
Bacteroidaceae, Pasteurellaceae and Porphyromonadaceae [16]. A higher prevalence of Bacter-
oides and Fusobacterium was also reported upon pyrosequencing analysis of V1 and V2 hyper-
variable regions of the microbiota of uterine lavages of cows with severe endometritis at 35 DIM
as compared to either the healthy group or to cows with mild endometritis [14]. In another
study, Ruminococcaceae, Bacteroidaceae, and an unclassified family that belonged to class Bac-
teroidia were the three most abundant families in endometrial biopsies from healthy cows at 4
weeks postpartum (WPP) as well as from both healthy and endometritic cows at 7 WPP [15].
Interestingly, our pyrosequencing analysis showed that Ruminococcaceae and Bacteroidaceae
were the top one and six most abundant families in the vaginal microbiome of healthy cows at 7
DPP. In addition, the T-RFLP data showed that the differentiation between vaginal and uterine
communities of endometritic cows was evident from a decreased similarity in paired samples.
Taken together, our data and those of others are consistent with a bacterial succession in the
reproductive tract in which the differentiation of vaginal and uterine microbiomes towards the
recovery of their native states are conducive to reproductive health and the achievement of a
new pregnancy. Conversely, a delayed differentiation of vaginal and uterine microbiomes is in
line with impaired uterine health, decreased conception rates and lower success of first service
pregnancy rates in the endometritic cow [44]. Interestingly, high prevalence of Bacteroides,
Ureaplasma, Fusobacterium and Arcanobacterium were still observed in the uterine microbiome
of cows that failed to become pregnant after 200 DIM [14], strengthening the link between a
severe arrest in the differentiation of the uterine microbiome and poor fertility.

Bacterial infection and tissue damage are normal events occurring in the postpartum
period. Involution of the postpartum uterus is a highly regulated process in which an early
inflammatory response early postpartum is followed by a stage of proliferation and repair
[2,3]. Comparison of RNAseq profiles of the endometrium at 7 and 21 DPP unveiled that the
above transition was arrested in cows with cytological endometritis [27]. Sustained inflamma-
tion was also observed in the endometrium of cows with postpartum endometritis in the same
time frame [45]. The observed collapse in the diversity of the vaginal microbiome of endome-
tritic cows at 7 DPP and the arrested differentiation of vaginal and uterine microbiomes in
cows that subsequently developed postpartum endometritis are in line with those data. A likely
scenario implies different metabolic landscapes in the reproductive tract of healthy and endo-
metritic cows early after calving, resulting from their distinct microbiotas. Support for the
above scenario comes from recent metagenomic analyses of the microbiome of the bovine
uterus where significant differences in the repertoire of functional gene categories were
observed in healthy and metritic cows within 3 and 12 DIM [42] and cows with purulent
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vaginal discharge between 25 and 35 DPP [43]. These studies showed that adhesins, bacterio-
cins and antibacterial peptides and tolerance to colicin E2 are produced only by the uterine
microbiota of healthy cows early postpartum and continues until at least 35 DPP. In contrast,
the uterine microbiota of metritic and purulent vaginal discharge cows appears to change
from cold shock and acid stress in the former to increased modification of lipid A and produc-
tion of toxins in the later [42]. Changes in the composition of the microbiome, and therefore
in the metabolic landscape of the reproductive tract, may impact uterine involution as a result
of the dysregulated inflammatory response induced by the presence of highly abundant bacte-
ria activating specific signalling pathways and thus causing a different pattern of endometrial
gene expression [46]. This in turn is likely to affect the transition from the inflammatory to
proliferation and repair stage of the postpartum uterus observed in healthy cows [2,27]. It is
difficult to establish causality between dysbiosis and inflammation [47]. Thus, it is not clear if
changes in the composition of the microbiome precede the inability of the cow to regulate the
immune response or whether both the microbiome and the dysregulated inflammatory
response are factors predisposing the onset of postpartum endometritis. In any case, a syner-
gistic effect may occur where failure of each of these factors exacerbates the other. In other
words, a highly changed microbiome characterised by a low bacterial diversity and dominated
by few bacterial taxa may set an innate immune response in overdrive. Alternatively, an exces-
sive inflammatory response may contribute to the differential elimination of bacterial species,
allowing the overgrowth of bacteria able to avoid the innate immune response.

Conclusion

Using molecular methods, this work compared vaginal and uterine microbiomes of dairy cows at
7,21 and 50 days postpartum (DPP). Sor far, the analysis of the bovine reproductive tract has
focused on either vaginal or uterine microbiomes. This is the first study that compares both micro-
biomes in the same animals. T-RFLP showed a shared community in vagina and uterus during
the postpartum period. Changes associated with later development of postpartum endometritis
were observed as early as 7 DPP, a time when vaginal and uterine microbiomes were most similar.
These included the loss of bacterial OTUs present in healthy cows and the appearance of a sub-
community associated with the development of postpartum endometritis. Our data supports the
dispersion and mixing of microbial communities from vagina and uterus as a result of the loss of
compartmentalization of the reproductive tract upon calving. In contrast to cows that developed
postpartum endometritis, as diagnosed at 21 DPP, differentiation of the vaginal and uterine micro-
biomes was readily apparent at 7 DPP in the healthy group. Taken together, our findings suggest
that development of postpartum endometritis is associated with a delayed differentiation of vaginal
and uterine microbiomes early postpartum. Dysbiosis in the vaginal microbiome at 7 DPP
observed by pyrosequencing substantiated our T-RFLP findings. In addition, our data revealed at
least three microbiome types associated to cows developed postpartum endometritis at 21 DPP.
Whether the different microbiome types correspond to different types of postpartum endometritis
or to intermediate states of recovery into a healthy microbiome is yet to be determined. Further
work is needed to investigate whether cows harboring different microbiome types associated to
the development of postpartum endometritis elicit a different immune response.

Supporting information

S1 Table. Dataset of terminal restriction fragment length polymorphism. This document
contains links to the following tables: 1) Sample metadata, 2) Animals, sites and times of
sampling and analyses, 3) Terminal restriction fragments, 4) Resemblance matrix and 5)
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Groups centroids matrix.
(XLSX)

$2 Table. Diversity metrics of the vaginal microbiome of dairy cows at 7 days postpartum.
(DOCX)

S1 Fig. Comparison of experimental and in silico generated T-RFLP profiles. The relative
abundance of experimentally determined terminal restriction fragments (TRF) was calculated
as the average fluorescence signal associated with the TRF in the vagina of sampled animals. In
silico T-RFLP profiles were generated using the dataset of quality-controlled sequences
obtained by pyrosequencing from vaginal microbiomes of cows at 7 DPP. The position of the
first Mspl restriction site was determined for each sequence. Given that the primers had previ-
ously been removed during the bioinformatic pipeline, the length of the 27f primer (20 bp)
was added for the calculation of the length of TRFs. The relative abundance of each in silico
TRF was subsequently determined from their frequency relative to the total number of
sequences in the dataset. The relative abundances of the two TRFs exceeding the scale are
23.7% and 10.1% from left to right. This comparison does not attempt to match each experi-
mental TRF to a given sequence or taxonomic affiliation.

(DOCX)

S2 Fig. Hierarchical cluster analysis of pre-calving dairy cows based of their vaginal micro-
biomes. The microbiomes associated with vaginal samples obtained from cows before calv-
ing were compared in a resemblance matrix based on the Bray-Curtis similarity. The health
status of each cow was assessed depending on the outcome of the transient postpartum
infection. The tips of the branches are colour coded according to the outcome of postpar-
tum health status: Black, non-susceptible; Red, susceptible to postpartum endometritis.
Community profiles were determined by T-RFLP of the 16S rRNA as described in the sec-
tion of Materials and Methods. Analysis was performed in PRIMERG6 and the figure was re-
drawn in CorelDraw X4.

(DOCX)

S3 Fig. Category-based taxonomic composition of the vaginal microbiome of cows at 7
DPP. Taxonomic composition at phylum and genus levels, respectively. Each bar represents
the average of the vaginal microbiome in each of the following categories: A) Clinical
assignment. h, healthy; e, endometritis B) Cluster as defined in Fig 6A, C) Farm of collec-
tion. While there is a farm effect in the taxonomic composition of the vaginal microbiome
at genus level, its contribution is lower than the effect observed by health status. The colour
key of selected phyla (within box) and genera from A, B and C is placed at the right of the
figure. Superscripts: * OTUs with ambiguous assignment below the indicated taxonomic
level; ® OTUs that although matching reference sequences in the Greengenes 13_8 database,
no taxonomic name has been defined. In these cases, the lowest taxonomic name is pro-
vided; © OTUs matching reference sequences for which taxonomic changes above the rank
of genus have been recommend by Greengenes based on whole genome phylogeny; ¢ OTUs
matching Genus name contested.

(DOCX)

S4 Fig. Summary of the taxonomic composition of the vaginal microbiome of cows at 7
DPP. Original output generated by QIIME. To visualise it double click on bar_charts.html.
(Z1P)
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