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The microbiota composition of the bovine female reproductive tract influences reproductive efficiency, sus-
ceptibility to genital pathogens, and the health of newborn calves. However, knowledge about cervico-vaginal
microbiota during gestation is scarce. Therefore, the present study aimed to analyze the taxonomic profile of
the cervico-vaginal bovine microbiota throughout pregnancy and after calving using high-throughput sequencing

of a fragment of the 16S ribosomal RNA gene.

Healthy nulliparous Holstein heifers (n = 13) with similar age and body conditional score were selected to
collect samples from the cervico-vaginal area with a sterile swab at 5 timepoints. We sequenced the V1-V2 region
of the 16S ribosomal RNA gene and analyzed data using the DADA2, phyloseq and vegan R Studio packages.

No differences were observed in alpha and beta diversity across sampling points, accounting for the stability of
the microbiota throughout pregnancy. The most abundant phyla are Firmicutes, Bacteroidota, Proteobacteria
and Actinobacteria, and are present as the main taxa in all five sampling points. Also, several of the least
abundant taxa can be observed to change with time.

Our comprehensive study of the cervico-vaginal bacterial microbiota during the gestation period contributes
to the knowledge of microbiota dynamics on the bovine reproductive tract during and after pregnancy and can
serve as a baseline for future research and the development of potential therapeutic interventions.

1. Introduction

A beef and dairy cattle system’s efficiency depends on the production
of one calf a year per cow (Diskin et al., 2016). This goal is rarely ach-
ieved (Ault-Seay et al., 2023), partly because of reproductive failures,
whose etiology is multifactorial. The main factors that influence bovine
reproductive outcome are nutrition and management, infectious dis-
eases (Moore et al., 2021), hormonal dysfunctions (Saraswat and Pur-
ohit, 2016) and genetic traits (Diskin et al., 2016). Therefore,
establishing the cause of reproductive failure or impairment in cows is
challenging.

One factor that has gained attention lately is the microbiota
composition of the bovine female reproductive tract. In humans,

multiple studies showed that the reproductive tract microbiota and its
variations have a great influence on reproductive health, being associ-
ated with cases of infertility (Mor et al., 2015) and with infant health
(Jasarevi et al., 2017; Prince et al., 2015). In bovines as well, repro-
ductive efficiency, susceptibility to genital pathogens, and the health of
newborn calves are all influenced by the microbiome (Ault-Seay et al.,
2023). Alterations of the composition of the microbiota in the genital
tract of the bovine female can have an impact in pregnancy outcome, as
has been shown in several studies (Ault-Seay et al., 2022; Ault et al.,
2019a, 2019b; Cassas et al., 2024; Deng et al., 2019; Laguardia-Nasci-
mento et al., 2015; Messman et al., 2019). The microbiota variation
among different regions of the reproductive tract may be influenced by
the rearing, nutritional and reproductive management (Adnane and
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Chapwanya, 2022; Luecke et al., 2022). Inflammatory diseases may also
disturb the composition of the microbiota in the genital tract of the
bovine female and impact the pregnancy outcome (Ault-Seay et al.,
2022; Ault et al., 2019a, 2019b; Cassas et al., 2024; Deng et al., 2019;
Laguardia-Nascimento et al., 2015; Messman et al., 2019).

Recently, in vivo studies of the bovine genital microbiota (Bicalho
et al.,, 2017a, 2017b, 2017c; Laguardia-Nascimento et al., 2015;
Machado et al., 2012; Swartz et al., 2014) have shown that changes in
the microbiota composition of the bovine female reproductive tract is
associated with uterine diseases and reproductive failures. However,
there is still not enough information to evaluate the main factors that
influence the composition of the reproductive tract microbiota, or its
correlation with the reproductive cycle (Adnane et al., 2024; Laguardia-
Nascimento et al., 2015; Quereda et al., 2020; Swartz et al., 2014).

Unlike vaginal microbiota of humans and other primates, the rumi-
nant genital bacterial communities are highly diverse (Swartz et al.,
2014). Lactobacillus, which is the dominant genus in human vaginal
microbiota, is not very abundant in bovines (Ault et al., 2019a; Clem-
mons et al., 2017; Laguardia-Nascimento et al., 2015; Quereda et al.,
2020; Swartz et al., 2014). The most abundant phyla are Firmicutes,
Bacteroidetes, and Proteobacteria (Appiah et al., 2020; Laguardia-Nas-
cimento et al., 2015; Nesengani et al., 2017). Some additional phyla, for
example Fusobacteria, were found in high proportion in a few studies
(Messman et al., 2019; Quereda et al., 2020; Swartz et al., 2014).

Some taxa in the microbiota of cattle genital tract are suggested to be
important as biomarkers of reproductive outcome (Ault et al., 2019b;
Deng et al., 2019). For instance, the presence of Histophilus, Clos-
tridiaceae, and Campylobacter in the vagina has been identified as in-
dicators of pregnancy failure (Deng et al., 2019). Studies comparing
pregnant and non-pregnant animals also show that pregnant heifers and
cows have a less diverse microbiota than non-pregnant ones (Ault-Seay
et al., 2023; Laguardia-Nascimento et al., 2015). Additionally, multiple
taxa abundances change throughout the estrous cycle (Ault et al.,
2019a). However, studies of these changes during pregnancy are very
scarce (Srinivasan et al., 2021). Therefore, knowledge about microbiota
composition throughout the pregnancy is of paramount importance to
prevention and treatment of reproductive problems.

Most of the abovementioned studies have reported on the uterus
environment, while few studies (Appiah et al., 2020) have described the
microbiota composition of the cervico-vaginal site. While the uterus has
a unique microbiome during pregnancy (Karstrup et al., 2017), the
cervix is responsible for controlling the flow between the external vagina
and endometrial environments (Galvao et al., 2019), acting as a bio-
logical and physical barrier against microorganisms that can migrate to
the endometrial site from the lower genital tract (Sheldon and Dobson,
2004). A recent study has shown that the nature of cervico-vaginal
microbiota may be useful in determining uterine health status (Chen
et al., 2017).

Our hypothesis is that the cervico-vaginal microbiota in pregnant
heifers contain taxa that can be considered as biomarkers of a healthy
reproductive tract, and our study will allow us to identify them. Thus,
the present study aimed to analyze the taxonomic profile of the cervico-
vaginal bovine microbiota throughout pregnancy and after calving using
high-throughput sequencing of a fragment of the 16S ribosomal RNA
gene.

2. Materials and methods
2.1. Animals

Healthy nulliparous Holstein heifers (n = 13) with similar age
(14-16 months old) and body conditional score (3-3.5, scale 1 to 5,
Edmonson et al., 1989) were selected for a longitudinal sampling during
gestation and postpartum period. All animals were located at the
experimental dairy unit of the “La Estanzuela” station of the INIA
(Uruguay, 34°20'14”S, 57°41'32”W), raised and kept in a pasture-based
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system as previously described (Stirling et al., 2021). All cows were in
outdoor paddocks around 3 weeks before the expected calving date,
where cows were fed a partial mixed ration once a day (Lopez Radcenco
et al., 2021).

2.2. Sample collection and study design

Swab samples were taken from the exterior portion of cervix
entrance. A double-guarded equine uterine culture swab (Minitube
Ref. 17214/2950) guided by a vaginoscopy was used to collect the
samples. In brief, the vulva region and perineum were washed using a
disinfectant composed by iodophor and nonilfenoxi polietoxi etanol and
dried with paper towels. The vaginoscopy was disinfected and cleaned
among animals before introducing it into the vagina for sample collec-
tion. After identification of the cervix, the swab was exposed to touch the
cervix and rotated 5 times to each side. The head of the swab was
aseptically cut and placed into a dry sterile 1.5 mL minicentrifuge tube,
transported to the laboratory on ice, and stored at —80 °C until DNA
extractions.

A total of 5 samples per cow were collected according to the
following time points: day of artificial insemination (AI, estrous phase,
sampling point 1), days 30-46 (pregnancy diagnosis by ultrasonogra-
phy, sampling point 2), 90-180 (sampling point 3), 180-270 of gestation
(sampling point 4), and 48-78 days after calving (sampling point 5). On
the day of Al, the swab collection was performed prior to insemination.

2.3. DNA Extraction and 16S rRNA gene amplicon sequencing

Genomic DNA was extracted using the QIAamp® DNA Mini Kit
(QIAGEN, Hilden, Germany) with swabs protocol. On the first step of the
protocol, 20 pL proteinase K and 200 pL of AL buffer were directly added
to the swab and incubated at 56 °C for 1 h. Protocol was then continued
according to the manufacturer’s instructions. DNA was eluted in 50 pL of
deioinized H,0, quantified and stored at —20 °C.

The V1-V2 region of the 16S ribosomal RNA gene was amplified by
PCR using specific primers 27F and 338R (Walker et al., 2020) with
Illumina adapters (Illumina, 2013). The PCR mix contained 20-40 ng of
genomic DNA as a template, 0.5 U of a high-fidelity DNA polymerase
(Q5 Hot Start High-Fidelity DNA Polymerase, NEB), 1x reaction buffer,
200 pM dNTPs, 0.32 mg/mL bovine serum albumin (BSA) and 0.4 pM of
each primer in a final volume of 25 pL. Amplification conditions were:
94 °C for 3 min, followed by 30 cycles of 94 °C for 45 s, 57 °C for 1 min,
and 72 °C for 1 min 30 s, and finally by 72 °C for 10 min. The PCR re-
actions were checked by electrophoresis in 0.8% agarose gels stained
with ethidium bromide (Invitrogen Corp., Carlsbad, CA) and observed
under ultraviolet light. Blank and mock community (ZymoBIOMICS
Microbial Community DNA Standard, Zymo Research Corp.) controls
were included in every PCR reaction. Amplicons were purified with
AMPure XP kit (Beckman Coulter, USA) and quantified.

Libraries were prepared by indexing 25-100 ng of PCR product with
the Nextera XT Index Kit v2 (Illumina Inc., San Diego, CA) using the
same PCR conditions as the previous one but without the addition of
BSA. Cycling conditions were: 68 °C for 3 min, 98 °C for 3 min, followed
by 8to 12 cycles of 98 °C for 45 s, 62 °C for 30 s, and 68 °C for 2 min, and
finally by 68 °C for 1 min. Then, the libraries were quantified, normal-
ized, pooled, denatured, and sequenced in an Illumina MiniSeq System
using a MiniSeq Mid Output Reagent Cartridge (300 cycles). The sam-
ples were randomly grouped at the PCR stage and again at the
sequencing stage. The mock community libraries were included,
ensuring at least one was present in every sequencing run as a control.

All DNA quantifications were made in a Qubit 3.0 fluorometer
(Thermo Scientific) using DNA High-Sensitivity kit (Invitrogen, USA).

2.4. Sequence processing and statistical analyses

All sequence processing and statistical analyses were performed in R
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4.3.2 (R Core Team, 2023). The sequencing reads were filtered and
trimmed, chimeras were removed and ASVs (Amplicon Sequence Vari-
ants) were detected with the DADA2 package v.1.30.0 (Callahan et al.,
2016). Taxonomy was assigned using the Silva database v.138 (Quast
et al., 2013). ASVs classified as Eukaryota were removed from the
dataset. Rarefaction curves were made using MicrobiotaProcess package
v.1.14.0 (Xu et al., 2023). Then, data were rarefied to 9000 reads per
sample, ensuring alpha diversity reached a plateau (Fig. S1). Lack of
sequencing bias was ensured by comparing bacterial mock community
DNA controls composition obtained in this work with its manufacturers’
declared compositions.

Statistical analyses were performed with the phyloseq v.1.46.0
(McMurdie and Holmes, 2013) and vegan v. 2.6-4 (Oksanen et al.,
2022) packages.

Alpha diversity was analyzed using observed richness (the number of
ASVs per sample), Shannon’s diversity and InvSimpson richness indexes.
Differences in alpha diversity of the five sampling points were tested
using Kruskal Wallis non-parametric test. To assess changes in com-
munity structure during pregnancy (p-diversity), a Principal Coordinates
Analysis (PCoA) of Bray—Curtis distances was performed. Clustering
between samples from different time points was evaluated using a
PERMANOVA analysis with “adonis” function in the vegan package. The
dispersion of time point groupings was analyzed using “betadisper”
function in vegan and evaluated with ANOVA. Venn diagrams were
generated to show the overlapping of taxa among sampling points,
without considering their abundance. Relative abundance of most
abundant taxa was graphically explored, and differential relative
abundances of taxa between sampling points were analyzed using
ANCOM-BC v. 2.4.0 (Lin and Peddada, 2020).

For all analyses, significance cutoff was set at p < 0.05. Graphs were
created using R packages ggplot2 v.3.5.0 (Wickham, 2016), vegan and
VennDiagram v.1.7.3 (Chen, 2022).

3. Results
3.1. Sequence information

Five samples from each animal (n = 13) were successfully sequenced,
giving between 40,451 and 1,048,962 raw reads (mean 119,175). After
trimming, denoising, chimera removal and exclusion of eukaryotic se-
quences, the minimum number of reads per sample was 9079.

Analysis of mock community sequences (n = 23, at least one for
every sequencing run) was conducted separately. The lack of sequencing
bias was ensured by comparing the observed composition with the
theoretical compositions provided by the manufacturers (data not
shown).

A total of 14,028 different ASVs were detected among all 65 samples.
After rarefaction, 13,012 ASVs remained.

3.2. Diversity analysis

The diversity of bacterial communities and comparison among
sampling points were explored through alpha and beta diversity
analyses.

Observed

‘Samping point

‘Samping pon
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For all alpha diversity metrics, there were no differences (p > 0.05)
observed between the five sampling points nor between individuals
using the Kruskal-Wallis test (Fig. 1A-C).

A Principal Coordinates Analysis (PCoA) revealed no distinct clus-
tering of samples by sampling point, with minimal variation explained
by the first ordination axes (Fig. 2A, B). The adonis test indicated a weak
but significant effect of sampling point on community structures
(pseudo-F = 1.3, R2 = 0.08, p = 0.003). However, betadisper analysis
demonstrated significant heterogeneity in data dispersion (p = 0.035;
Fig. 2C), suggesting that these differences may be attributed to that.
Also, very little of the variability (8.5%) can be explained by the sam-
pling point variable.

3.3. Taxonomic composition exploration

Among the 13,012 ASVs detected in the rarefied dataset, two belong
to the kingdom Archaea, but no further classification was achieved.
Abundance of these ASVs was very low (0.01%) and they were present
only in sampling points 2 and 3 (Table S1). The remaining ASVs
belonged to kingdom Bacteria and were classified in 31 phyla, 404
families and 979 genera.

Venn diagrams were generated to show the overlap of taxa among
sampling points. At the phylum level, most of the taxa (21) are shared
between all five sampling points, with 8 phyla shared between 2, 3 or 4
sampling points, and 3 phyla exclusively found in one sampling point
(Fig. 3A). Similar patterns are observed at the family (Fig. 3B) and genus
(Fig. 3C) levels.

3.4. Temporal dynamics: comparative relative abundance of taxa across
sampling points

The relative abundance of taxa in heifers throughout pregnancy is
illustrated in Fig. 4A-C. Firmicutes (45-59%), Bacteroidota (10-16%),
Proteobacteria (11-29%) and Actinobacteria (7-13%) were consistently
the most abundant phyla across all five sampling points, collectively
comprising over 90% of the total microbiota in each sampling point
(Table S1). No significant differential relative abundances of these four
taxa between sampling points were detected (ANCOM-BC q value
>0.05; Table S2). Additionally, each sampling point exhibited between
5 and 6 phyla with relative abundance exceeding 1% (Table S1).

At the family level, the twelve most abundant taxa collectively ac-
count for more than 50% of the total variability at each sampling point.
Five taxa consistently rank among the twelve most abundant across all
five sampling points: Oscillospiraceae (6-9%) and Lachnospiraceae
(4-6%) families, orders Bacteroidales (3-6%) and Oscillospirales
(2-3%), and class Clostridia (3-4%; Table S1). ANCOM-BC analysis did
not reveal significant differences for these taxa (q value >0.05; Table S2;
Fig. 5). Additionally, families such as Pseudomonadaceae, Myco-
plasmataceae, Rikenellaceae, UCG-010, Peptostreptococcaceae, Coma-
monadaceae, and Bifidobacteriaceae were consistently among the most
abundant on three or four sampling points. Each sampling point con-
tained between 23 and 28 taxa with relative abundances greater than
1% (Table S1).

At the genus level, the twelve most abundant taxa collectively

E==_

T - |
|

Samping paint

Fig. 1. Alpha diversity boxplot of the cervico-vaginal bacterial microbiota in heifers with different measures. A. Observed number of ASVs. B. Shannon diversity
index. C. InvSimpson index. Each box represents a sampling point. Dots represent values for individual samples, colored by the animal.
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Fig. 2. Beta diversity analysis. A. PCoA plot of Bray—Curtis distances between samples. Each dot corresponds to a sample, colored according to the sampling point. B.
Eigenvalues of the PCoA plot axes. C. Betadisper test graphic visualization. Each point is a sample. The colors and shapes of the symbols represent a sampling point.

Each sample is connected to the centroid of its group by a line.
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Fig. 3. Venn Diagrams showing the number of shared and unique taxa between the sampling points. A. Phyla (n = 31). B. Families (n = 404). C. Genera (n = 980).
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Fig. 4. Mean relative abundance of identified taxa in the 13 samples from each sampling point. A. All 31 phyla B. The top 12 families C. The top 12 genera.

represent more than 40% of the total variability at each sampling point.
Five taxa consistently rank among the twelve most abundant across all
five sampling points: genus UCG-005 (4-7%), family Lachnospiraceae
(3-5%), orders Bacteroidales (3-6%) and Oscillospirales (2-3%) and
class Clostridia (3-4%; Table S1). ANCOM-BC analysis did not show
significant differences for these taxa (q value >0.05; Table S2). Addi-
tionally, genera such as Pseudomonas, Ureaplasma, Bifidobacterium, UCG-
010, Sharpea, and Rikenellaceae RC9_gut group were consistently
among the top twelve most abundant in three or four sampling points
(Table S1).

ANCOM-BC results indicate a temporal pattern effect on the relative
abundance of taxa. Several taxa show significant changes in their rela-
tive abundance throughout pregnancy. Eight phyla, 72 families, and 190
genera exhibit significant changes in relative abundance in some sam-
pling points (Table S2).

Phyla with the most notable changes include: Gemmatimonadota,
which diminished from sampling point 1 to 2 (Ifc = —1.15) and raises its
abundance from the sampling point 2 to 3 (Ifc = 1.79); Acidobacteriota,
which diminished strikingly from sampling point 1 to 2 (Ifc = —2.09);
Sumerlaeota, which raises its abundance from the sampling point 2 to 3
(Ifc = 2.27) and Armatimonadota, which diminished from sampling
point 1 to 2 (Ifc = —1.92) and raises from the sampling point 3 to 4 (Ifc =
1.07) (Table S2).

The families with the most relevant changes are: from sampling point
1 to 2: Fimbriimonadaceae (Ifc = —1.55), Hyphomicrobiaceae (Ifc =
—1.31), Gemmatimonadaceae (Ifc = —1.26), Succinivibrionaceae (lfc =

2.60), Sandaracinaceae (Ifc = 1.25) and Azospirillaceae (lfc = 1.13);
from sampling point 2 to 3: Succinivibrionaceae (Ifc = —3.11), Fuso-
bacteriaceae (lfc = —1.20), Leuconostocaceae (Ifc = —1.16), Sumer-
lacaceae (Ifc = 1.81), p-2534-18B5_gut group (Ifc = 1.13) and
Gemmatimonadaceae (Ifc = 1.08); from sampling point 3 to 4: Ther-
maceae (Ifc = -1.04), Vibrionaceae (lfc = -0.92), M2PB4-
65_termite_group (Ifc = —0.82), Hyphomicrobiaceae (Ifc = 1.25), San-
guibacteraceae (Ifc = 1.05) and Chthonomonadaceae (Ifc = 1.01); from
sampling point 4 to 5: Sanguibacteraceae (Ifc = —0.99), Mycobacter-
iaceae (Ifc = —0.95), lamiaceae (Ifc = —0.88), Fusobacteriaceae (lfc =
2.07), Rhizobiales_Incertae_Sedis (Ifc = 1.18) and Reyranellaceae (Ifc =
1.08) (Table S2).

4. Discussion

In bovines, humans and other mammals, the paramount importance
of a healthy microbiota to warrant a good outcome of pregnancy has
been described (Barba et al., 2020; Cassas et al., 2024; Garcia-Garcia
et al., 2022; Kiefer et al., 2021; Li et al., 2017; Mahalingam et al., 2019;
Messman and Lemley, 2023; Miller et al., 2017; Moreno and Simon,
2019; Rhoades et al., 2021; Wang et al., 2022). However, information
about the bovine reproductive tract microbiota profile throughout the
pregnancy is scarce. To our knowledge, only one study (Deng et al.,
2019) has described the lower reproductive tract (vagina) microbiota
profile throughout gestation. Therefore, our study describes for the first
time the microbiota profile of the cervico-vaginal site from the day of
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Sampling point 2 vs 3 significant log fold changes
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Fig. 5. ANCOM-BC significant results. Significant differences in relative abundance (q value >0.05) at family level are shown. A. Sampling point 1 to 2. B. Sampling
point 2 to 3. C. Sampling point 3 to 4. D. Sampling point 4 to 5. Ifc: log fold change. Ifc negative values indicate the relative abundance decreases from one sampling

point to the next, positive values indicate an increase.

insemination until after parturition in pregnant heifers.

In several studies, the microbiota of the bovine reproductive tract
showed variations between stages of the cycle: proestrus, estrus,
metestrus, and diestrus have different populations, and a comparison of
follicular and luteal phases also showed changes (Ault et al., 2019a;
Quereda et al., 2020). Our results indicate that, once pregnancy is
established, the cervico-vaginal microbiota remains stable during the
entire gestation period and several days after calving. Most of the phyla
are consistently present across all five sampling points, and the most
abundant phyla—Firmicutes, Bacteroidota, Proteobacteria and Actino-
bacteria—were present as the main taxa in all five sampling points,
accounting for the stability of the microbiota along the pregnancy and
after parturition. These results are consistent with those of Laguardia-
Nascimento et al. (2015) and Nesengani et al. (2017) who analyzed the
vaginal microbiota in heifers on the first trimester of pregnancy.
Furthermore, these taxa have been identified as the most abundant in
the pregnant uterus (Karstrup et al., 2017; Moore et al., 2017). It has
been stated that there is a close relationship between the vaginal and
uterine microbiota, with regular interchange occurring between these
two environments, although vaginal microbiota is more diverse
(Clemmons et al., 2017; Garcia-Garcia et al., 2022; Sheldon et al., 2019;
Wang et al., 2021). As suggested by other authors in humans (Moreno
and Simon, 2019), we propose that the stability of the cervico-vaginal
microbiota is crucial for maintaining a healthy environment during

pregnancy.

Coinciding with the results from the literature (Deng et al., 2019;
Jeon et al., 2015; Knudsen et al., 2015; Santos et al., 2011), Firmicutes
was the most abundant phylum (45-59%; Table S1) in all five sampling
points. The abundance of Firmicutes does not significantly vary between
sampling points (Table S2), even in the post-partum stage (sampling
point 5). Firmicutes has been associated with postpartum uterine disease
(Carneiro et al., 2016; Moore et al., 2017), but it is also described as
important part of a healthy microbiota (Machado et al., 2012; Laguar-
dia-Nascimento et al., 2015). Our results agree with the later, suggesting
that Firmicutes is important in the healthy vaginal microbiota of preg-
nant heifers. Our data do not associate the presence of this phylum with
post-partum disease in primiparous cows.

At the family level, the taxa that were among the most abundant in
all five sampling points are families Oscillospiraceae and Lachnospir-
aceae, order Bacteroidales and class Clostridia (Table S1). The families
Oscillospiraceae and Lachnospiraceae have been detected in the vagina
of healthy heifers in previous studies (Ault et al., 2019a; Moreno et al.,
2022) and are also associated with healthy post-partum microbiota
(Clemmons et al., 2017). Both families have recently been proposed as
biomarkers of reproductive success (Moreno et al., 2022; Valderrama
et al., 2023), and our data support this hypothesis. Order Bacteroidales
has been found in the vaginal and fecal microbiota of pregnant heifers
(Ault et al., 2019a; Deng et al., 2019), showing that is a resident
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microorganism in healthy cows, consistent with several studies that
have proven that gut and reproductive tract microbiota share certain
taxa (Garcia-Garcia et al., 2022). Regarding class Clostridia, as lower
taxonomic ranks are undetermined, we cannot propose a hypothesis
about its role in the vaginal microbiota. While the family Clostridiaceae
has been associated with pregnancy failure (Deng et al., 2019), the order
Clostridiales has been proposed as a marker of reproductive success
(Ault et al., 2019a).

We found that Ureaplasma genus is amongst the most abundant
genera in sampling points 1 (insemination day), 2 (~30 days of gesta-
tion) and 5 (~60 days post-partum; Table S1). The role of this genus
remains controversial. Some authors have found that its presence is a
marker of infertility and uterine disease, acting as an opportunistic
pathogen (Messman and Lemley, 2023). Nevertheless, it can be harmless
in a balanced microbiota, as it appears consistently as part of the healthy
microbiota in several studies (Jeon et al., 2015; Messman et al., 2019;
Poole et al., 2022; Quadros et al., 2020). Our data support that Ure-
aplasma contributes to maintaining a healthy cervico-vaginal
microbiota.

Regarding the Pseudomonas genus, despite it has been described as an
opportunistic pathogen that causes abortion in bovines (Anderson,
2007; Vidal et al., 2017), several studies found it in great abundance in
healthy uterine and vaginal microbiota in cattle, pointing out that it is
part of the resident microbiota (Becker et al., 2023; Bicalho et al., 2017b;
Chen et al., 2020). Our results are then in agreement with this obser-
vation. Nevertheless, it is important to surveil their abundance at the
beginning of the pregnancy to prevent its possible ulterior conse-
quences. On the other hand, Bifidobacterium is present in ruminal,
uterine and vaginal microbiota of healthy cattle, not being associated to
any disease (Amat et al., 2021; Jeon et al., 2015; Winders et al., 2022).
Moreover, Bifidobacterium abundance was diminished in metritic cows
when compared to control in one study (Basbas et al., 2023), being then
a possible biomarker of a healthy microbiota. Conversely, Sharpea genus
is mainly detected in ruminal or fecal samples of cattle (Obregon-
Gutierrez et al., 2022; Seshadri et al., 2018). Therefore, we think it is a
possible contaminant from feces, which is not rare in this kind of studies
(Ault-Seay et al., 2022; Clemmons et al., 2017), but more investigation is
needed to determine its possible rol in cervico-vaginal microbiota.

Concerning the kingdom Archaea, it was poorly represented in our
data. This result agrees with previous studies, which only found se-
quences classified as Archaea sporadically and with low frequency
(Appiah et al., 2020; Quereda et al., 2020).

This new knowledge helps to identify which taxa are possible bio-
markers of a healthy microbiota, due to their permanence over time and
high abundance in the reproductive tract, indicating they are part of a
resident core microbiota in healthy pregnant animals.

Additionally, several taxa can be observed to change over time. Taxa
with the most striking changes are also amongst the least abundant
(Tables S1 and S2), suggesting that it is important to pay attention to the
less abundant bacteria to obtain a comprehensive understanding of the
temporal changes in the microbiota of the pregnant bovines. To the best
of our knowledge, none of these taxa have been studied in relation to the
cervico-vaginal, uterine or vaginal microbiota in cows, so these data
open a path to investigate their importance and possible roles in the
health of the bovine genital tract.

Our findings differ from previous studies in some respects. The only
previous study of the vaginal microbiota throughout pregnancy (Deng
et al., 2019) showed significant changes in alpha and beta diversity over
time, a pattern we did not observe. Several factors could contribute to
these differences, including the 16S region analyzed, the breed of the
animals, light discrepancies in sampling point timing, and the amount of
sequence data analyzed. All these factors lead us to point out the need
for an advance in the standardization of methodologies used to assess
microbiota diversity in cattle.

Our study has some limitations that should be pointed out. These
limitations are inherent to all studies based on sequencing different
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variable regions of the 16S ribosomal DNA gene: on one hand, each
variable region presents different biases in the detection of certain taxa.
Regarding the V1-V2 region analyzed here, the bibliography on this
subject is quite scarce, so a deep analysis of these biases is not possible
with the information we have. Another limitation inherent to the
approach is the taxonomic resolution power that the short reads ob-
tained with Illumina technology allow. Other studies have limitations
regarding the depth of sequences obtained, but we consider that this is
not our case. Despite these limitations, we believe that our study pro-
vides significant information about the bovine cervico-vaginal
microbiota.

While further studies are necessary, our results represent a step
forward in the understanding of the healthy cervico-vaginal microbiota
in pregnant cows.

5. Conclusions

Our comprehensive study of the cervico-vaginal bacterial microbiota
during the gestation period contributes significantly to the under-
standing of microbiota dynamics on the bovine reproductive tract dur-
ing pregnancy and after parturition. The cervico-vaginal microbiota is
stable throughout the pregnancy, although some taxa exhibit temporal
changes. Differences in microbiota diversity compared to previous
studies underscore the need for further studies to fully comprehend the
microbiota dynamics during pregnancy in cows. This study sheds light
on the composition of the healthy reproductive tract microbiota and can
serve as a baseline for future research and the development of potential
therapeutic interventions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.meegid.2024.105657.

Funding

This work was supported by the Agencia Nacional de Investigacion e
Innovacién from Uruguay (grant number FCE_1_2019_1_155852), and
by the Instituto Nacional de Investigacion Agropecuaria (grant number
PL_23_0_03). The funding sources were not involved in study design; in
the collection, analysis and interpretation of data; in the writing of the
report; or in the decision to submit the article for publication.

Ethical statement

This study was carried out in strict accordance with the recommen-
dations of the Uruguayan Animal Welfare Act of 2009 (law # 18,611) for
the use of animals in experimentation, teaching, and scientific research
activities. The research protocol was reviewed and approved by the
Institutional Animal Care and Use Committee of National Institute of
Agricultural Research of Uruguay (INIA) (protocol # INIA 2022.5).

CRediT authorship contribution statement

Lucia Calleros: Writing — review & editing, Writing — original draft,
Visualization, Supervision, Project administration, Methodology,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization. Maila Barcellos: Writing — review & editing,
Methodology, Investigation, Data curation. Sofia Grecco: Writing —
review & editing, Methodology, Investigation, Data curation. Juan
Pablo Garzon: Writing — review & editing, Investigation. Joaquin
Lozano: Writing — review & editing, Investigation. Victoria Urioste:
Writing — review & editing, Investigation. Gustavo Gastal: Writing —
review & editing, Resources, Investigation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence


https://doi.org/10.1016/j.meegid.2024.105657
https://doi.org/10.1016/j.meegid.2024.105657

L. Calleros et al.
the work reported in this paper.
Data availability

Sequence data from this article have been deposited with the DBJ/
EMBL/GenBank Data Libraries under Bioproject number
PRJNA1122579, BioSample accession numbers SAMN41788669 to
SAMN41788733.

References

Adnane, M., Chapwanya, A., 2022. A Review of the diversity of the genital tract
microbiome and implications for fertility of cattle. Animals 12, 1-14. https://doi.
org/10.3390/ani12040460.

Adnane, M., Whiston, R., Tasara, T., Bleul, U., Chapwanya, A., 2024. Harnessing vaginal
probiotics for enhanced management of uterine disease and reproductive
performance in dairy cows: a conceptual review. Animals 14, 1-17. https://doi.org/
10.3390/ani14071073.

Amat, S., Holman, D.B., Schmidt, K., Menezes, A.C.B., Baumgaertner, F., Winders, T.,
Kirsch, J.D., Liu, T., Schwinghamer, T.D., Sedivec, K.K., Dahlen, C.R., 2021. The
nasopharyngeal, ruminal, and vaginal microbiota and the core taxa shared across
these microbiomes in virgin yearling heifers exposed to divergent in utero nutrition
during their first trimester of gestation and in pregnant beef heifers in response to
mineral supplementation. Microorganisms 9. https://doi.org/10.3390/
microorganisms9102011.

Anderson, M.L., 2007. Infectious causes of bovine abortion during mid- to late-gestation.
Theriogenology 68, 474-486. https://doi.org/10.1016/j.
theriogenology.2007.04.001.

Appiah, M.O., Wang, J., Lu, W., 2020. Microflora in the reproductive tract of cattle: a
review (running title: The microflora and bovine reproductive tract). Agric 10, 1-27.
https://doi.org/10.3390/agriculture10060232.

Ault, Taylor B., Clemmons, B.A., Reese, S.T., Dantas, F.G., Franco, G.A., Smith, T.P.L.,
Edwards, J.L., Myer, P.R., Pohler, K.G., 2019a. Bacterial taxonomic composition of
the postpartum cow uterus and vagina prior to artificial insemination. J. Anim. Sci.
97, 4305-4313. https://doi.org/10.1093/jas/skz212.

Ault, Taylor B., Clemmons, B.A., Reese, S.T., Dantas, F.G., Franco, G.A., Smith, T.P.L.,
Edwards, J.L., Myer, P.R., Pohler, K.G., 2019b. Uterine and vaginal bacterial
community diversity prior to artificial insemination between pregnant and
nonpregnant postpartum cows, 1, 4298-4304. https://doi.org/10.1093/jas/skz210.

Ault-Seay, T.B., Brandt, K.J., Henniger, M.T., Payton, R.R., Mathew, D.J., Moorey, S.E.,
Schrick, F.N., Pohler, K.G., Smith, T.P.L., Rhinehart, J.D., Schneider, L.G.,

McLean, K.J., Myer, P.R., 2022. Bacterial communities of the uterus and rumen
during heifer development with protein supplementation. Front. Anim. Sci. 3, 1-13.
https://doi.org/10.3389/fanim.2022.903909.

Ault-Seay, T.B., Moorey, S.E., Mathew, D.J., Schrick, F.N., Pohler, K.G., McLean, K.J.,
Myer, P.R., 2023. Importance of the female reproductive tract microbiome and its
relationship with the uterine environment for health and productivity in cattle: a
review. Front. Anim. Sci. 4, 1-12. https://doi.org/10.3389/fanim.2023.1111636.

Barba, M., Martinez-Bovi, R., Quereda, J.J., Mocé, M.L., Plaza-Davila, M., Jiménez-
Trigos, E., Gomez-Martin, A., Gonzalez-Torres, P., Carbonetto, B., Garcia-Rosell¢, E.,
2020. Vaginal microbiota is stable throughout the estrous cycle in Arabian maress.
Animals 10, 1-14. https://doi.org/10.3390/ani10112020.

Basbas, C., Garzon, A., Schlesener, C., van Heule, M., Profeta, R., Weimer, B.C., Silva-del-
Rio, N., Byrne, B.A,, Karle, B., Aly, S.S., Lima, F.S., Pereira, R.V., 2023. Unveiling the
microbiome during post-partum uterine infection: a deep shotgun sequencing
approach to characterize the dairy cow uterine microbiome. Anim. Microbiome 5.
https://doi.org/10.1186/542523-023-00281-5.

Becker, A.A.M.J., Munden, S., McCabe, E., Hurley, D., Fanning, S., Chapwanya, A.,
Butaye, P., 2023. The endometrial microbiota—16S rRNA gene sequence signatures
in healthy, pregnant and endometritis dairy cows. Vet. Sci. 10, 215. https://doi.org/
10.3390/vetsci10030215.

Bicalho, M.L.S., Machado, V.S., Higgins, C.H., Lima, F.S., Bicalho, R.C., 2017a. Genetic
and functional analysis of the bovine uterine microbiota. Part I: Metritis versus
healthy cows. J. Dairy Sci. 1-13. https://doi.org/10.3168/jds.2016-12058.

Bicalho, M.L.S., Machado, V.S., Higgins, C.H., Lima, F.S., Bicalho, R.C., 2017b. Genetic
and functional analysis of the bovine uterine microbiota. Part II: purulent vaginal
discharge versus healthy cows. J. Dairy Sci. 100, 1-12. https://doi.org/10.3168/
jds.2016-12058.

Bicalho, M.L.S., Santin, T., Rodrigues, M.X., Marques, C.E., Lima, S.F., Bicalho, R.C,,
2017c. Dynamics of the microbiota found in the vaginas of dairy cows during the
transition period: Associations with uterine diseases and reproductive outcome.

J. Dairy Sci. 1-16 https://doi.org/10.3168/jds.2016-11623.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADAZ2: High-resolution sample inference from Illumina amplicon data. Nat.
Methods 13, 581-583. https://doi.org/10.1038/nmeth.3869.

Carneiro, L.C., Cronin, J.G., Sheldon, I.M., 2016. Mechanisms linking bacterial infections
of the bovine endometrium to disease and infertility. Reprod. Biol. 16, 1-7. https://
doi.org/10.1016/j.repbio.2015.12.002.

Cassas, M.S., Jonas, L.C., Anderson, C.J., Schmitz-Esser, S., Youngs, C.R., 2024. Temporal
changes in ewe vaginal microbiota throughout gestation. Front. Microbiol. 15
https://doi.org/10.3389/fmicb.2024.1359678.

Chen, C., Song, X., Wei, W., Zhong, H., Dai, J., Lan, Z., Li, F., Yu, X., Feng, Q., Wang, Z.,
Xie, H., Chen, X., Zeng, C., Wen, B., Zeng, L., Du, H., Tang, H., Xu, C., Xia, Y., Xia, H.,

Infection, Genetics and Evolution 124 (2024) 105657

Yang, H., Wang, Jian, Wang, Jun, Madsen, L., Brix, S., Kristiansen, K., Xu, X., Li, J.,
Wu, R., Jia, H., 2017. The microbiota continuum along the female reproductive tract
and its relation to uterine-related diseases. Nat. Commun. 8 https://doi.org/
10.1038/541467-017-00901-0.

Chen, H., 2022. VennDiagram: Generate High-resolution Venn and Euler Plots. R
Package. version 1.7.3, pp. 1-35.

Chen, H., Fu, K., Pang, B., Wang, J., Li, H., Jiang, Z., Feng, Y., Tian, W., Cao, R., 2020.
Determination of uterine bacterial community in postpartum dairy cows with
metritis based on 16S rDNA sequencing. Vet. Anim. Sci. 10, 100102 https://doi.org/
10.1016/j.vas.2020.100102.

Clemmons, B.A., Reese, S.T., Dantas, F.G., Franco, G.A., Smith, T.P.L., Adeyosoye, O.L.,
Pohler, K.G., Myer, P.R., 2017. Vaginal and uterine bacterial communities in
postpartum lactating cows. Front. Microbiol. 8, 1-10. https://doi.org/10.3389/
fmicb.2017.01047.

Deng, F., Mcclure, M., Rorie, R., Wang, X., Chai, J., Wei, X., 2019. The vaginal and fecal
microbiomes are related to pregnancy status in beef heifers, 2, 1-13.

Diskin, M.G.A., Waters, S.M.B., Parr, M.H.B., Kenny, D.A.B., 2016. Pregnancy losses in
cattle : potential for improvement. Reprod. Fertil. Dev. 83-93.

Edmonson, A.J., Lean, 1.J., Weaver, L.D., Farver, T., Webster, G., 1989. A body condition
scoring chart for holstein dairy cows. J. Dairy Sci. 72, 68-78. https://doi.org/
10.3168/jds.S0022-0302(89)79081-0.

Galvao, K.N., Bicalho, R.C., Jeon, S.J., 2019. Symposium review: the uterine microbiome
associated with the development of uterine disease in dairy cows. J. Dairy Sci. 102,
11786-11797. https://doi.org/10.3168/jds.2019-17106.

Garcia-Garcia, R.M., Arias-Alvarez, M., Jordan-Rodriguez, D., Rebollar, P.G., Lorenzo, P.
L., Herranz, C., Rodriguez, J.M., 2022. Female reproduction and the microbiota in
mammals: where are we? Theriogenology 194, 144-153. https://doi.org/10.1016/].
theriogenology.2022.10.007.

Illumina, 2013. 16S Metagenomic Sequencing Library, pp. 1-28. http://support.illum
ina.com/content/dam/illumina-support/documents/documentation/chemistr
y_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf.

Jasarevi, E., Howard, C.D., Misic, A.M., Beiting, D.P., 2017. Stress during pregnancy
alters temporal and spatial dynamics of the maternal and offspring microbiome in a
sex-specific manner. Nat. Publ. Gr. 1-13. https://doi.org/10.1038/srep44182.

Jeon, S.J., Vieira-neto, A., Gobikrushanth, M., Daetz, R., Mingoti, R.D., Brigolin, C., De
Freitas, S.L., Lima, N., Bicalho, R.C., Lima, S., Jeong, K.C., Galvao, N., 2015. Uterine
Microbiota Progression from Calving until Establishment of Metritis in Dairy Cows,
vol. 81, pp. 6324-6332. https://doi.org/10.1128/AEM.01753-15.

Karstrup, C.C., Klitgaard, K., Jensen, T.K., Agerholm, J.S., Pedersen, H.G., 2017. Presence
of bacteria in the endometrium and placentomes of pregnant cows. Theriogenology
99, 41-47. https://doi.org/10.1016/j.theriogenology.2017.05.013.

Kiefer, Z.E., Koester, L.R., Studer, J.M., Chipman, A.L., Mainquist-Whigham, C.,
Keating, A.F., Schmitz-Esser, S., Ross, J.W., 2021. Vaginal microbiota differences
associated with pelvic organ prolapse risk during late gestation in commercial sows.
Biol. Reprod. 105, 1545-1561. https://doi.org/10.1093/biolre/ioab178.

Knudsen, R.L.V., Karstrup, C.C., Pedersen, H.G., Agerholm, J.S., Jensen, T.K. re,
Klitgaard, K., 2015. Revisiting bovine pyometra — New insights into the disease
using a culture-independent deep sequencing approach. Vet. Microbiol. 175,
319-324. https://doi.org/10.1016/j.vetmic.2014.12.006.

Laguardia-Nascimento, M., Branco, K.M.G.R., Gasparini, M.R., Giannattasio-Ferraz, S.,
Leite, L.R., Araujo, F.M.G., Salim, A.C. de M., Nicoli, J.R., de Oliveira, G.C., Barbosa-
Stancioli, E.F., 2015. Vaginal microbiome characterization of nellore cattle using
metagenomic analysis. PLoS One 10, e0143294. https://doi.org/10.1371/journal.
pone.0143294.

Li, J., Chen, D., Zou, W, Jin, S., Li, D., He, Y., Wang, C., Wang, H., 2017. The normal
vaginal and uterine bacterial microbiome in giant pandas (Ailuropoda melanoleu
ca). Microbiol. Res. https://doi.org/10.1016/j.micres.2017.01.003.

Lin, H., Peddada, S. Das, 2020. Analysis of compositions of microbiomes with bias
correction. Nat. Commun. 11, 1-11. https://doi.org/10.1038/541467-020-17041-7.

Lopez Radcenco, A., Adrien, M. de L., Ruprechter, G., de Torres, E., Meikle, A.,
Moyna, G., 2021. Monitoring the transition period in dairy cows through 1H NMR-
based untargeted metabolomics. Dairy 2, 356-366. https://doi.org/10.3390/
dairy2030028.

Luecke, S.M., Webb, E.M., Dahlen, C.R., Reynolds, L.P., Amat, S., 2022. Seminal and
vagino-uterine microbiome and their individual and interactive effects on cattle
fertility. Front. Microbiol. 13, 1-20. https://doi.org/10.3389/fmicb.2022.1029128.

Machado, V.S., Oikonomou, G., Bicalho, M.L.S., Knauer, W.A., Gilbert, R., Bicalho, R.C.,
2012. Investigation of postpartum dairy cows’ uterine microbial diversity using
metagenomic pyrosequencing of the 16S rRNA gene. Vet. Microbiol. 159, 460-469.
https://doi.org/10.1016/j.vetmic.2012.04.033.

Mahalingam, S., Dharumadurai, D., Archunan, G., 2019. Vaginal microbiome analysis of
buffalo (Bubalus bubalis) during estrous cycle using high-throughput amplicon
sequence of 16S rRNA gene. Symbiosis 78, 97-106. https://doi.org/10.1007/
513199-018-00595-y.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 8, e61217. https://doi.
org/10.1371/journal.pone.0061217.

Messman, R.D., Lemley, C.O., 2023. Bovine neonatal microbiome origins: a review of
proposed microbial community presence from conception to colostrum. Transl.
Anim. Sci. https://doi.org/10.1093/tas/txad057.

Messman, R.D., Contreras-Correa, Z.E., Paz, H.A,, Perry, G., Lemley, C.O., 2019. Vaginal
bacterial community composition and concentrations of estradiol at the time of
artificial insemination in Brangus heifers. J. Anim. Sci. 98, 1-9. https://doi.org/
10.1093/jas/skaal78.


https://doi.org/10.3390/ani12040460
https://doi.org/10.3390/ani12040460
https://doi.org/10.3390/ani14071073
https://doi.org/10.3390/ani14071073
https://doi.org/10.3390/microorganisms9102011
https://doi.org/10.3390/microorganisms9102011
https://doi.org/10.1016/j.theriogenology.2007.04.001
https://doi.org/10.1016/j.theriogenology.2007.04.001
https://doi.org/10.3390/agriculture10060232
https://doi.org/10.1093/jas/skz212
https://doi.org/10.1093/jas/skz210
https://doi.org/10.3389/fanim.2022.903909
https://doi.org/10.3389/fanim.2023.1111636
https://doi.org/10.3390/ani10112020
https://doi.org/10.1186/s42523-023-00281-5
https://doi.org/10.3390/vetsci10030215
https://doi.org/10.3390/vetsci10030215
https://doi.org/10.3168/jds.2016-12058
https://doi.org/10.3168/jds.2016-12058
https://doi.org/10.3168/jds.2016-12058
https://doi.org/10.3168/jds.2016-11623
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.repbio.2015.12.002
https://doi.org/10.1016/j.repbio.2015.12.002
https://doi.org/10.3389/fmicb.2024.1359678
https://doi.org/10.1038/s41467-017-00901-0
https://doi.org/10.1038/s41467-017-00901-0
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0100
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0100
https://doi.org/10.1016/j.vas.2020.100102
https://doi.org/10.1016/j.vas.2020.100102
https://doi.org/10.3389/fmicb.2017.01047
https://doi.org/10.3389/fmicb.2017.01047
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0115
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0115
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0120
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0120
https://doi.org/10.3168/jds.S0022-0302(89)79081-0
https://doi.org/10.3168/jds.S0022-0302(89)79081-0
https://doi.org/10.3168/jds.2019-17106
https://doi.org/10.1016/j.theriogenology.2022.10.007
https://doi.org/10.1016/j.theriogenology.2022.10.007
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://doi.org/10.1038/srep44182
https://doi.org/10.1128/AEM.01753-15
https://doi.org/10.1016/j.theriogenology.2017.05.013
https://doi.org/10.1093/biolre/ioab178
https://doi.org/10.1016/j.vetmic.2014.12.006
https://doi.org/10.1371/journal.pone.0143294
https://doi.org/10.1371/journal.pone.0143294
https://doi.org/10.1016/j.micres.2017.01.003
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.3390/dairy2030028
https://doi.org/10.3390/dairy2030028
https://doi.org/10.3389/fmicb.2022.1029128
https://doi.org/10.1016/j.vetmic.2012.04.033
https://doi.org/10.1007/s13199-018-00595-y
https://doi.org/10.1007/s13199-018-00595-y
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1093/tas/txad057
https://doi.org/10.1093/jas/skaa178
https://doi.org/10.1093/jas/skaa178

L. Calleros et al.

Miller, E.A., Livermore, J.A., Alberts, S.C., Tung, J., Archie, E.A., 2017. Ovarian cycling
and reproductive state shape the vaginal microbiota in wild baboons. Microbiome
1-14. https://doi.org/10.1186/s40168-017-0228-z.

Moore, D.P., Cantén, G.J., Louge Uriarte, E.L., 2021. Editorial: infectious diseases
affecting reproduction and the neonatal period in cattle. Front. Vet. Sci. 8, 679007
https://doi.org/10.3389/fvets.2021.679007.

Moore, S.G., Ericsson, A.C., Poock, S.E., Melendez, P., Lucy, M.C., 2017. Hot topic: 16S
rRNA gene sequencing reveals the microbiome of the virgin and pregnant bovine
uterus. J. Dairy Sci. 100, 4953-4960. https://doi.org/10.3168/jds.2017-12592.

Mor, A., Driggers, P.H., Segars, J.H., 2015. Molecular characterization of the human
microbiome from a reproductive perspective. Fertil. Steril. 104, 1344-1350. https://
doi.org/10.1016/j.fertnstert.2015.10.008.

Moreno, C.G., Luque, A.T., Galvao, K.N., Otero, M.C., 2022. Bacterial communities from
vagina of dairy healthy heifers and cows with impaired reproductive performance.
Res. Vet. Sci. 142, 15-23. https://doi.org/10.1016/j.rvsc.2021.11.007.

Moreno, 1., Simon, C., 2019. Deciphering the effect of reproductive tract microbiota on
human reproduction. Reprod. Med. Biol. 18, 40-50. https://doi.org/10.1002/
rmb2.12249.

Nesengani, L.T., Wang, J., Yang, Y., Yang, L., Lu, W., 2017. Unravelling vaginal microbial
genetic diversity and abundance between Holstein and Fleckvieh cattle. RSC Adv. 7,
56137-56143. https://doi.org/10.1039/C7RA10553C.

Obregon-Gutierrez, P., Bague-Companys, J., Bach, A., Aragon, V., Correa-Fiz, F., 2022.
Longitudinal study of fecal microbiota in calves with or without diarrhea episodes
before weaning. Vet. Sci. 9, 463. https://doi.org/10.3390/vetsci9090463.

Oksanen, J., Simpson, G.L., Blanchet, G.F., Kindt, R., Legendre, P., Minchin, P.R.,
O’Hara, R.B., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., Barbour, M.,
Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M.,
Durand, S., Antoniazi Evangelista, H.B., FitzJohn, R., Friendly, M., Furneaux, B.,
Hannigan, G., Hill, M.O., Lahti, L., McGlinn, D., Quellette, M.-H., Cunha, E.R.,
Smith, T., Stier, A., Ter Braak, C.J.F., Weedon, J., 2022. Package “vegan”
Community Ecology Package. R Top. Doc, pp. 1-295. https://CRAN.R-project.org/p
ackage=vegan.

Poole, R.K., Pickett, A.T., Filho, R.V.O., De Melo, Gabriela Dalmaso, Palanisamy, V.,
Dass, S.C., Cooke, R.F., Pohler, K.G., Oliveira Filho, R.V., de Melo, G.D.,
Palanisamy, V., Chitlapilly Dass, S., Cooke, R.F., Pohler, K.G., 2022. Shifts in uterine
bacterial communities associated with endogenous progesterone and 17f-estradiol
concentrations in beef cattle. Domest. Anim. Endocrinol. 82, 106766 https://doi.
org/10.1016/j.domaniend.2022.106766.

Prince, A.L., Chu, D.M., Seferovic, M.D., Antony, K.M., Ma, J., Aagaard, K.M., 2015. The
perinatal microbiome and pregnancy: moving beyond the vaginal microbiome. Cold
Spring Harb. Perspect. Med. 5, 1-23. https://doi.org/10.1101/cshperspect.a023051.

Quadros, D.L., Zanella, R., Bondan, C., Zanella, G.C., Facioli, F.L., da Silva, A.N.,
Zanella, E.L., 2020. Study of vaginal microbiota of Holstein cows submitted to an
estrus synchronization protocol with the use of intravaginal progesterone device.
Res. Vet. Sci. 131, 1-6. https://doi.org/10.1016/j.rvsc.2020.03.027.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 41, D590-D596. https://
doi.org/10.1093/nar/gks1219.

Quereda, J.J., Barba, M., Mocé, M.L., Gomis, J., Jiménez-Trigos, E., Garcia-Mufioz, A.,
Gémez-Martin, A., Gonzalez-Torres, P., Carbonetto, B., Garcia-Roselld, E., 2020.
Vaginal microbiota changes during estrous cycle in dairy heifers. Front. Vet. Sci. 7
https://doi.org/10.3389/fvets.2020.00371.

R Core Team, 2023. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rhoades, N.S., Hendrickson, S.M., Gerken, D.R., Martinez, K., Slayden, O.D., Slifka, M.K.,
Messaoudi, I., 2021. Longitudinal profiling of the macaque vaginal microbiome
reveals similarities to diverse human vaginal communities. mSystems 6. https://doi.
org/10.1128/msystems.01322-20.

Santos, T.M.A., Gilbert, R.O., Bicalho, R.C., 2011. Metagenomic analysis of the uterine
bacterial microbiota in healthy and metritic postpartum dairy cows. J. Dairy Sci. 94,
291-302. https://doi.org/10.3168/jds.2010-3668.

Infection, Genetics and Evolution 124 (2024) 105657

Saraswat, C.S., Purohit, G.N.N., 2016. Repeat breeding: incidence, risk factors and
diagnosis in buffaloes. Asian Pacific J. Reprod. 5, 87-95. https://doi.org/10.1016/].
apjr.2016.01.001.

Seshadri, R., Leahy, S.C., Attwood, G.T., Teh, K.H., Lambie, S.C., Cookson, A.L., Eloe-
Fadrosh, E.A., Pavlopoulos, G.A., Hadjithomas, M., Varghese, N.J., Paez-Espino, D.,
Perry, R., Henderson, G., Creevey, C.J., Terrapon, N., Lapebie, P., Drula, E.,
Lombard, V., Rubin, E., Kyrpides, N.C., Henrissat, B., Woyke, T., Ivanova, N.N.,
Kelly, W.J., Palevic, N., Janssen, P.H., Ronimus, R.S., Noel, S., Soni, P., Reilly, K.,
Atherly, T., Ziemer, C., Wright, A.D., Ishaq, S., Cotta, M., Thompson, S., Crosley, K.,
McKain, N., Wallace, J.J., Flint, H.J., Martin, J.C., Forster, R.J., Gruninger, R.J.,
McAllister, T., Gilbert, R., Ouwerkerk, D.J., Klieve, A.J., Al Jassim, R., Denman, S.,
McSweeney, C., Rosewarne, C., Koike, S., Kobayashi, Y., Mitsumori, M., Shinkai, T.,
Cravero, S., Cer6n Cucchi, M., 2018. Cultivation and sequencing of rumen
microbiome members from the Hungate1000 Collection. Nat. Biotechnol. 36,
359-367. https://doi.org/10.1038/nbt.4110.

Sheldon, I.M., Dobson, H., 2004. Postpartum uterine health in cattle. Anim. Reprod. Sci.
82-83, 295-306. https://doi.org/10.1016/j.anireprosci.2004.04.006.

Sheldon, I.M., Cronin, J.G., Bromfield, J.J., 2019. Tolerance and innate immunity shape
the development of postpartum uterine disease and the impact of endometritis in
dairy cattle. Annu. Rev. Anim. Biosci. 7, 361-384. https://doi.org/10.1146/
annurev-animal-020518-115227.

Srinivasan, M., Adnane, M., Archunan, G., 2021. Significance of cervico-vaginal
microbes in bovine reproduction and pheromone production — A hypothetical
review. Res. Vet. Sci. 135, 66-71. https://doi.org/10.1016/j.rvsc.2021.01.003.

Stirling, S., Farina, S., Pacheco, D., Vibart, R., 2021. Whole-farm modelling of grazing
dairy systems in Uruguay. Agric. Syst. 193, 103227 https://doi.org/10.1016/j.
agsy.2021.103227.

Swartz, J.D., Lachman, M., Westveer, K., O'Neill, T., Geary, T., Kott, R.W.,
Berardinelli, J.G., Hatfield, P.G., Thomson, J.M., Roberts, A., Yeoman, C.J., 2014.
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. 1,
1-10. https://doi.org/10.3389/fvets.2014.00019.

Valderrama, L.N.M., Portocarrero, G.T.S., Vasquez, A.C.R., Torres, H.F., Durand, G.J.F.,
Villanueva, G.V.C., Del Solar, J.C., Polveiro, R.C., Vieira, D. de S., Escalante, W.B.,
Zamora Huamaén, S.J., Ordinola-Ramirez, C.M., Maicelo Quintana, J.L., Lopez
Lapa, R.M., 2023. Exploring the microbiome of two uterine sites in cows. Sci. Rep.
1-13. https://doi.org/10.1038/s41598-023-46093-0.

Vidal, S., Kegler, K., Posthaus, H., Perreten, V., Rodriguez-Campos, S., 2017. Amplicon
sequencing of bacterial microbiota in abortion material from cattle. Vet. Res. 48, 64.
https://doi.org/10.1186/513567-017-0470-1.

Walker, S.P., Barrett, M., Hogan, G., Bueso, Y.F., Claesson, M.J., Tangney, M., 2020. Non
- specific amplification of human DNA is a major challenge for 16S rRNA gene
sequence analysis. Sci. Rep. 1-7 https://doi.org/10.1038/541598-020-73403-7.

Wang, J., Li, Z., Ma, X., Du, L., Jia, Z., Cui, X., Yu, L., Yang, J., Xiao, L., Zhang, B., Fan, H.,
Zhao, F., 2021. Translocation of vaginal microbiota is involved in impairment and
protection of uterine health. Nat. Commun. 12, 1-15. https://doi.org/10.1038/
$41467-021-24516-8.

Wang, N., Chen, L., Yi, K., Zhang, B., Li, C., Zhou, X., 2022. The effects of microbiota on
reproductive health: a review. Crit. Rev. Food Sci. Nutr. 64, 1486-1507. https://doi.
org/10.1080/10408398.2022.2117784.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Winders, T.M., Holman, D.B., Schmidt, K.N., Smith, D.J., Neville, B.W., Dahlen, C.R.,
Swanson, K.C., Amat, S., Luecke, S.M., Winders, T.M., Holman, D.B., Schmidt, K.N.,
Smith, D.J., Neville, B.W., Dahlen, C.R., Swanson, K.C., Amat, S., Luecke, S.M.,
Smith, D.J., Neville, B.W., Dahlen, C.R., Swanson, K.C., Amat, S., 2022. Feeding
hempseed cake alters the bovine gut, respiratory and reproductive microbiota.

J. Anim. Sci. 100, 168-169. https://doi.org/10.1093/jas/skac247.312.

Xu, S., Zhan, L., Tang, W., Wang, Q., Dai, Z., Zhou, L., Feng, T., Chen, M., Wu, T., Huy, E.,
Yu, G., 2023. Microbiotaprocess: a comprehensive R package for deep mining
microbiome. Innovation 4, 100388. https://doi.org/10.1016/j.xinn.2023.100388.


https://doi.org/10.1186/s40168-017-0228-z
https://doi.org/10.3389/fvets.2021.679007
https://doi.org/10.3168/jds.2017-12592
https://doi.org/10.1016/j.fertnstert.2015.10.008
https://doi.org/10.1016/j.fertnstert.2015.10.008
https://doi.org/10.1016/j.rvsc.2021.11.007
https://doi.org/10.1002/rmb2.12249
https://doi.org/10.1002/rmb2.12249
https://doi.org/10.1039/C7RA10553C
https://doi.org/10.3390/vetsci9090463
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.domaniend.2022.106766
https://doi.org/10.1016/j.domaniend.2022.106766
https://doi.org/10.1101/cshperspect.a023051
https://doi.org/10.1016/j.rvsc.2020.03.027
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fvets.2020.00371
https://www.R-project.org/
https://doi.org/10.1128/msystems.01322-20
https://doi.org/10.1128/msystems.01322-20
https://doi.org/10.3168/jds.2010-3668
https://doi.org/10.1016/j.apjr.2016.01.001
https://doi.org/10.1016/j.apjr.2016.01.001
https://doi.org/10.1038/nbt.4110
https://doi.org/10.1016/j.anireprosci.2004.04.006
https://doi.org/10.1146/annurev-animal-020518-115227
https://doi.org/10.1146/annurev-animal-020518-115227
https://doi.org/10.1016/j.rvsc.2021.01.003
https://doi.org/10.1016/j.agsy.2021.103227
https://doi.org/10.1016/j.agsy.2021.103227
https://doi.org/10.3389/fvets.2014.00019
https://doi.org/10.1038/s41598-023-46093-0
https://doi.org/10.1186/s13567-017-0470-1
https://doi.org/10.1038/s41598-020-73403-7
https://doi.org/10.1038/s41467-021-24516-8
https://doi.org/10.1038/s41467-021-24516-8
https://doi.org/10.1080/10408398.2022.2117784
https://doi.org/10.1080/10408398.2022.2117784
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0365
http://refhub.elsevier.com/S1567-1348(24)00108-4/rf0365
https://doi.org/10.1093/jas/skac247.312
https://doi.org/10.1016/j.xinn.2023.100388

	Longitudinal study of the bovine cervico-vaginal bacterial microbiota throughout pregnancy using 16S ribosomal RNA gene seq ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Sample collection and study design
	2.3 DNA Extraction and 16S rRNA gene amplicon sequencing
	2.4 Sequence processing and statistical analyses

	3 Results
	3.1 Sequence information
	3.2 Diversity analysis
	3.3 Taxonomic composition exploration
	3.4 Temporal dynamics: comparative relative abundance of taxa across sampling points

	4 Discussion
	5 Conclusions
	Funding
	Ethical statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


