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The role of microbes inhabiting various body sites in supporting host physiology
and health is substantial, and recent advancements in DNA sequencing technology
have facilitated a more in-depth understanding of these microbial contributions.
The influence of microbiota within a given organ can be broadly categorized as
having two main functions: (1) promoting organ homeostasis and (2) creating
conditions that inhibit the growth of pathogenic microorganisms, thereby protecting
the host from diseases. In livestock production, numerous phenotypes critical to
industry outcomes are affected by the microbiome, which has sparked considerable
academic interest in recent years. This review aims to analyze the extensive data
available on the microbiomes of humans and other mammalian species, examining
microbiome ecology to elucidate principles that may assist in interpreting data on
livestock microbiomes. Additionally, the review will discuss techniques available
for investigating various microbiome aspects and will examine existing data on the
reproductive microbiome, with a particular focus on the bovine vaginal microbiome.
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Introduction

In recent decades, reproductive technologies have advanced significantly, enabling faster
and more effective genetic improvements in livestock. However, infertility remains a leading
cause of economic losses, with the beef industry alone experiencing annual costs estimated to
exceed $2.8 billion due to infertility (Lamb et al., 2014). The relatively new field of the
reproductive microbiome in livestock, particularly regarding its connection to fertility, has
generated growing interest among animal science researchers. Microorganisms present in
specific body sites can have profound effects on phenotypes that impact economically relevant
traits in livestock. However, the microbiome’s complexity, with numerous microbial species
often inhabiting a single organ, complicates efforts to pinpoint the precise contributions to
phenotypic traits. This review aims to investigate the ecological dynamics of microbiomes by
examining tools to profile and interpret the role of microbial communities in supporting body
site functions and influencing phenotypic outcomes. Drawing from extensive human and
germ-free animal microbiome studies, we will discuss the microbiome’s role in maintaining
organ homeostasis and its function in host disease protection. We will also review current
methodologies for microbiome analysis and discuss the data available on the reproductive
microbiome, particularly the bovine vaginal microbiome, and its implications for fertility.

Historically, host-microorganism interactions were viewed primarily through a lens of
pathogenicity, emphasizing microorganisms’ role in disease. However, for decades, techniques
used in microbiology only allowed researchers to identify and study a small proportion of
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bacteria due to ordinary bacteriologic techniques which relied on
cultures of bacteria in selective medias and oxygen presence, and thus
neglecting the majority of bacterial communities that cannot
be cultured under these conditions (Dubos et al, 1967). As
of the
gastrointestinal microbiota, researchers recognized that bacteria do

microbiology evolved, particularly through studies
not inherently correlate with disease. This discovery shifted
perspectives toward understanding certain bacterial relationships as
commensal, where bacteria benefit from host resources without
causing negative consequences to the host (Young, 2017). Currently,
with the advancement of sequence-based technologies, all
microorganisms in an environment can be identified without relying
on microbial cultures. These techniques amplify DNA sequences,
allowing for the identification of an entire microbial community,
thereby providing a more comprehensive analysis of the microbiome.
Today, it is understood that most host-microbe relationships are
symbiotic, where microorganisms play vital roles in the physiology of
the body site they inhabit, and disruptions to this balanced ecosystem
can enable opportunistic pathogens to proliferate and cause disease
(Young, 2017).

The microbiome, encompassing both biotic and abiotic factors,
constitutes a complex micro-environment. Biotic factors include not
only the diverse microorganisms that inhabit a body site and their
metabolic contributions, but also the influence of host genetics,
immune responses, and metabolic processes. Abiotic factors, such as
temperature, pH, and oxygen availability, also significantly impact the
environment, determining which microorganisms thrive in those
circumstances (Garcia-Velasco et al., 2017). Thus, microbiome studies
aim to characterize the microbial community structure (diversity of
species in a healthy state) and function (microbial contributions to
physiological processes). Research also investigates how microbial
community disturbances (perturbations) correlate with disease or
impaired organ function, and how microbial structure and function
may change post-disturbance (Katharine and Coyte, 2015).
Furthermore, an essential area of microbiome research examines how
disturbances shape microbial community resilience, described as the
ability of the microbiome to revert to an original state following a
perturbation, and explores interventions, such as the use of probiotics,
to restore or maintain a balanced microbiome (Suez et al., 2018).

In scientific literature, microbiomes are often considered
ecosystems with distinct ecological dynamics. We explored two
ecological hypotheses to interpret the importance of microbial
communities within a body site, the Walker’s “drivers and passengers”
hypothesis (Walker, 1995) and the “Rivet” hypothesis (Garry Peterson
and Holling, 1998), both of which offer valuable perspectives on the
interactions and roles of microbes within these ecosystems.

Understanding microbiome structure and
function through Walker's “drivers and
passengers” and the “rivet” hypotheses of
ecology

An ecosystem is defined as a community of organisms and the
network of interactions among them, which together produce a
specific function. The function of an ecosystem is often assessed based
on a key variable, for example, the conservation of biodiversity or the
maintenance of certain environmental conditions over time, such as
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oxygen production (Mageau, 1999). Walker’s “drivers and passengers”
hypothesis (Walker, 1995) suggests that species in an ecosystem can
be categorized according to the ecological roles they play. According
to Walker, a select group of species, termed “driver” species, are critical
to the ecosystem’s function, while other species, termed “true
passengers,” contribute minimally to ecosystem dynamics or function.
Thus, environmental disturbances that impact “true passenger”
communities have little effect on the ecosystem’s function, whereas
disturbances affecting “driver” species can disrupt ecosystem function
significantly and prove detrimental to the ecosystem. Walker also
introduces a third group of species that may initially serve a
“passenger-like” role but could become “drivers” if a disturbance
changes the ecosystem dynamics. Walker illustrates this with an
example: if an environment loses its only nectar-producing species, all
nectar-dependent species would disappear, and, subsequently, plants
relying on those species for pollination would also be affected. In this
scenario, the only nectar-producing species is considered the
ecosystem’s “driver”.

The “Rivet” hypothesis (Garry Peterson and Holling, 1998)
proposes a slightly different perspective, suggesting that many species
in an ecosystem have overlapping functions. Since the functional
contributions of a single species are limited, an increase in species
diversity promotes both functional diversity and ecosystem stability.
The overlapping functions provided by different species implies that
losing one species does not immediately result in functional loss. The
analogy that encompasses this hypothesis compares ecosystem
function to the rivets that secure an airplane wing. While each rivet is
essential to maintain the function of the wing, multiple rivets can
be lost before the wing’s integrity is compromised, as the remaining
rivets continue to support the same function.

While these two hypotheses are not mutually exclusive, they
emphasize different aspects of ecosystem importance. The “Rivet”
hypothesis suggests that conservation efforts should focus on
maintaining species diversity, whereas Walker’s hypothesis advocates
for protecting “driver” species to preserve ecological functions.
Regardless of which hypothesis better explains microbial roles in
specific body environments, studies on microbiome dynamics rely on
technologies that identify the microbial community structure and
examine the functional contributions of the microbiota within
the system.

Technologies for inferring microbiome
structure and function

The primary and most popular method used to investigate
microbiome structure is based on amplifying DNA sequences that
encode the 16S ribosomal RNA (rRNA) gene. This technique involves
extracting DNA from a sample, amplifying the DNA using polymerase
chain reaction (PCR), and performing high-throughput sequencing.
The 16S rRNA gene is used because it is universally present across
microorganisms and contains both conserved and variable regions.
These characteristics make it an ideal target, allowing researchers to
group sequences into different operational taxonomic units (OTUs)
according to sequence similarities and differences. The amplified gene
sequences can then be cross-referenced with genome libraries,
enabling taxonomic classification attributed to known phyla, genera,
or even species levels. Data generated from 16S rRNA analysis
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provides insights into relative abundances of OTUs, associations
between OTUs and phenotypes, OTU diversity within an environment,
and phylogenetic relationships (Janda and Abbott, 2007). However,
while 16S rRNA analysis is highly effective for identifying microbiome
structure, it only indirectly infers function. For example, if the analysis
identifies Escherichia coli, it does not distinguish between strains,
which may have vastly different roles. Some E. coli strains are
beneficial, promoting symbiosis with the host, while others, like E. coli
0157, are highly pathogenic (Huang et al., 2014).

To investigate microbiome function more directly, a more
comprehensive approach is required, involving whole-genome
shotgun (WGS) sequencing. This metagenomic approach sequences
the entire community genome by fragmenting all DNA from a sample
and analyzing it through high-throughput sequencing. Unlike 16S
rRNA, which targets a single gene, WGS captures all genomic data in
the community. Cross-referencing the generated sequences with
genome libraries enables researchers to determine community
structure, identify specific genes, and reconstruct metabolic pathways,
allowing for a functional assessment of the microbiome (Chen and
Pachter, 2005). However, it is important to note that both 16S rRNA
and WGS analyze DNA from the microbiome, regardless of whether
the DNA originated from living or dead microbes, thus results must
be interpreted with caution.

Metatranscriptomics offers another approach for inferring
microbiome function by targeting RNA. In this method, expressed
RNA from a sample is reverse transcribed into DNA, sequenced, and
analyzed, to reveal genes that are actively transcribed in the
environment. Other functional assessment methods focus on
detecting proteins (proteomics) or metabolites (metabolomics)
present in the environment through mass spectrometry, which allows
researchers to quantify these components (Huang et al., 2014).
Although metabolomics and proteomics are valuable for evaluating
microbiome function, they also capture metabolites and proteins from
the host, thus results also require careful interpretation.

The relevance of the microbiome in
homeostasis and disease

Microbiota, referring to the microorganisms within a given
microbiome, play an essential role in homeostasis by interacting
closely with the host and organ environment. Often, microbiota
introduce functions unique to microbes, providing benefits otherwise
absent in a sterile environment (Young, 2017). Additionally, the
microbiota may augment pathways encoded by the host, enhancing
organ function. Through metabolic by-products, these microbes can
also create environmental conditions unfavorable to pathogenic
bacteria, helping to suppress disease (Greenbaum et al., 2019). In this
way, the microbiome contributes by (1) supporting the homeostatic
function of organs and (2) establishing an environment that limits the
growth of pathogenic organisms, and thus protects the host
from disease.

The microbiota’s role in organ homeostasis

Insights from germ-free animal models are valuable to
illustrate the role of microbiota in maintaining homeostasis of an

Frontiers in Microbiology

10.3389/fmicb.2024.1434498

environment. While many animal species can survive in sterile
conditions, indicating the microbe-host relationship is not
necessary for life, this germ-free state often results in anatomical
and physiological deficiencies. For example, germ-free mice
exhibit an enlarged cecum, making up 20-25% of body weight,
with an intestinal mucosa presentation that resembles the
pre-natal-like state (Dubos et al., 1967). This cecal enlargement is
the result of the buildup of dietary fiber that, under normal
conditions, would be fermented by the natural intestinal
microbiota (Furusawa et al., 2013). Germ-free animals also present
compromised immune systems. In germ-free guinea pigs, there is
decreased immune cell accumulation in the intestinal lining and
abnormal intestinal histology (Dubos et al., 1967). Moreover,
bacterial-derived metabolites, such as the short-chain fatty acid
butyrate, play a crucial role in inducing regulatory T-cell function
in the intestines (Furusawa et al., 2013). Importantly, many of
these structural and functional impairments in germ-free animals
can be restored through the introduction of proper
bacterial species.

Microbiota is critical for proper gastrointestinal function, which
is well-studied in mammals. The human gut, for example, hosts
trillions of bacteria (Fuloria et al.,, 2022) and although microbial
genomes are smaller than the host’s, the microbes collectively perform
extensive metabolic functions (Young, 2017). For example, when
microbiota from conventionally raised mice is introduced to germ-
free mice, body fat increases within weeks despite decreased food
intake, demonstrating the microbiota’s role in energy and nutrient
harvesting from the diet (Backhed et al., 2004). Certain bacteria,
however, can digest compounds like phosphatidylcholine in feed to
produce trimethylamine, a precursor to trimethylamine-N-oxide,
which induces metabolic changes linked to cardiovascular disease
(Wang et al, 2011). Thus, microbiota metabolism in the gut
significantly influences the types of molecules available for host
absorption into the systemic circulation, and significantly contributes
to host metabolism (Dubos et al., 1967).

One of the most comprehensive microbiome studies to date, the
(2012),
microbiome structure and function across various human body sites

Human Microbiome Project Consortium examined
in healthy individuals using both 16S rRNA and metagenomics
techniques. Findings revealed that each body site’s microbiota
composition differs significantly among healthy individuals, indicating
no universal core microbiome structure associated with health. In fact,
factors such as ethnicity, geography, and lifestyle (e.g., diet) have been
identified to shape microbiome structure (Arumugam et al., 2011).
Despite structural variation, the Human Microbiome Project found
that metabolic pathways expressed in the microbiomes of different
healthy individuals were well conserved, suggesting that while a
universal core composition may not exist, a core microbiome function
does correlate with health. This aligns with the “Rivet” hypothesis, in
which different “healthy” microbiomes consist of diverse microbial
communities in the same way that different airplanes may have their
wings secured by different kinds of rivets. What must be conserved in
healthy environments, however, is the function of the microbiome that
relates to health, in the same way that a functional airplane is one in
which the wings are always secured during flight. However,
perturbations in the microbiome can disrupt this balance, often
leading to dysbiosis and improper homeostasis of a body site that may
evolve to disease.
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Microbiome disruptions, whether from antibiotics, dietary
changes, or other sources, can lead to changes in microbiome
composition and function associated with disease (Schmidt et al.,
2018). The obesity model is valuable for studying these relationships
within the microbiota. Obese individuals, for instance, tend to have
a greater abundance of the phylum Firmicutes and lesser levels of
Bacteroidetes compared to healthy individuals. As obese individuals
lose weight through hypocaloric diets, this microbial imbalance
stabilizes, suggesting that the obese phenotype corresponds with
altered gut microbiome structure (Turnbaugh et al, 2006).
Functional changes in the microbiome also accompany obesity. In
leptin-knockout mice models, the obese microbiome demonstrates
an enhanced ability to extract energy from food, evident from
reduced energy availability in feces along with WGS that reveals
enriched pathways involved with glucose metabolism, enzymes
capable of breaking down otherwise host-indigestible
carbohydrates, and enzymes involved in fermentation products
(Turnbaugh et al., 2006). When germ-free mice receive microbiota
from either obese mice or lean littermates, those receiving the obese
microbiome exhibit greater Firmicutes abundance, Bacteroidetes
abundance reduction, and increased body fat deposition,
underscoring the microbiome’s influence on the host’s energy
balance. From an ecological perspective, a diet rich in calories
favors the proliferation of Firmicutes, enhancing the microbiome’s
capacity to break down nutrients in an energy-dense environment.
This in turn makes more energy available for host absorption,
promoting obesity. Conversely, as dietary calories decrease, less
energy becomes available in the gut environment, creating an
environment less favorable for Firmicutes and supporting
reestablishment of Bacteroidetes. In this scenario, dietary energy
availability acts as a perturbation factor, selectively altering the
microbiome’s structure and function leading to disruptions in gut
homeostasis to ultimately favor obesity.

The importance of the microbiome in
controlling pathogenic microorganisms:
insights from the human vaginal
microbiome

A Kkey role of the microbiota-host symbiosis is the ability of
microbiota to inhibit the proliferation of pathogenic microorganisms
(Fuloria et al., 2022). When this symbiotic balance is disrupted,
disease often follows. While the gastrointestinal tract hosts a wide
diversity of species in its nutrient-rich environment, the human
vaginal microbiome is generally less diverse and typically dominated
by Lactobacillus species (Garcia-Velasco et al., 2017). Lactobacilli
produce lactic acid as part of their metabolism, promoting an acidic
environment which is favorable to their own growth but hostile to
many other microbes (Garcia-Velasco et al., 2020). This acidic
environment contributes to the vagina’s immune defenses, helping
protect the upper reproductive and urinary tracts from pathogenic
bacteria (Garcia-Velasco et al., 2020). When Lactobacillus species are
depleted, a condition known as bacterial vaginosis (BV) can develop,
characterized by greater bacterial diversity, increased vaginal pH, and
anaerobic bacterial growth (Lamont et al., 2011). Bacterial vaginosis
often leads to vaginal discharge and malodor and is linked to
complications such as preterm birth, pregnancy loss, infertility,

Frontiers in Microbiology

10.3389/fmicb.2024.1434498

endometritis, and increased vulnerability to HIV and other sexually
transmitted infections (Taha et al., 1998; Hickey et al., 2012).

Five microbial community state types (CSTs) have been identified
in the human vaginal microbiome and are considered to compose the
natural, healthy vaginal microbiome. Four CSTs (I, II, III, and V) are
dominated by specific Lactobacillus species (L. iners, L. crispatus,
L. jensenii, and L. gasseri). The CST-IV is unique in its composition as
it is composed mainly of anaerobic bacteria including Gardnerella and
Ureaplasma (Garcia-Velasco et al.,, 2020). Host genetics seem to
influence CST type, as CST-IV is more common in women of Hispanic
and African-American descent, while the other CSTs are more
prevalent in European and Asian women (Ravel et al,, 2011). Although
CST-1V is found in healthy women, African-American women have
a greater prevalence of BV than white non-Hispanic women,
suggesting that some CST compositions may be more susceptible to
dysbiosis and BV (Smith and Ravel, 2017). Furthermore, throughout
a womanss life, factors such as menstrual cycle stage, pregnancy, sexual
activity, antibiotic use, smoking, and personal hygiene can influence
the vaginal microbiome (Garcia-Velasco et al., 2020).

Hormonal fluctuations, especially during the menstrual cycle, play
a major role in maintaining a healthy vaginal microbiome. Estrogens
are known to promote epithelial cell growth and glycogen storage in
vaginal epithelial cells (Cribby et al., 2008), while progesterone (P4)
induces epithelial cytolysis, releasing glycogen that bacteria can then
use as an energy source (Garcia-Velasco et al., 2017). Greater glycogen
levels favor glucose-fermenting bacteria like Lactobacillus, helping
maintain an acidic vaginal environment. By contrast, prepubertal girls
have a neutral to slightly alkaline vaginal environment, with
microbiota similar to that found on skin and in the gut (Hickey et al.,
2012). Opposingly, postmenopausal women experience reduced
estrogen production, leading to lower vaginal glycogen availability and
a decline in Lactobacillus abundance, increasing their risk of BV
(Cauci et al., 2002). Hormone replacement therapy can help by
restoring estrogen levels, which increases glycogen availability and
supports Lactobacillus dominance, promoting an acidic vaginal pH
not typically observed in postmenopausal women who do not
undergo hormone therapy (Huang et al., 2014).

Lactobacillus dominance is particularly important for fertility and
pregnancy outcomes (Xu et al., 2020). Women undergoing in vitro
fertilization (IVF) who have lower Lactobacillus abundance are less
likely to conceive successfully (Koedooder et al., 2019). In fact,
classifying women based on Lactobacillus abundance have been found
to predict IVF success rates, with only 5.9% of women in the
low-Lactobacillus group achieving pregnancy, compared to a 52%
success rate in the high-Lactobacillus group (Koedooder et al.,, 2019).
Beyond fertility, a Lactobacillus-rich vaginal microbiome is crucial for
sustaining pregnancy. As gestation progresses, the composition of the
vaginal microbiome changes, characterized by a loss in bacterial
diversity and predominance of Lactobacillus species (Aagaard et al.,
2012). Disruptions in this vaginal microbiome profile have been
linked to preterm birth (Garcia-Velasco et al., 2020), where only about
3% of women who carry to term have an altered vaginal microbiome.
Additionally, a reduction in Lactobacillus and increased microbial
diversity are often observed before membrane rupture, a major cause
of preterm birth (Brown et al., 2019).

The human vaginal microbiome aligns with the ecological “driver
and passenger” hypothesis, where Lactobacillus species “drive” the
environment by maintaining an acidic pH that limits the establishment
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and growth of pathogenic bacteria, thus protecting the host from
disease. Interestingly, humans are unique among mammals in having
an acidic vaginal microbiome. In a study of the vaginal microbiomes
of 22 mammalian species, only humans were found to have a vaginal
pH lower than 4.5 in healthy conditions (Miller et al., 2016). In fact,
while BV shifts vaginal pH to values between 5 and 5.5, the lowest pH
in healthy non-human mammals was above 6. Although Lactobacillus
species were found in most of these non-human mammal species,
their relative abundance was typically below 2% (Miller et al., 2016).
These findings underscore the uniqueness of the human vaginal
microbiome in maintaining a highly acidic environment.

The bovine reproductive microbiome

The main features and findings related to the bovine and human
vaginal microbiome are summarized in Table 1. The bovine
reproductive microbiome differs significantly from the human vaginal
microbiome, both in structure and implications for reproductive
health. Unlike the human vaginal microbiome, which is dominated by
Lactobacillus species that produce lactic acid, maintaining an acidic
pH to inhibit pathogenic growth, the bovine vaginal environment
lacks a similar Lactobacillus-dominant structure and is rather a diverse
environment, characterized by a near-neutral pH (Clemmons et al.,
2017; Swartz et al., 2014), and composed mainly by Bacteria, alongside
little abundance of Archea and Eukaryote microorganisms (Laguardia-
Nascimento et al., 2015). Studies using 16S rRNA sequencing have
consistently reported that Firmicutes is the most abundant phylum in
the bovine vagina, with relative abundances ranging widely across
studies from as little as 31.5% to as great as 64% (Deng et al., 2019;
Chen et al., 2020; Miranda-Caso Luengo et al., 2019). Although
bacteria from the genus Lactobacillus belong to the phylum Firmicutes,
studies report no relevant abundance of Lactobacillus in the bovine
vaginal flora (Swartz et al., 2014). The second most abundant bacteria
found in the bovine reproductive microbiome belong to the phyla
Bacteroidetes and Proteobacteria (Clemmons et al., 2017; Laguardia-
Nascimento et al., 2015). Interestingly, other studies have identified
Tenericutes and Fusobacteria as significant components of the vaginal
microbiome of beef heifers synchronized for estrus and subjected to
timed-artificial insemination (Messman et al., 2020), which suggests
that factors such as age, diet, location, hormonal concentrations, and
sexual maturity might impact the microbial composition, though
these associations remain speculative.

Hormonal contributions to the bovine
vaginal microbiome

While the role of reproductive steroid hormones in maintaining the
healthy human vaginal microbiome is well established, the role of
steroid reproductive hormones in modulating the bovine vaginal
microbiome is not fully understood. In a study aimed at investigating
the role of P4 in vaginal microbiome composition, Quadros and
colleagues reported an increased relative abundance of members from
Family XIII AD3011 and Family XIII unclassified in vaginal samples of
Holstein cows one day after the removal of a controlled internal drug
release (CIDR) device containing P4, compared to samples taken
immediately before CIDR insertion (Quadros et al., 2020). Since these
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bacteria are often found in ruminal samples (Petri et al., 2020), it
remains unclear whether the observed differences in bacterial
abundance after CIDR use are driven by varying concentrations of P4
or by the potential acquisition of these bacteria from bovine feces, with
the CIDR possibly serving as a vector. In fact, greater diversity and
microbial richness have been observed in the vagina of cows compared
to the uterus (Clemmons et al., 2017), and researchers attribute this
difference to the vagina’s proximity to the external environment, as
many microorganisms found in the vagina in this study are also
commonly found in the gastrointestinal tract. Recently, we reported that
the use of a CIDR during an estrus synchronization protocol in cows
resulted in vaginal inflammation, an increase in vaginal pH, and a
decreased diversity of the microbiota, characterized by reduced
abundance of anaerobic bacteria (Wege Dias, 2023). However, we cannot
conclude whether the changes in the vaginal microbiome observed in
response to the CIDR are due to P4 supplementation, the vaginitis
induced by its use, or the device’s role as a vector for microorganisms.
In the study from Laguardia-Nascimento and colleagues, authors
explored the vaginal microbiome of pregnant and non-pregnant
Nellore cows and heifers and reported decreased diversity in the vaginal
microbiome during the first trimester of gestation when compared to
non-pregnant animals. Although neither hormone concentrations nor
ovarian structures were measured to determine the influence of steroid
hormones on the microbiome’s community composition, it can
be presumed that the vagina of pregnant animals had a longer exposure
to elevated P4 concentrations, which is characteristic of pregnancy,
compared to non-pregnant animals. This finding, in turn, could be an
important factor in selecting the vaginal microorganisms that thrive
and decrease bacterial diversity, as observed during gestation in
humans. Furthermore, Deng and colleagues investigated the vaginal
microbiome of heifers from the onset of the breeding season throughout
pregnancy and reported fewer OTUs observed in the vagina of pregnant
heifers in the third trimester compared to the second trimester of
gestation. However, both pregnant and non-pregnant animals showed
an increase in bacterial diversity in the vagina from the pre-breeding
period to the second trimester of gestation (Deng et al., 2019).
Collectively, while the available data suggest P4 plays a role in
modulating the bovine vaginal microbiome, the exact role as to which
P4 selects microorganisms in the bovine vagina remains unclear.
Regarding the role of estrogens in the composition of the bovine
vaginal microbiome, classification of the vaginal microbiome of heifers
at timed artificial insemination (TAI) showed no effect of estradiol
concentrations on microbiome diversity (Messman et al., 2020). The
authors, however, reported a differential abundance of seven OTUs based
on estradiol classification, with a greater abundance of Leptotrichiaceae
unclassified, P multocida, and Pasteurellaceae unclassified, and a lower
abundance of Histophilus somni, Actinobacillus seminist, Bacteroidetes
unclassified, and Fusobacterium unclassified in the vaginas of heifers
classified as high estradiol compared to heifers classified as either
medium or low estradiol. This study, however, is the only one to report a
vaginal microbiome not dominated by bacteria from the phylum
Firmicutes, but rather by Tenericutes. In addition, the relevance of these
bacteria for reproduction and fertility remains unclear. Nevertheless, this
study demonstrates an effect of estradiol on the relative abundance of
bacteria in the vagina. Whether this is due to a direct effect of estradiol
or to abiotic changes in the environment, such as vaginal pH as seen in
women, or to the greater amount of cervical mucus production, as
characteristic of estrus, is also unclear. Longitudinal studies investigating
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TABLE 1 Summary of features and main findings of the human and bovine vaginal microbiomes.

Feature

Phyla

Bovine vaginal microbiome

Most abundant: Firmicutes'”;
Tenericutes®

2nd most abundant:
Proteobacteria*®®

Bacteroidetes®>®

References

Laguardia-Nascimento et al. (2015)",
Clemmons et al. (2017)% Moore et al. (2017)3,
Deng’, Miranda-Caso Luengo et al. (2019)°,
Chen and Pachter (2005)%, Quadros et al.
(2020)7, and Messman et al. (2020)®

Human Vaginal Microbiome

Most abundant: Firmicutes'?;
Others:

Actinomycetes’
Actinobacteria’
Bacteroidetes®
Proteobacteria’

Fusobacteria’

Tenericutes’

References

Miller et al. (2016)!, Lamont et al. (2011)? and
Xu et al. (2020)*

Most enriched genera or

Bacteroides, Streptococcus, Campylobacter'; Aeribacillus,

Miranda-Caso Luengo et al. (2019)},

Lactobacillus': L. iners, L. cripsatus, L. jensenii,

Miller et al. (2016)', Lamont et al. (2011)?, Xu

based on aerotolerance'; Abundance of OTUs based on
estradiol concentrations’; Greater diversity in vagina prior to
ES in cows that became pregnant®. Resident microbiome of
the virgin and pregnant uteri’; greater diversity and microbial
richness in the vagina compared to the uterus’; dysbiotic
microbiome 7 days postpartum in cows that developed

endometritis®

et al. (2020)2, Ault et al. (2019)3, Moore et al.
(2017)*, Clemmons et al. (2017)°, and
Miranda-Caso Luengo et al. (2019)¢

categorized into community states'®
Decreased Lactobacillus can result in bacterial
vaginosis and other reproductive-related
issues™ 50

Women of Hispanic and African-American
ethnicities tend to have lower Lactobacillus
prevalence®

Great estrogen aids in Lactobacillus dominance

during the estrous cycle!”!*"!

species (relative Bacteroides, Clostridium, Ruminococcus, Rikenella, Alistipes, | Laguardia-Nascimento et al. (2015)?, L. gasseri et al. (2020)% Garcia-Velasco et al. (2017)*,
abundance) Bacillus, Eubacterium, Prevotella, non-classified bacteria% Clemmons et al. (2017), and Deng et al. Pseudomonas® Garcia-Velasco et al. (2020)° and Ravel et al.
undetermined genus (3.4%), genus 5-7 N15 (3.4%), (2019)* Streptococcus® (2011)¢
Oscillospira (2.0%), Butyrivibrio (1.8%), Ureaplasma (1.8%), Gardnerella vaginalis'*®
Campylobacter (1.7%), Dorea (1.6%), Paraprevotellaceae Ureaplasma>®
(1.5%), Clostridium (1.3%), Helococcus (1.2%), Prevotella®
Corynebacterium (1.0%)% unclassified Enterobacteriaceae Corynebacterium®
(21.05%), Ureaplasma (4.37%), unclassified Bacteroidaceae Atopobium®
(2.49%)* Megasphaera®
Sneathia®
Mean pH 6.15-7.44'; 7.3 Clemmons et al. (2017)" and Swartz et al. Healthy: < 4.5"; > 4.5' Miller et al. (2016), Lamont et al. (2011)? and
(2014)* Bacterial Vaginosis: 5-5.5% > 4.5 Huang et al. (2014)*
Main findings Decreased diversity in pregnant animals, and profile of OTUs | Laguardia-Nascimento et al. (2015)', Messman = Dominated by Lactobacillus species that are Miller et al. (2016)", Lamont et al. (2011)%, Xu

et al. (2020)3, Garcia-Velasco et al. (2017)%,
Garcia-Velasco et al. (2020)°, Huang et al.
(2014)7, Taha et al. (1998)8, Hickey et al.
(2012)°, Cribby et al. (2008)", and Cauci et al.
(2002)"

1 Superscripts correspond to the references cited for each statement or finding.
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shifts in vaginal microbial composition before and after puberty
attainment would be valuable to elucidate the effects of steroid hormones
on the vaginal microbiome and are currently lacking in literature.

Features of the bovine vaginal microbiome
related to fertility

Identification of features of the bovine vaginal microbiome that
relate to fertility are valuable for the bovine industry and would allow for
the development of interventions that lead to greater fertility; however,
no single core structure of the bovine vaginal microbiome composition
has been identified. One study found greater abundance of Histophilus
sommni, Clostridiaceae 02d06, and Campylobacter in the vaginas of heifers
that failed to become pregnant from samples taken at the onset of the
breeding season (Deng et al., 2019). In another study, Holstein cows
were pre-synchronized with an injection of prostaglandin F-2 alpha and
inseminated based on estrus expression (Chen et al., 2020). Cows that
failed to conceive were observed for estrus and assigned to be artificially
inseminated up to three times. Vaginal microbiome samples were
collected at each of the three Al events, and researchers found no
differences in bacterial diversity in relation to fertility outcomes.
Nevertheless, they reported five OTUs enriched in cows that became
pregnant and 21 OTUs enriched in cows that did not at the first AI
service. In addition, at the second Al, seven OTUs were more abundant
in cows that became pregnant, and six OTUs were more abundant in
cows that did not. While these results suggest a possible effect of the
enriched OTUs on fertility outcomes, none of the enriched OTUs
overlapped between the two Al occasions (Chen et al., 2020). Although
some of these findings indicate a difference in the abundance of specific
OTUs related to fertility outcomes, the function of these OTUs within
the vaginal environment is often unknown and speculative, making it
difficult to understand the actual contributions of these OTU
abundances to fertility. Furthermore, these studies did not investigate
other parameters related to microbiome function, such as pH, oxygen
availability, or enriched metabolic pathways, which could help explain
functional features of the microbiome that relate to fertility outcomes.

While no core composition of the bovine vaginal microbiome has
been identified to relate to fertility, it seems that greater diversity in the
bovine vaginal microbiome is beneficial to fertility. In one study,
researchers investigated the vaginal and uterine microbiome of cows
enrolled in an estrous synchronization (ES) protocol not involving the
use of a CIDR and reported greater microbiome diversity in the
vaginas of cows that conceived to the protocol 21 days prior to TAI, but
not at protocol initiation (9 days prior to TAI), nor 2 days prior to TAI
(Ault et al., 2019). Accordingly, we have recently reported similar
results, where cows that became pregnant to TAI following a CIDR-
based ES had greater vaginal microbiome diversity in samples collected
immediately prior to CIDR insertion when compared to cows that did
not conceive to the protocol (Wege Dias, 2023). Furthermore, we found
that cows that conceived to the protocol had a narrow, near-neutral
distribution of vaginal pH at TAI, while cows that failed to conceive to
the protocol had a wide range of vaginal pH distributions at TAL

In the study by Laguardia-Nascimento et al. (2015), researchers did
not find differences in the vaginal microbiome composition between
cows and heifers, nor between pregnant and non-pregnant animals.
However, when analyzing the abundance of the ten most enriched OTUs
found in individual samples, researchers identified that animals could

Frontiers in Microbiology

10.3389/fmicb.2024.1434498

be classified into three groups based on the aerotolerance of bacteria at
the genus level. Animals classified as “Group A” had a greater abundance
of aerobic and facultative anaerobic OTUs, those in “Group B” showed
an intermediate abundance of aerotolerant OTUs, and animals in
“Group C” were found to have only obligate anaerobic OTUs present.
The researchers attributed these differences to possible anatomical
variations in the vagina that might allow for air to accumulate, thereby
selecting for these OTUs. Although no specific group in this study was
associated with pregnancy status, as both pregnant and non-pregnant
animals were identified in each group, classifying microbiomes based on
functional characteristics is essential for determining the functional
microbiome features of the bovine vagina that might relate to fertility,
pregnancy development, and protection against pathogens.

The bovine uterine microbiome and its
relationships to fertility and health

Previous research upheld the belief that a sterile uterus was
necessary to establish and maintain pregnancy. It was thought that
events such as parturition or artificial insemination acted as catalysts
allowing bacteria to colonize the uterus and cause disease. However,
recent studies into the reproductive microbiome have challenged this
perspective. In a recent study, the 16S rRNA approach was used to
investigate microbiome composition in samples collected aseptically
from virgin and pregnant uteri. Researchers reported a resident
microbiome composed mainly of Firmicutes, Bacteroidetes, and
Proteobacteria in both virgin and pregnant uteri (Moore et al., 2017).

In another study investigating the uterine microbiome of
postpartum beef cows one and three days prior to TAI, researchers
reported a similar overall microbiome composition between cows that
conceived to TAI and those that did not. Despite a similar overall
composition, they observed an elevated abundance of Blautia,
Butyrivibrio, and Natronincola genera, along with increased
concentrations of pro-inflammatory cytokines in uterine samples of
females unable to establish pregnancy (Smith et al., 2023).

Regarding endometrial health, a study investigated the uterine
and vaginal microbiomes of dairy cows prior to calving, as well as at
7 days postpartum (DPP), 21 DPP, and 50 DPP. Researchers found
that a dysbiotic vaginal microbiome at 7 DPP, characterized by a
decreased presence of OTUs highly abundant in healthy cows, along
with the appearance of a sub-community associated with endometritis,
correlated with a greater prevalence of endometritis at 21 DPP
(Miranda-Caso Luengo et al., 2019). Furthermore, they reported
dynamic temporal changes to the reproductive microbiome. Soon
after calving, the vaginal and uterine microbiomes were similar in
OTU composition and abundance. As the postpartum period
progressed, however, these similarities decreased, and by 50 DPP, the
reproductive microbiome of healthy cows resembled the pre-calving
microbiome. Additionally, similarities between uterine and vaginal
microbiomes were greater at 7 DPP in cows that developed
endometritis compared to healthy cows assessed at 21 DPP. The
vaginal microbiome at 7 DPP related to the development of
endometritis and was characterized by a decreased abundance of
observed OTUs and decreased microbial diversity. These changes
included a decrease in the abundance of bacteria from the phylum
Firmicutes and an associated increase in bacteria from the phylum
Bacteroidetes, with cows that developed endometritis exhibiting a
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decreased Firmicutes to Bacteroidetes ratio and a greater dominance
of OTUs from the Streptococcus genus.

Collectively, the conservation of the human vaginal microbiome
likely falls under the “Walker’s” hypothesis, in which maintaining the
Lactobacillus “driver” species in the environment is important to
maintain an acidic vaginal pH related to health. In cattle on the other
hand, conservation of vaginal health seems to fall under the “Rivet’s”
hypothesis, in which a healthy reproductive microbiome is associated
with vaginal bacterial diversity, as observed in cows that conceived
following an ES protocol in the studies from Ault et al. (2019) and
Wege Dias (2023). In turn, perturbations in this environment, as
caused by parturition, results in an environment that allows for
bacteria to thrive and cause disease, as in the case of bacteria from the
genus Streptococcus in the study from Miranda-Caso Luengo
etal. (2019).

In terms of fertility outcomes, the bovine vaginal microbiome
does not have a single core composition predictive of successful
conception, contrasting with humans where Lactobacillus dominance
correlates with higher fertility and pregnancy maintenance. Instead,
studies have identified various OTUs linked to successful pregnancies,
but these differ by sampling period and reproductive phase, with no
OTUs consistently predictive across all studies (Chen et al., 2020; Ault
etal., 2019).

An essential aspect in cattle is the relationship between
microbiome diversity and reproductive health, particularly
postpartum. The postpartum period, especially shortly after calving,
is marked by significant changes in both the vaginal and uterine
microbiomes, with reduced diversity and specific microbial shifts
associated with endometritis development. Notably, cows with a
dysbiotic vaginal microbiome early postpartum were more likely to
develop endometritis, marked by an increase in Streptococcus and a
shift in the Firmicutes-to-Bacteroidetes ratio, indicating a propensity
for pathogenic colonization when diversity is disrupted (Miranda-
Caso Luengo et al., 2019).

Potential strategies for intervention in the
vaginal microbiome

Studies aimed at understanding the function of the vaginal
microbiome are essential for defining a functionally healthy vaginal
ecosystem and for developing potential intervention strategies. While
the relative abundance of Lactobacillus in the bovine vagina is very low
(Swartz et al., 2014), the role of Lactobacillus species in maintaining
an acidic vaginal pH and protecting against pathogens is well-
established in humans. In bovines, however, the vaginal microbiota
appears to be heavily influenced by gastrointestinal microbiota, likely
due to the proximity of the anus to the vulva, which allows for constant
exposure to fecal microbiota (Laguardia-Nascimento et al., 2015). Tt
remains unclear, however, whether the bovine vagina is inherently
unsuitable for Lactobacillus growth, or if constant introduction of
bacteria from feces enables gastrointestinal bacteria to thrive in place
of Lactobacillus species.

Administering probiotics that include lactic acid-producing
bacterial strains (Lactobacillus rhamnosus, Lactobacillus reuteri, and
Pediococcus acidilactici) intravaginally, twice a week for three weeks
prior to calving, has been shown to decrease postpartum endometritis
in dairy cows (Genis et al., 2018). The treated cows exhibited decreased
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phagocytosis activity of polymorphonuclear (PMN) leukocytes, as
analyzed by PMN gene expression, indicating a reduced uterine
challenge from pathogenic bacteria in this group. In a study involving
ewes, administration of lactic acid-producing bacteria concurrently
with intravaginal sponges used for P4 delivery led to decreased
abundance of PMN leukocytes two days after sponge removal
(Quereda et al., 2020). In this study, fertility rates were 91% for
probiotic-treated ewes compared to 60% for controls, although this
difference was not statistically significant due to the small sample size.
In both studies, however, no metagenomic approach was employed to
assess structural changes in the vaginal microbiome in response to
probiotic administration, nor was vaginal pH measured. Nevertheless,
the beneficial outcomes observed support further investigation into
the ecological responses of the bovine vaginal microbiome to lactic
acid-producing bacteria, which may reveal potential health and
fertility benefits.

In humans, antibiotic usage frequently disrupts microbial
communities, resulting in dysbiosis within the gastrointestinal tract.
This dysbiosis can have both metabolic and pathological consequences.
Efforts to restore the intestinal microbiota in humans following
antibiotic treatment have included probiotics and autologous fecal
matter transfer (aFMT). A recent study investigated the ability of
probiotics versus aFMT in restoring the original microbial
composition in both human and mouse subjects (Suez et al., 2018).
Participants received either commercially available probiotics, their
own pre-antibiotic microbiome through aFMT, or no intervention to
allow spontaneous recovery after antibiotics. Notably, probiotics were
found to inhibit the intestinal tract’s capacity to return to its natural
state. In mice, aFMT and spontaneous recovery groups regained
bacterial richness within eight days, while the probiotic-treated group
failed to reach similar diversity levels even four weeks post-treatment.
Additionally, four bacterial taxa in the probiotics were inversely
correlated with stool sample diversity, suggesting that these species
were able to establish in the gut and impede microbiome
reconstitution. In humans, antibiotic treatment significantly reduced
microbial diversity, and probiotics led to seven of the eleven species in
the supplement remaining elevated for up to five months post-
treatment. By contrast, the aFMT and spontaneous recovery groups
returned to baseline diversity within one and twenty-one days,
respectively. Moreover, multiple metabolic pathways were restored in
the aFMT and spontaneous groups but not in the probiotics group,
with pathway expression inversely correlated with microbial diversity.

These findings illustrate how antibiotics can severely deplete
intestinal microbial communities, allowing probiotic species to
dominate and hinder the microbiome’s recovery to its pre-antibiotic
state. Restoration of the indigenous healthy microbiome appears to
be the most effective strategy for reconstituting microbial communities
post-antibiotic treatment. In cattle, limited data on the functional
microbiome’s role in health and fertility makes it difficult to determine
whether promoting an acidic vaginal environment would be beneficial
or if using fertile, healthy cows as microbiome donors could
offer advantages.

Conclusion

The role of microbiota in maintaining homeostasis and protecting
the host from disease is remarkable. Although research on the bovine
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reproductive vaginal microbiome is still in its early stages, most studies
have focused on identifying a core structural profile of the bovine
vaginal microbiome associated with fertility, primarily through the 16S
rRNA approach. While these foundational studies have significantly
contributed to our understanding, the diverse composition of phyla and
genera in the bovine reproductive microbiome, as shown across various
studies, suggests that a single, definitive microbiome profile linked to
fertility may not exist. Similar findings were observed in The Human
Microbiome Project, which found no universal structural profile among
healthy human microbiomes. Instead, core metabolic pathways
associated with health were consistently conserved. This suggests that
while a core structural profile may be absent in the bovine vaginal
microbiome, functional characteristics may still be related to health and
fertility outcomes. Collectively, the bovine vaginal microbiome is
primarily composed of bacteria from the phylum Firmicutes. While
little is known about the effects of reproductive hormones in modulating
the bovine vaginal microbiome, a greater diversity of microorganisms
suggests a more resilient microbiome in response to hormonal
interventions commonly used in reproductive practices, as females with
greater vaginal microbiome diversity before such interventions have
shown greater fertility.
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