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ABSTRACT
Cattle’s gastrointestinal microbiome has been identified as an important

component linked to animal performance, greenhouse gas production, and health.
Specific to the rumen, while traditional methods like rumen cannulation and orogastric
intubation are effective, they pose challenges in terms of animal welfare and practicality.
Therefore, this study evaluated the feasibility of using buccal swabs as a non-invasive
alternative for analysis of the microbes living in the rumen. Samples were collected from
541 Angus bulls across five feed testing centers in the United States, with DNA extracted
from both ruminal and buccal samples. Advanced microbial genomics and metagenomics
techniques were employed to analyze the samples. As distinct microbial communities
were found between buccal and rumen samples, our findings indicate that the oral
microbiome may not be a straightforward surrogate for rumen microbial communities.
This realization underscores the necessity of directly examining the rumen microbiome

for accurate insights into its composition and function.
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CHAPTER 1

INTRODUCTION

Ruminant animals possess a unique digestive system that allows them to convert
fibrous plant materials into energy (Stevens & Hume, 2004). This process is primarily
facilitated by the rumen, an anaerobic fermentation chamber housing a complex
microbiome (Mizrahi et al., 2021). This microbiome includes bacteria, archaea, protozoa,
and fungi, each playing a specific role in breaking down cellulose, hemicellulose, and
other fibrous components of plant cell walls. The end products of this microbial
fermentation are volatile fatty acids (VFASs), methane, carbon dioxide, and microbial
biomass (Newbold & Ramos-Morales, 2020). These VFAs, including acetate, propionate,
and butyrate, are absorbed through the rumen wall and serve as major energy sources for
the host animal (Cholewinska et al., 2020; The Rumen and Its Microbes - Robert E.
Hungate - Google Books, 1996), significantly influencing their growth, health, and

productivity.

Recent advancements in microbial genomics and metagenomics have provided
unprecedented insights into the rumen microbiome. High-throughput sequencing
technologies, such as next-generation sequencing (NGS), enable comprehensive analysis
of microbial communities and their genetic material. NGS allows researchers to rapidly
sequence and analyze vast amounts of DNA, offering a detailed view of the diversity and
functional potential of the rumen microbiota. For instance, studies utilizing NGS have
identified complex interactions among different microbial species and their roles in

fermentation and nutrient synthesis. These insights are crucial for understanding how to



manipulate the microbiome to improve feed efficiency and animal health, which can be

achieved by probiotic supplementation, fecal transfer, etc.

The study of the rumen microbiome is a topic with significant implications for ruminant
health and agricultural sustainability. Historically, the study of rumen microbes was
limited by the difficulty of sample collection (Castillo & Hernandez, 2021) and culturing
anaerobic microorganisms in laboratory. However, advances in molecular biology
techniques have overcome these challenges, allowing for more detailed and accurate
investigations. Researchers hypothesize that manipulating the rumen microbiome could
lead to substantial improvements in feed efficiency, animal health, and environmental
sustainability. For instance, enhancing the production of specific VFASs through
microbiome manipulation could improve energy utilization and reduce greenhouse gas

emissions from ruminant livestock.

Despite these advancements, a major challenge remains in the collection of representative
rumen samples. Traditional methods such as rumen cannulation, rumenocentesis, and
orogastric intubation, are invasive and pose significant welfare concerns for the animals
(Castillo & Hernandez, 2021). Rumen cannulation involves surgically creating a
permanent fistula for sample collection, while orogastric intubation requires inserting a
tube through the mouth into the rumen. Both methods are technically demanding, require
skilled personnel, and can cause stress and discomfort to the animals. Furthermore, the
invasive nature of these procedures can introduce variability in microbial composition,

potentially affecting the accuracy of the research findings.



Given these challenges, this study explores the use of buccal swabs as a non-invasive
alternative for rumen microbiome analysis. The primary objective is to evaluate the
correlation between the microbial communities in buccal swabs and rumen samples from
Angus bulls. By utilizing advanced microbial genomics and metagenomics techniques,
the study aimed to determine whether buccal swabs can reliably reflect the rumen
microbiome composition, thereby providing a less stressful and more practical method
for microbiome sampling. The hypotheses being tested include the potential for buccal
swabs to serve as proxies for rumen microbiota and the viability of this method for

routine monitoring of ruminant animals.
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CHAPTER 2

REVIEW OF THE LITERATURE

Rumen Microbiome Complexity and Functions

The Rumen Microbiome’s Role in Fermentation and Digestion

The rumen microbiome plays a vital role in ruminants' unique digestive system. The
microbiome helps these animals extract nutrients from plant-based diets that are largely
inaccessible to other species (Antony 2019). The rumen is crucial in this process as an
anaerobic fermentation chamber. In the rumen, a diverse and interconnected community
of microorganisms collaboratively degrades cellulose, hemicellulose, and other fibrous
elements in plant cell walls. The end products of this fermentation process are volatile
fatty acids (VFAs), methane, carbon dioxide, and microbial biomass. This process
provides energy and nutrients to the host (Stevens and Hume 2004; Mizrahi, Wallace,
and Morais 2021). The ruminal intricate microbial ecosystem allows for the efficient
utilization of fibrous feeds and significantly influences the animal's energy balance and

nutrient metabolism, thereby impacting growth, health, and productivity.

Diversity of Microorganisms in the Rumen and Their Functions
The rumen hosts an incredibly diverse microbiota comprising bacteria, archaea, protozoa,
and fungi (Li et al., 2019; Sanjorjo et al., 2019), each with specific roles that contribute to

the overall efficiency of the rumen digestive process:



Bacteria: The most populous microbial group in the rumen, bacteria are pivotal
in hydrolyzing plant polysaccharides into simpler sugars (Inman 2011; Sichert
and Cordero 2021). These sugars are then fermented to produce VFAs, the
primary energy source for ruminants. Different bacterial species specialize in
breaking down various plant cell wall components, demonstrating a highly

specialized and diversified bacterial community (Dehority 1991).

Archaea: Although less abundant than bacteria (Peng et al., 2022; VVolmer,
McRae, and Morrison 2023), archaea play a crucial role in the rumen ecosystem,
primarily through methane production. This process is essential for maintaining a
hydrogen balance within the rumen, facilitating bacteria's continued feed

fermentation (Firkins 2021).

Protozoa: Protozoa contribute to the mechanical breakdown of feed particles and
the predation of bacterial cells (Charles J. Newbold et al., 2015; Williams et al.,
2020), thereby influencing the population dynamics within the rumen. They
ferment soluble carbohydrates and proteins (Williams et al., 2020), producing

VFAs and ammonia.

Fungi: Rumen fungi are adept at degrading fibrous plant materials, including
cellulose and lignin (Orpin 1984), which are generally resistant to bacterial

degradation. They physically penetrate feed particles (Gruninger et al., 2014;



Hess et al., 2020), making the substrates more accessible to other rumen microbes

for further fermentation (Akin and Borneman 1990).

Biochemical Pathways in Fermentation and Production of VFAs
The fermentation of dietary fiber in the rumen involves a series of complex biochemical
reactions that ultimately produce VFAs (Ahmad et al., 2020; Shi et al., 2023) The VFAs
are absorbed through the rumen wall (Connery 2023) and serve as a vital energy source
for the host animal. This process starts with microbial enzymes' enzymatic breakdown of
polysaccharides into monosaccharides. These sugars are then fermented through several
pathways, primarily leading to the production of acetate, propionate, and butyrate.
Acetate is primarily produced through the acetate kinase pathway and is a
significant energy source for muscle and other tissues (Moffett et al., 2020g;

2020b). It also plays a role in milk fat synthesis in lactating animals.

Propionate is generated through the succinate or acrylate pathways and is the
only VFA that undergoes gluconeogenesis (Lin et al., 2022). It provides a crucial
glucose source for the animal. Propionate's efficient utilization is essential for

energy production, particularly in high-producing animals.

Butyrate is produced via the butyrate kinase pathway (Guilloteau et al., 2010). It
is a critical energy source for the epithelial cells lining the rumen and colon and

promotes healthy gut development and function.



These fermentation pathways' delicate balance and efficiency are critical for optimizing

feed conversion (Soltan et al., 2021), animal health, and productivity.

The Role of Rumen Microbiome in Synthesizing Essential Nutrients: Vitamins and
Amino Acids

The rumen microbiome's ability to synthesize essential nutrients represents a cornerstone
in the nutritional ecology of ruminants. The microbiome enables these animals to thrive
on a diet primarily composed of plant materials by not only facilitating the breakdown of
complex carbohydrates, but also by synthesizing a variety of essential nutrients, including
vitamins and amino acids (Cammack et al., 2018). The rumen microorganisms synthesize
vitamins such as B-complex (including B12, niacin, riboflavin, and thiamine) and vitamin
K (Jiang et al., 2022). These vitamins directly contribute to the host's nutritional
requirements (Hungate 1996). They play crucial roles in energy metabolism, red blood
cell formation, and as coenzymes in various metabolic pathways (EFSA NDA Panel et
al., 2009).

Amino acids, the building blocks of proteins, are another crucial nutrient rumen microbes
synthesize. While ruminants consume proteins in their diet, a significant portion is
degraded in the rumen. Rumen bacteria and protozoa utilize the ammonia released from
this degradation to synthesize amino acids and proteins, which later become available for
absorption in the small intestine (Cholewinska et al., 2020). This microbial protein

synthesis is vital for supplying essential amino acids the host cannot synthesize.



Contribution of the Rumen Microbiota to Energy Metabolism

Ruminant energy metabolism is intricately linked to the activities of the rumen
microbiome. The primary energy sources for ruminants are VFAS, specifically acetate,
propionate, and butyrate, which are produced during the fermentation of dietary fiber by
rumen microbes. These VFASs are absorbed through the rumen wall (Kelly et al., 2022),

and can provide up to 70% of the host's total energy needs (Bergman 1990).

Acetate, the most abundantly produced VFA (Baldwin et al., 1971; Bergman 1990;
Urrutia et al., 2019), is primarily utilized as a substrate for energy production and lipid
synthesis (Moffett et al., 2020b). On the other hand, propionate is unique among the
VFAs for its role in gluconeogenesis, the process by which glucose is synthesized from
non-carbohydrate sources. This is particularly crucial in ruminants, where dietary
carbohydrates are extensively fermented to VFAs, and direct sources of glucose are
limited. Butyrate is metabolized in the rumen epithelium to ketones, which serve as an
additional energy source, particularly during periods of high energy demand (C. J.
Newbold and Ramos-Morales 2020).

VFA production and utilization efficiency are crucial determinants of ruminants' feed
efficiency and energy balance. Factors such as the composition of the diet, the diversity
and functionality of the rumen microbiota, and the animal's metabolic health can
significantly influence these processes. Research into manipulating the rumen
microbiome to enhance VFA production and utilization can improve energy efficiency
(Soltan et al., 2021) and reduce feeding cost. The symbiotic relationship between

ruminants and their rumen microbiome is thus fundamental to the animals' ability to



extract energy and synthesize vital nutrients from a diet primarily based on fibrous plant
material. Advances in our understanding of this complex microbiome and its interactions
with the host are essential for developing innovative strategies to improve the ruminant

production system.

Advanced Research Methods in Microbial Genomics and Metagenomics

Current Methodologies in Microbial Genomics and Functional Metagenomics

Both genomics and metagenomics rely on high-throughput sequencing technologies, such
as next-generation sequencing (NGS), which enable the rapid and cost-effective analysis
(Miller et al., 2013; Jia et al. 2013) of vast amounts of DNA. Bioinformatic tools and
databases are then employed to assemble sequences, annotate genes, and perform
comparative analyses, linking genetic information to microbial identities and functions.
These methodologies have opened new avenues for understanding the genetic basis of
microbial traits and their contributions to the rumen ecosystem.

Exploring the rumen microbiome has been revolutionized by advances in microbial
genomics (Sun et al., 2021) and metagenomics (Chai et al., 2024). These advances
provide unprecedented insights into its complexity and function. Traditionally, culturing
microorganisms was used as the primary method of studying microbiota. It is estimated

that across Earth's microbiomes, uncultured genera and phyla might make up

10



approximately 81% and 25% of microbial cells, respectively (Lloyd et al., 2018). A
culture-independent method like DNA sequencing is widely used in microbial genomics
and metagenomics (Liu et al., 2022). Microbial genomics involves sequencing the DNA
of individual microbial species, offering detailed information on their genetic makeup,
capabilities, and functions (Hua et al., 2022). This approach has been instrumental in
identifying novel microbial species (Friedersdorff et al., 2020) within the rumen and

elucidating their specific roles in digestion and fermentation.

Functional metagenomics takes a broader view, sequencing all genetic material present in
a sample from the rumen environment. This technique allows researchers to not only
catalog the microbial diversity but also to infer the microbial community's metabolic
pathways (Liu et al., 2022) and functional capabilities. The metabolic pathways can be
predicted and reconstructed using tools like BlastKOLA (Kanehisa et al., 2016), KAAS
(Moriya et al. 2007), RAST (Aziz et al., 2008), and GhostKOALA (Kanehisa et al., 2016.
Functional metagenomics bypasses the need for culturing microbes in the laboratory.
This has a significant advantage given that many rumen microbes are uncultivable under
standard conditions (Liu et al., 2022). This approach provides a comprehensive snapshot
of the genetic potential of the rumen microbiome, including genes involved in fiber
degradation, fermentation, and nutrient synthesis.

The application of genomics and metagenomics has the potential to advance our rumen
microbiome understanding significantly. By detailing the microbiome's genetic
composition, researchers can identify specific genes (Xu et al., 2021) and pathways

responsible for essential functions such as cellulose degradation (Li et al., 2021), methane

11



production, and VFA synthesis (Siciliano-Jones and Murphy 1989; France and Dijkstra
2005). This genetic insight is critical for identifying microbial strains with beneficial
traits that can be targeted for manipulation to improve feed efficiency, reduce greenhouse
gas emissions, and enhance animal health.

Functional metagenomics can reveal how the rumen microbiome responds to different
dietary interventions, environmental changes (Xu et al., 2023), and host genetic factors
(Difford et al., 2018). By analyzing shifts in gene expression and pathway activity,
researchers can understand the dynamic interactions between diet, microbiome, and host.
This helps to make targeted and effective strategies for managing the ruminant
production system. Integrating microbial genomics and metagenomics with other omics
technologies, such as transcriptomics, proteomics, and metabolomics, offers a holistic
view of the rumen microbiome's function (Denman, Morgavi, and Mcsweeney 2018).
This multi-omics approach enables the correlation of genetic potential with actual

microbial activities (Saraiva et al., 2021) and metabolite profiles.

Challenges in Rumen Microbiome Research

Difficulties of Collecting Rumen Samples: Technical and Ethical Considerations
Collecting accurate and representative samples from the rumen to study its microbiome
involves a series of technical, ethical, and welfare-related challenges. These challenges
are not trivial, as they directly impact the validity of research findings (Henderson et al.,

2013a; Ramos-Morales et al., 2014; Hagey et al., 2022) and the animals' well-being.

12



While useful, the two primary traditional methods—rumen cannulation and orogastric
intubation—present significant drawbacks that researchers must carefully consider.
Rumen cannulation is invasive, requiring surgical intervention to create a permanent
fistula through which samples can be repeatedly collected. While offering unparalleled
access to the rumen environment, this procedure necessitates careful consideration of
animal welfare, including the ethics of performing invasive surgery for research
purposes. The procedure's invasiveness introduces risks such as infection and discomfort,
necessitating stringent post-operative care and ongoing management to ensure the
animal's well-being. Furthermore, the presence of a cannula can affect the animal's

natural behavior (Olsson and Westlund 2007).

Orogastric intubation, though less invasive, is challenging. The procedure can be stressful
for the animals (lzer, Dwyer, and Wilson 2023), potentially leading to resistance and
distress during sample collection. Stress responses can alter physiological conditions,
including the rumen's microbial composition, potentially biasing research outcomes.
Moreover, the technique requires specific equipment, skilled personnel, and experience to
ensure the animal's safety and the samples’ reliability, limiting its applicability in settings
with access to adequately trained personnel.

As the field advances, ethical and welfare considerations remain at the forefront of rumen
microbiome research. Thus, developing less invasive sampling methods reflects a broader
commitment within the scientific community to uphold the research standards. Ethical
research practices ensure the well-being of research animals and enhance scientific

findings' credibility and societal impact. Researchers must consider these factors

13



carefully, balancing the pursuit of knowledge with the imperative to minimize harm to

animal subjects.

Innovations in Non-Invasive Sampling Techniques

Non-invasive Alternatives

The limitations inherent in traditional rumen sampling techniques have spurred interest in
developing less invasive methods that minimize animal stress and discomfort.
Innovations include using advanced molecular and computational techniques to analyze
alternative biological samples, such as feces, urine, or saliva (Tapio et al., 2016).
Compared to ruminal samples, buccal samples are easier to collect and less stressful for
the animals. While these matrices do not directly represent the rumen microbiome, they
can offer insights into the host-microbe interactions and the end-products of microbial
fermentation. Advances in bioinformatics and machine learning offer powerful tools for
interpreting complex datasets derived from indirect sampling methods (Bhaskar, Hoyle,
and Singh 2006).

The quest for less invasive methods to study the complex ecosystem of the rumen
microbiota has led researchers to explore innovative alternatives that promise to
minimize animal stress. Buccal swabs have emerged as an up-and-coming technique
(Amin et al., 2021). This approach involves collecting samples from ruminants' buccal
cavity (the cheek area inside the mouth). The buccal swabbing is less invasive than
traditional methods like rumen cannulation or orogastric intubation. The use of buccal

swabs to study the rumen microbiome is supported by the natural behavior of ruminants,

14



specifically cud chewing. During this process, ruminants bring up partially digested food
from the rumen back into the mouth to chew it further (Hofmann 1989), aiding in the
breakdown of plant fibers. This action promotes mixing rumen contents with the buccal
microbiota, creating a shared microbial community between the rumen and the buccal
cavity. Consequently, buccal swabs can act as a practical and less invasive substitute,
capturing a snapshot of the rumen's microbial landscape through the direct contact and
exchange of microorganisms during cud chewing. This connection exploits the ruminants'
natural feeding behaviors to provide a new and ethically sound method for studying the
complex dynamics of the rumen microbiome.

Buccal swabbing offers several advantages, including ease of sample collection (Valinetz
and Cangelosi 2021), minimal stress to the animal, and the potential for repeated
sampling over time. This method aligns with the ethical imperative to reduce
invasiveness in animal research, marking a significant step forward in the study of rumen
microbiology. The simplicity of buccal swabbing also allows for more widespread
monitoring of rumen health and microbiota dynamics across different environments and
dietary regimes, offering a practical tool for farmers, veterinarians, and researchers.
Recent studies have begun to validate the use of buccal swabs as a proxy for assessing the
rumen microbiome, with findings indicating a significant correlation between the
microbial communities in the buccal cavity and those in the rumen. For instance, Tapio et
al. (2016) conducted a pivotal study using oral samples as a proxy for accessing the
composition of the rumen microbiome. Their findings revealed that the relative
abundance of microbial taxa in buccal and rumen samples was similar, underscoring the

feasibility of using buccal swabs to reflect the rumen microbial community. Further

15



reinforcing this correlation, Young et al. (2020) employed a machine-learning approach
to demonstrate a significant correlation between the microbial profiles from buccal swabs
and those from rumen samples. This methodological innovation provided a robust
framework for predicting rumen microbiome composition based on less invasive buccal
samples. Amin et al. (2021) highlighted the dynamic nature of the buccal and rumen
microbiome and their interconnectedness. Their study added another layer of
understanding to the ruminant's complex interactions between various microbial habitats.
It emphasized the potential of buccal swabs for monitoring shifts in the rumen
microbiome related to dietary changes, health status, and other factors. Such correlations
are supported by the premise that both the buccal cavity and the rumen are part of the
continuous oral gastrointestinal tract, where microbes can be transferred and shared. The
presence of overlapping microbial communities suggests that buccal microbiota could
serve as a valuable indicator of rumen health and function. Studies employing advanced
sequencing technologies and bioinformatic analyses have further substantiated these

relationships.

Impact of Extraction Methods on Microbiome Study

The impact of DNA extraction methods on microbiome studies in ruminants is a critical
aspect of research that aims to accurately characterize the microbial communities within
these animals. The choice of DNA extraction method can significantly affect the quantity

and quality of the DNA obtained (Henderson et al., 2013a; Knudsen et al., 2016; Lim et
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al., 2017; Stinson, Keelan, and Payne 2018; Vaidya et al., 2018; Teng et al., 2018; Mott
et al., 2022), which in turn influences the observed microbial composition and diversity
and, ultimately, the conclusions drawn from a study. The efficiency of DNA recovery and
the purity of the extracted DNA vary across different extraction methods. Techniques that
yield higher DNA concentrations and purer DNA samples without inhibitors are

preferred for downstream applications like sequencing. The quantity of DNA obtained
can especially impact metagenomic studies, where sufficient DNA is crucial for library

preparation and sequencing (Knudsen et al., 2016).

Different extraction methods may preferentially lyse certain microbial groups over
others, leading to biases in the detected microbial composition and diversity. For
instance, some methods might efficiently extract DNA from Gram-negative bacteria but
less from Gram-positive bacteria due to their tougher cell walls. This differential lysis can
result in an underrepresentation or overrepresentation of certain taxa in the study findings
(Knudsen et al., 2016; Lim et al., 2017). Due to the differences in cell wall composition
and structure (such as presence of a thick layer of peptidoglycan) methods incorporating
mechanical disruption (bead beating, heating) to enzymatic treatment may improve the
lysis of tough-to-lyse cells, thus affecting the observed microbial composition (Knudsen

etal., 2016).

The stability of extracted DNA and the reproducibility of microbial profiles across
different extraction kits and protocols are essential for comparative studies and

longitudinal analyses. Some methods may produce more consistent and stable results

17



over time, making them more suitable for studies that require sample storage and
processing at different times (Lim et al., 2017). The effectiveness of DNA recovery and
the removal of inhibitory substances (e.g., humic acids in soil or complex carbohydrates
in plant material) also vary among extraction methods. These factors can influence the
efficiency of subsequent PCR amplifications and sequencing, affecting the detectability

of specific microbes (Knudsen et al., 2016).

Developing and adhering to standardized DNA extraction protocols for specific sample
types can reduce the variability introduced by different extraction methods. This includes
using standardized Kits, reagents, and processing steps (Knudsen et al., 2016).
Incorporating spike-in controls and mock communities with known microbial
compositions can help assess the efficiency and bias of DNA extraction methods as well.
Incorporating controls and mock communities also helps adjust and normalize data across
different studies (Knudsen et al., 2016). Thoroughly validating DNA extraction methods
for specific sample types and reporting the methods used in publications allow for better

interpretation and comparison of results across studies.

Machine Learning Applications in Microbiome Research

The advent of machine learning (ML) in microbiome research has opened new frontiers
in the analysis and interpretation of complex microbial datasets (Jiang et al., 2022). This

computational approach is valuable in handling the vast amounts of data generated from
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noninvasively collected samples, such as buccal swabs. It enables researchers to uncover
nuanced correlations between microbiome profiles and host factors. Advanced machine
learning techniques, including supervised and unsupervised learning models, have
dissected the intricate relationships within microbiome datasets (Wu et al., 2021).
Supervised learning algorithms, for example, can predict specific outcomes—such as
disease states or phenotypic traits—based on microbial composition, offering insights
into the functional roles of different microbial communities (Wu et al., 2021).
Unsupervised learning helps identify natural groupings or patterns within the data,
facilitating the discovery of previously unrecognized correlations between microbial
communities and host characteristics. For example, Shi et al. (2022) systematically
compared beta diversity and clustering methods in microbiome analyses, identifying
critical scenarios where specific methods underperform and proposing a novel combined

metric that improves clustering performance across diverse datasets.

One of the critical applications of machine learning in microbiome research is the
development of predictive models that can accurately associate microbiome profiles with
specific host conditions (Marcos-Zambrano et al., 2021). By analyzing microbiome data
from noninvasively collected samples, ML algorithms can identify biomarkers of disease
or health, predict responses to dietary interventions, and even forecast the potential
impacts of environmental changes on microbial diversity and function. This capability is
particularly beneficial in ruminant health, where machine learning models can analyze

buccal swab data to predict rumen health and efficiency.
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Furthermore, machine learning enhances the ability to perform longitudinal studies on the
microbiome (Schussler-Fiorenza Rose et al., 2019), tracking changes over time with
minimal stress to the subjects. This aspect is crucial for understanding how temporal
dynamics within the microbiome relate to shifts in health, productivity, or environmental

interactions, providing a more comprehensive view of the microbiome's role in host

physiology.

Integrating machine learning with microbiome research represents a transformative
approach that significantly advances our understanding of microbial ecosystems. By
efficiently analyzing complex datasets from noninvasively collected samples, ML
algorithms streamline the research process and uncover deeper insights (Sudhakar et al.,
2021) into the multifaceted interactions between microbes and their hosts. As machine
learning techniques evolve, their application in microbiome research promises to unveil
new dimensions of microbial life. This integration of machine learning into microbiome
studies exemplifies collaborative approaches to leveraging computational power in
biological research. It also highlights a future where data-driven insights can lead to more

effective, sustainable animal health and agriculture solutions.

Comparative Analysis of Oral, Ruminal, and Fecal Microbiomes

The gastrointestinal tract of ruminants hosts a complex and dynamic microbial ecosystem
critical for the animal's health, nutrition, and overall performance. Recent studies have

increasingly focused on understanding the distinct microbial communities present in
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different sections of the gastrointestinal tract, namely the oral, ruminal, and fecal
microbiomes. Comparative analysis sheds light on how these diverse microbial habitats
interact and influence one another, alongside their collective impact on the host. Research
comparing these microbiomes highlights a fascinating gradient of microbial diversity and
function along the gastrointestinal tract. The oral microbiome, primarily influenced by
the external environment and the initial feed processing, sets the stage for the microbial
fermentation processes that occur in the rumen. Studies have shown an overlap in
microbial species between the oral and ruminal environments (Tapio et al., 2016; Young
etal., 2020; Amin et al., 2021). The rumen microbiome is far more complex and
specialized, reflecting its pivotal role in fiber degradation, volatile fatty acid production,
and nutrient synthesis. This specialization is crucial for the efficient breakdown of plant-

based diets, characteristic of ruminant feeding behavior.

The fecal microbiome provides a snapshot of the distal digestive processes and the
microbes associated with waste formation and excretion. While distinct from the rumen
microbiome (Liu et al., 2016; Lin et al., 2022; Mu et al., 2019), the fecal microbiome
shares specific microbial populations with both the rumen and oral microbiomes,
indicative of the continuous nature of the gastrointestinal tract. However, the fecal
microbiome is influenced by different factors, including the absorption processes in the
intestines and the animal's health status (Wang et al., 2017). The relationship between
these microbiomes is not merely sequential but interactive, affecting animal health and
performance in multifaceted ways. For example, alterations in the oral microbiome can

influence rumen fermentation patterns and efficiency. Similarly, changes in rumen
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microbial populations due to diet or health interventions can have downstream effects on
fecal microbial communities, potentially impacting disease transmission and nutrient

cycling in farm environments.

Understanding these microbiomes' comparative dynamics offers valuable insights into
detecting and managing gastrointestinal diseases and optimizing feeding strategies. For
instance, shifts in the microbial composition at any point along the gastrointestinal tract
can serve as early indicators of health issues, allowing for timely interventions. Also, this
knowledge assists in designing probiotics and other microbial-based interventions to
promote beneficial microbial populations across the gastrointestinal tract, enhance feed
efficiency (Bath et al., 2013), and reduce greenhouse gas emissions (Difford et al., 2018).
By elucidating the intricate relationships between different microbiomes within the
gastrointestinal tract, these studies contribute to a holistic understanding of the
microbiome, paving the way for innovative strategies to enhance the productivity of

ruminant farming practices.

Future Directions and Potential Applications

Emerging genetic and microbial engineering technologies present further opportunities to
develop novel interventions to introduce or enhance beneficial microbial functions. For
instance, engineering microbes that are more efficient at converting feed into energy or

that can produce less methane could profoundly affect the sustainability of ruminant
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agriculture. Understanding the interactions between diet, microbiome, and host genetics
may also lead to personalized nutrition strategies that optimize the microbial composition
for individual animals or specific breeds. In addition, developing less-invasive
microbiome sampling techniques, such as buccal swabs, represents a significant leap
forward for animal science research and industry practices. These methods align with the
growing focus on animal welfare. Also, the less-invasive techniques offer tangible
benefits that can be easily integrated for large-scale monitoring and assessment of
livestock health and productivity. The ability to regularly and non-invasively sample the
microbiome allows for more dynamic animal health monitoring. This proactive approach
can enhance management practices, reduce the use of antibiotics through early
intervention, and ultimately boost animal health and performance. The future of
microbiome research and its application in animal science heralds a new era of precision
agriculture, where data-driven insights and innovative technologies converge to optimize
animal health, productivity, and environmental stewardship. The continued exploration of

these frontiers will yield transformative benefits for the livestock industry.
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ORAL MICROBIOME OF ANGUS BULLS
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Abstract
The gut microbiome of ruminant animals plays an essential role in their digestion.
Therefore, methodologies that facilitate such investigations are valuable. This study
investigated the interrelationship between the rumen and buccal microbiomes of Angus
bulls, aiming to explore non-invasive sampling methods for studying the rumen's
complex microbial ecosystem. Both samples were collected from 541 registered Angus
bulls from five farms in three states Of the United States, with microbial DNA extracted
and analyzed using 16S rRNA gene sequencing. Microbiome composition, richness, and
diversity were assessed. Ruminal samples had more significant number (P < 0.001) of
amplicon sequence variants (ASV), greater microbial diversity (expressed as Shannon
diversity index; P < 0.001), and greater microbial evenness (P < 0.001). Beta-diversity
(unweighted UniFrac distance) was also significantly different (P < 0.001) between the
samples. A total of 4323 microbial species were observed in the rumen and oral cavity
combined, but only one-third (33.1%) of those species occurred in both the rumen and
oral compartments. Moreover, the relative abundance of only 30.7% of the species
significantly differed between the rumen and the mouth of the bulls. Contrary to
expectations of a significant interrelationship, findings show a complex, limited overlap,
emphasizing the uniqueness of each microbial ecosystem.
Lay Summary

When we think about how animals like cows digest their food, it is important to
know they have a special stomach part called the rumen, which is a fermentation tank full
of microorganisms that help them by breaking down grass and other feedstuffs. Scientists

are very interested in understanding the role of those microorganisms because they are
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crucial for the animal’s nutrition, health, and the quality of meat and milk we get from
them. Usually, to study those microorganisms, scientists need to use methods that are
invasive and consequently uncomfortable for the animal. Our study tested a less invasive
approach. Since ruminants remasticate their digesta several times throughout the day, we
used swabs from the animals' mouths as a more straight-forward, kinder way to glimpse
the microbial composition found in the rumen. Our research involved analyzing the
mouth and rumen samples from 541 Angus bulls, looking for similarities and differences
in the microorganisms. Our research found that the microorganisms in the mouth differ
from those in the rumen, surprising us since we thought they would be more alike. This
shows us that these groups of microbes are specially adapted to live in their specific

ecosystem.
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Introduction

Ruminants are distinguished by their unique gastrointestinal anatomy, particularly the
presence of a highly specialized fermentation chamber — the rumen (Stevens and Hume
2004). This organ houses a diverse and complex microbiome, essential for digesting
plant-based carbohydrates such as cellulose and hemicellulose (Mizrahi, Wallace, and
Morais 2021; Javad Gharechahi et al., 2021) These fibrous compounds, generally
indigestible to monogastric animals, are efficiently broken down by ruminants due to the
synergistic activities of the rumen microorganisms (Dehority 1991; Firkins 2021). The
ruminal microbial consortium, consisting of bacteria, archaea, protozoa, and fungi,
coordinates the fermentation process, transforming these fibrous substrates into volatile
fatty acids (VFAS) such as acetate, propionate, and butyrate (C. J. Newbold and Ramos-
Morales 2020). In addition to energy metabolism, the rumen microbiome plays a crucial
role in synthesizing essential nutrients, including certain vitamins and amino acids (“The
Rumen and Its Microbes - Robert E. Hungate - Google Books,” 2013; Cholewinska et al.,
2020), further underscoring its importance in the overall nutritional status and health of
ruminants. Moreover, the fermentation’s efficiency that occurs in the rumen microbiome
directly impacts the animal's growth rate and meat quality, linking it intrinsically to the
economic and sustainable aspects of ruminant farming. Given these critical roles, there is
an increasing emphasis on the need to understand the intricate dynamics of the rumen
microbiome. Advanced research in this area, particularly in the realms of microbial
genomics and functional metagenomics, aims to unravel the complex interactions within
the rumen microbiota. Such insights are pivotal in developing strategies to manipulate
and optimize the rumen microbial population, thereby enhancing the productivity, health,

and environmental sustainability of ruminant livestock production systems.
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The comprehensive study of the rumen microbiome, while invaluable, presents
significant challenges, particularly in the collection of rumen samples. Rumen
cannulation and stomach tubing are the two main techniques used to study ruminal
microbial community composition (Ramos-Morales et al., 2014). Current procedures
such as rumen cannulation and orogastric intubation are not only technically demanding
but also invasive, necessitating skilled personnel for their execution (Castillo and
Hernandez 2021). Orogastric intubation involves the insertion of a tube through the
mouth until it reaches the rumen, allowing for the sampling of rumen contents; however,
it carries the risk of stress and discomfort to the animal, in addition to the need for
specialized equipment. Rumen cannulation and fistulation, though providing direct and
repeated access to the rumen contents, are surgical procedures that create a permanent
opening in the animal's rumen. Therefore, while effective, it raises concerns regarding
animal welfare and require meticulous post-operative care and management. The
complexity of those procedures underscores the need for developing less invasive, yet
equally reliable, techniques for rumen sampling. This advancement is crucial for

enhancing our understanding of the rumen microbiome while ensuring animal welfare.
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Relative to traditional rumen sampling methods in ruminants, emerging research has
identified the buccal microbiome as a promising, non-invasive alternative for studying
the rumen microbiota (Lindstrom and Redbo 2000). This approach, involving the simple
and less time-consuming process of swabbing the oral cavity, significantly reduces the
stress and discomfort experienced by animals (Tapio et al., 2016). Positive correlations
between the microbial communities found in the mouth and in the rumen qualify the
buccal swab as a viable candidate for a proxy for investigation of the rumen microbiota
(Beauchemin 2018). For instance, Tapio et al. (2016) showed that the relative abundance
of various microbial taxa in buccal and rumen samples were comparably similar.
Moreover, Young et al. (2020) employed a machine learning approach to demonstrate a
significant correlation between the microbial profiles from buccal swabs and rumen
samples, and Amin et al. (2021) highlighted the dynamic nature of the buccal and rumen

microbiome and their interconnectedness.

Given the importance of achieving a better understanding of ruminants’ gastrointestinal
microbiome and the need for less-invasive techniques, this study investigated the
relationship between the oral and ruminal microbiomes of Angus bulls. We hypothesized
that the microbial profile found in the buccal swabs would have a significant correlation
with the profile found in the rumen of those animals, allowing the use of a less-invasive
method like the oral swab for the investigation of the ruminal microbiome.

Materials and Methods
Farms and Animals
The study utilized registered Angus bulls (N = 541) -registered to the American Angus

Association (AAA)- produced by four commercial feed testing centers in Georgia, lowa,
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and Montana. Each feed testing center had an average of 140 bulls (568.1 £ 32 kg; 19 + 6
months of age), and all sample collections took place from November 2022 through
January 2023. The bulls were adapted to their feed ration for at least four weeks before

the sample collection.

Sample Collection

The collection of ruminal samples was performed by orogastric intubation as previously
described (Lourenco et al. 2020). This method consists of inserting a sterile tube into the
animal's rumen through the oral cavity, and then employing negative pressure with an
electric pump to draw the rumen fluid into a sterile bottle. To reduce contamination from
saliva, the initial 200 mL of fluid collected immediately after the tube's insertion into the
rumen was discarded. Following this precautionary step, the rumen fluid was
homogenized, transferred into a 15 mL tube, and immediately flash-frozen using liquid
nitrogen to preserve sample integrity. Samples were transported to the laboratory in dry
ice and stored at -80 degrees Celsius until further processing.

The oral microbiota was accessed by collecting two buccal swabs as described by Young
et al. (2020). Briefly, two swabs were gently scraped into the inner side of the cheeks and
the tongue's surface for approximately 10 seconds. After the swabbing process, the top
part of each swab was broken, and the remainder was placed into a sterile 15 mL conical
tube containing 1 mL of phosphate-buffered saline (PBS). The 15 mL conical tubes were
immediately flash-frozen in liquid nitrogen to preserve the samples. The tubes were then
transported to our laboratory in dry ice and stored at -80 degrees Celsius until the DNA

extraction process was performed.
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DNA Extractions

Rumen samples were first thawed and homogenized at room temperature, and 350
microliters were placed in a Lysing Matrix E (MP Biomedicals, LLC, Irvine, CA). The
genomic DNA was extracted through a combination of mechanical and enzymatic
methods as previously described (Williamson et al., 2022). The mechanical procedures
included homogenization of samples at 6m/s for two sets of 40 seconds with a gap of 20
seconds between the sets in the FastPrep-24 5G instrument (MP Biomedicals, LLC,
Irvine, CA), followed by a hot water bath (95 degrees Celsius). The enzymatic portion of
the protocol followed the recommendations established by the QlAamp Fast DNA Stool
Mini Kit (QIAGEN, Germantown, MD). The purified DNA was eluted in solution (50
microliters) made of Tris-HCI, EDTA, and NaN3. Eluted DNA was quantified using the
Qubit Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA), and then stored at 20
degrees Celsius.

In DNA extraction from buccal samples, samples were thawed to room temperature.
Once thawed, the samples were vortexed for 3 minutes and centrifuged at 4,000 x g for 2
minutes for sedimentation of the particulate matter. The swabs were then removed, and
the content of the 15 mL tubes was transferred to 2 mL centrifuge tubes, which were
subjected to further centrifugation at 21,000 x g for 2 minutes. After this second
centrifugation, the supernatant was discarded, leaving only the pellet. The DNA
extraction procedure continued using the QlAamp BiOstic Bacteremia DNA Kit
(QIAGEN, Germantown, MD) following manufacturer's instructions. The purified DNA

was eluted in solution (35 pL) made of 10 mM Tris-HCI, pH 8.5, and quantified using the
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Qubit Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA). Samples were then

stored at -20 degrees Celsius until further analysis.

DNA Amplification and Sequencing

Library preparation began by amplifying the V3-V4 hypervariable regions of the 16S
rRNA gene using the S-D-Bact-0341-b-S-17 (5'-CCTACGGGNGGCWGCAG-3') and S-
D-Bact-0785-a-A-21 (5-GACTACHVGGGTATCTAATCC-3’) primer pair (Klindworth
et al. 2013). This amplification was performed for each sample using a mix of 12.5 pLL
2xKAPA HiFi HotStart Ready Mix (Roche Molecular Systems, Inc., California), 5 uL. of
forward and 5 pL of reverse primers, and 2.5 pL of template DNA at a concentration of 5
ng/uL. The PCR conditions were set as follows: an initial denaturation at 95 °C for 3
minutes, followed by 25 cycles, each consisting of 30 seconds at 95 °C, 30 seconds at 55
°C, 30 seconds at 72 °C, and a final step of 5 minutes at 72 °C. Post-PCR, the amplicons
were purified using AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis,
IN), following the manufacturer's instructions. A second round of PCR was performed
for incorporation of dual-indexed barcodes using the multiplex Nextera XT kit (Illumina,
Inc., San Diego, CA). This second PCR was carried out with 5 puLL of the amplicons from
the first PCR, 25 pL of 2x KAPA HiFi HotStart Ready Mix, 5 pL of each index (i7 and
15), and 10 pL of PCR grade water. The PCR conditions were set to an initial
denaturation at 95 °C for 3 minutes, followed by 8 cycles of 30 seconds at 95 °C, 30
seconds at 55 °C, and 30 seconds at 72 °C, concluding with a 5-minute extension at 72

°C. Following this, the libraries from the second PCR were purified again using AMPure
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XP beads. Libraries were quantified using the Qubit Fluorometer (Thermo Fisher
Scientific Inc., Waltham, MA).

The microbial DNA isolated from the buccal samples was processed using the same
procedures described for the ruminal samples, with some modifications due to some
samples having lower concentration of DNA. The volume of template DNA in the first
PCR reaction was adjusted to 15 uL for samples that had a concentration of less than 1
ng/uL; and to 5 pL for samples that had a concentration between 1 and 5 ng/uL. The
number of cycles in the first round of PCR was set to 30, and in the second round it was
set to 10.

Before sequencing, all the libraries were normalized to 4 nM using 10 mM Tris pH 8.5,
and 5 pL of each library was aliquoted and mixed for pooling. Pooled samples were then
denatured by dilution with fresh 0.2 N NaOH and normalized to 7 pM. A PhiX control
library (Illumina, Inc., San Diego, CA) was also denatured and diluted to 7 pM and
included at a rate of 20%. Sequencing was carried out on an Illumina MiSeq platform,
employing the standard MiSeq v3 reagent kit protocol (Illumina, Inc., San Diego, CA).
Samples were sequenced as paired-end reads with read lengths of 251 nucleotides each

run.

Bioinformatics Pipeline

Sequenced data was demultiplexed and downloaded from the Illumina BaseSpace
Sequence Hub (Illumina, Inc., San Diego, CA). The demultiplexed sequence files were
imported into a QIIMEZ2 artifact (Bolyen et al., 2019). Samples were denoised, filtered

for chimeric sequences, and merged using the dada2 plugin (Callahan et al., 2016) by
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applying forward and reversed truncations at 245 and 228 nucleotide positions,
respectively. For taxonomic classification, a pre-trained classifier (Bokulich et al.,
2018)based on the Greengenes2 reference database (McDonald et al., 2023) was
employed. For diversity analyses, the sequencing depth was set at 10,000 sequences per
sample, ensuring that the average Good’s coverage was above 99.5%. The outputs of the
QIIME2 pipeline were further cleaned to remove outliers based on Pielou’s evenness
index. Samples not found within the 1.5 IQR (interquartile range) were considered

outliers and were excluded from further analysis.

Statistical Analysis

Relative abundances of taxa at the family, genus, species, and amplicon sequence
variants (ASV) levels were evaluated. Various alpha diversity metrics were evaluated
using an approach similar to the one utilized for the evaluation of individual taxa.
Kruskal-Wallis tests were used to assess differences in alpha diversity between groups -
oral and rumen samples. Differences in beta diversity were assessed by permutational
multivariate analysis of variance (PERMANOVA) on the Unweighted UniFrac distances.
Subsequently, beta diversity was visualized employing the giime emperor plugin
(Véazquez-Baeza et al., 2013) and plotting them against the three main axes, providing a
multi-dimensional perspective of microbial diversity. Additionally, visualizations of the
predicted metabolic pathways were achieved by employing Bray-Curtis dissimilarity and

projecting the results onto a 3-D plot, and differences were accessed by PERMANOVA.
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Results

Overview

The geographical distribution map of sample collection across various states
depicts a notable variation in the number of animals sampled. Most samples were
collected in the state of Montana: 298 animals (586 samples). lowa followed with 227
animals (454 samples), representing another major data source (Figure 1). In contrast,

Georgia had the least number of animals sampled, with a count of 16 (32 samples).

Given the greater number of animals available for collection, farm E had the highest
count of rumen (n=298) and oral samples (n= 298) in our dataset. In contrast, farm A had
the lowest number of animals sampled rumen (n= 16) and oral samples (n= 16). The
counts for farms B, C, and D displayed a relatively balanced distribution regarding the
number of samples. Overall, the average number of samples collected in each farm was

108 ruminal and 108 oral samples.

Alpha Diversity

Observed Features

The alpha diversity analysis of microbial communities within buccal and rumen samples,
using the "Observed Features™ metric, indicates the total number of individual ASV
found in each sample. A significant divergence in this metric (P < 0.001), which indicates

species richness, was observed between the rumen and oral samples (Figure 2). The alpha
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diversity boxplots demonstrate a lower median value and narrower interquartile range for
the buccal samples, suggesting a less rich microbial community. In contrast, the ruminal
samples displayed a higher median and a broader interquartile range, indicative of a
richer microbial community. Regarding the different farms, the number of ASV in oral
samples varied significantly (P < 0.001), and the same was observed for ruminal samples

(P < 0.001).

Shannon Diversity Index

Shannon Diversity index was computed to assess the microbial diversity within
the oral and rumen sample types. The diversity within each sample type was visualized
through boxplots, which displayed a spread of that diversity index (Figure 2). In oral
samples, the diversity was lower (P < 0.001) than in rumen samples. The Kruskal-Wallis
H test yielded an H value of 220.5, indicating the strong variability between the rumen
and oral samples. Further analysis of Shannon Diversity showed significant (P < 0.001)

differences between farms, both for ruminal and oral samples.

Pielou’s Evenness Index

The evenness of species distribution within the sample types was assessed using
Pielou's Evenness index. The boxplots in Figure 2 present the spread of evenness values
for oral and rumen samples. The rumen samples exhibited a higher (P < 0.001) Pielou's
Evenness than the oral samples, with the latter showing a wider spread of values as
evidenced by the range of data points and outliers. These outliers, particularly in the oral

sample set, may indicate a notable deviation in community evenness in some instances.
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As observed for microbial richness and diversity, species evenness also varied by farm in

the current study, both in the oral and ruminal samples (P < 0.001).

Beta Diversity

A detailed statistical examination of microbial community composition across a
combined sample type and farm was conducted using unweighted UniFrac distances. The
PERMANOVA approach was utilized to discern whether significant differences exist
between the groups. The compositional differences between the microbial communities
of oral and rumen samples were investigated using a Principal Coordinate Analysis
(PCoA) based on unweighted UniFrac distances. The PCoA plot, illustrated in Figure 4,
reveals a distinct clustering pattern corresponding to the two sample types: rumen and

oral.

Rumen samples are predominantly clustered along the lower end of Axis 1 (which
explains 28.47% of the variation), while oral samples are dispersed more broadly along
the same axis. This separation along Axis 1 suggests a fundamental difference in
community composition between oral and rumen microbiomes. Axes 2 and 3, accounting
for 5.838% and 4.049% of the variation, respectively, show additional, albeit less
pronounced, distinctions between the two sample types. Further comparisons by farm
revealed that beta diversity was significantly distinct (P = 0.001) both for oral and

ruminal samples.

Relative Abundances
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Family and Genus Level

The family Bacteroidaceae was the most abundant (Figure 5) in the rumen
samples, constituting approximately 36.70% of the microbial population. This was
followed by Lachnospiraceae, with an abundance of 10.18%, and Paludibacteraceae, with
an abundance of 7.36%. Other notably abundant families included UBA932 at 5.03% and
Acutalibacteraceae at 4.30%. The family Acidaminococcaceae also had a significant
presence with 4.06%. Less abundant but still notable were Muribaculaceae and

Oscillospiraceae_88309, with 2.97% and 2.73%, respectively.

The oral samples were dominated by the family Pasteurellaceae, which
represented 13.58% of the microbial community, closely followed by Streptococcaceae at
13.35%. The Moraxellaceae family was also prevalent, making up 10.09% of the
community. Lachnospiraceae and Bacteroidaceae were also significant, with relative
abundances of 6.11% and 5.15%, respectively. Neisseriaceae 563222 and
Mycobacteriaceae were present at 4.32% and 4.25%, indicating their considerable

contribution to the oral microbiota.

The analysis of relative abundances of genera in buccal and rumen samples
revealed distinct microbial profiles between the two types of samples, underscoring the
specificity of microbial communities to their respective environments within the host. In
buccal samples, the genus Streptococcus was found to be the most abundant, accounting
for 13.35% of the microbial composition. This was followed by Bibersteinia (7.71%).

Moraxella and Psychrobacter also showed notable abundances at 4.30% and 4.01%,
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respectively. This profile suggests a diverse bacterial community with a dominance of
genera known for their presence in the oral cavity, reflecting the unique ecological niche

of the buccal environment.

Contrastingly, rumen samples exhibited a markedly different microbial
composition, with Prevotella being the most abundant genus, constituting 31.07% of the
microbial population. This was followed by a significantly lower presence of genus RF16

(7.34%), Cryptobacteroides (4.69%), and Succiniclasticum (4.03%).

Presence of Common Species

In the comparative analysis of microbial genera present in rumen and oral samples
of ruminants, we identified a total of 54 unique genera among the top 30 genera in each
sample type, based on their average relative abundance. The rumen samples were notably
abundant in the genus Prevotella, which holds a crucial role in the degradation of plant-
derived polysaccharides within the rumen ecosystem. In contrast, oral samples were
predominantly colonized by the genus Streptococcus, which includes species known for

their various roles in the oral microbiota, ranging from commensalism to pathogenicity.

In the comparative analysis of microbial genera present in rumen and oral
samples, of the top 30 genera in each sample type, only 5.3% (3 genera) were found in
both locations (Figure 6), which suggests a distinct partitioning of the microbial
community composition between these two environments. The shared genera were
Prevotella, Ruminococuss, and an unidentified genus from the family Lachnospiraceae.

Each environment harbored a significant number of exclusive genera, with 27 (47.4%)
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unique to the rumen and 27 (47.4%) unique to the oral cavity, reflecting the specialized

functions and selective pressures exerted by the respective environments.

The genera exclusive to the rumen are predominantly associated with
fermentation, vital for the host's energy supply. In contrast, the oral cavity's unique

genera exhibit various functions, including colonization, symbiosis, and pathogenicity.

The limited genera overlap between the two microbial communities underscores
the specificity and adaptation of the microbiota to their local environments. The discrete
nature of these communities reveals the presence of distinct microbial ecosystems within

the same host, shaped by the vastly different conditions of the rumen and oral cavity.

PICRUSt Analysis

Principal Coordinates Analysis (PCoA) for the metabolic pathways.

A comprehensive microbial function analysis of buccal and ruminal samples was
conducted using the MetaCyc database of metabolic pathways and enzymes. Principal
Coordinate Analysis of Bray-Curtis dissimilarities was employed and highlighted the
uniqueness in microbial function between the two environments (Figure 7). The buccal
samples and rumen samples were distinctly separated along Axis 1, which accounts for a
substantial 78.09% of the total variation. This pronounced separation underscores a
fundamental difference in the functional capabilities of the microbial communities within
the buccal and rumen environments. Axes 2 and 3 contribute 3.65% and 2.74% to the
overall variation, respectively, indicating further, though more subtle, distinctions in
microbial function between the sample types.
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The distinct clustering patterns observed in the PCoA plot suggest significant
disparities in enzyme activity and metabolic functions, which could reflect the specialized
adaptations of microbial communities to their respective environments in the rumen and
oral cavity. However, the distinct profiles also indicate the limitations of this approach

for specific enzymatic or metabolic insights.

The enzymatic profiles derived from buccal and rumen samples were analyzed to
assess functional differences between the microbial communities. The top 15 enzymes
shown in Table 3 reveals distinct enzymatic activities across both sample types. While
several enzymes are found to be common between the two environments, it is noted that
these shared enzymes are primarily related to DNA processing rather than metabolic
functions. This distinction underscores the specialized adaptations of the microbial
communities to their respective environments, with metabolic enzymes having different
expressions between buccal and rumen samples. DNA-related enzymes in both
environments reflect the fundamental cellular processes essential for microbial survival
and replication, which are conserved across different microbial niches. The violin plots

(Figure 8) show the expression profiles of the top five enzymes within each sample type.

Distribution of Top Enzymes in Buccal and Rumen Microbial Communities.

The violin plots as in Figure 8 distinctly demonstrate the expression profiles of
top enzymes within the buccal and rumen samples. These visual representations reveal
that, while both sample types share the presence of several DNA-related enzymes, there

is a notable divergence in the expression of metabolic enzymes. This observation
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underscores a fundamental distinction between the metabolic processes occurring in the
rumen and buccal environments when the universal, DNA-related enzymes are excluded

from the analysis.

The metabolic enzymes, which are directly involved in specific biochemical
pathways crucial to their respective environments' unique dietary and physiological
conditions, exhibit distinct patterns of variability and expression. In rumen samples,
enzymes pivotal to fermentation and nutrient absorption show a broad range of
expression, reflecting the rumen's complex and variable dietary intake. Conversely, the
buccal samples display more stable enzyme expression, indicating a consistent role in the

less variable oral environment.

This selective analysis of metabolic enzymes highlights their critical role in
adapting to and functioning within the specific conditions of each microbial habitat. By
focusing on these enzymes, it becomes evident that the enzymatic landscapes of the
rumen and buccal microbiomes are fundamentally distinct, driven by their differing roles
in animal physiology and health. This distinction is crucial for understanding these
communities' microbial ecology and functional capacities, particularly when considering
the potential for targeting specific metabolic pathways in health and disease

interventions.

Discussion
In our study, we compared the rumen and oral microbiomes across 541 Angus bulls,
markedly expanding upon the cohort sizes of previous studies. In early studies, Lodge-
Ivey (Lodge-Ivey et al., 2009) conducted pioneering work by studying the microbiomes

of 2 cattle and 3 sheep, laying foundational knowledge for subsequent research. Building
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on this, Kittelmann et al. (2015)further explored this topic through their study of 24
sheep. Tapio et al. (2016)provided insights into the microbiomes of 5 dairy cattle,
emphasizing the diversity present even in smaller cohorts. Young et al. (2020)recently
undertook a study involving 21 dairy cattle, contributing to a growing understanding of
these complex microbial ecosystems. Thus, the significant increase in sample size in our
current study marks a considerable advance in the field and contributes to substantiate

our findings, particularly in beef cattle.

Based on our results, it becomes evident that there is a significant dissimilarity in the
microbiome composition between rumen and oral samples. This variation was
demonstrated by alpha-diversity indexes, which included the number of observed ASVs,
Shannon diversity index, and Pielou's evenness index, alongside beta diversity, computed
using Unweighted UniFrac distances. Such analysis allowed a comprehensive
understanding of microbial diversity and distribution and revealed distinct microbial
communities within the two environments. Further, the relative abundance of
microorganisms at various taxonomic levels underscored the specificity of microbiome

composition inherent to the rumen and oral niches.

We found that microbial richness, diversity, and evenness were all greater in the rumen.
The observed disparities in the microbiome composition between rumen and oral samples
underline these environments' distinct physiological and ecological roles (Henderson et
al., 2013a; Mizrahi, Wallace, and Morais 2021) within the host. The rumen, an anaerobic
fermentation chamber (Hook et al., 2010), is optimized for breaking down complex plant
materials (Gharechahi et al., 2021), a process facilitated by a highly diverse and

specialized microbial community (Mizrahi, Wallace, and Morais 2021). This diversity is

52



essential for efficiently converting fibrous plant material into useful products like volatile
fatty acids (Malheiros et al., 2021; Li et al., 2022), critical for the host's energy supply.
The unique environmental conditions of the rumen, such as its pH (Mizrahi, Wallace, and
Morais 2021), temperature, and anoxic atmosphere, create a habitat conducive to a wide
array of microbial taxa, each contributing to the rumen's metabolic functions (Gharechahi

etal., 2021).

Conversely, the oral cavity serves as the entry point to the digestive tract, encountering a
variety of substrates and being subjected to fluctuations in conditions (Parish et al., 2023)
such as oxygen levels, salivary flow, and exposure to external microorganisms from the
environment. These factors contribute to a microbial community that, while less diverse
than the rumen (Amin et al., 2021; Kodithuwakku et al., 2022; Monteiro et al., 2022) is
adapted to rapidly colonize and utilize the substrates available in the oral environment.
Moreover, these microorganisms can play roles in nutrient preprocessing, protection
against pathogens, and even influencing rumen microbiome composition through

ingested feed and saliva.

The distinct microbial profiles between the mouth and rumen observed in our study
reflect their adaptation to these specific roles (Amin et al., 2021) and conditions (Li et al.,
2022). The rumen’s high abundance of Bacteroidaceae, known for their capability to
degrade complex polysaccharides (Lapébie et al., 2019; Mckee et al., 2021), reflects the
rumen's critical function in fiber digestion and nutrient assimilation. The presence of
Lachnospiraceae and Paludibacteraceae, along with other cellulolytic bacteria like
UBA932 and Acutalibacteraceae, further supports the rumen's role in breaking down

plant material into absorbable nutrients (Kaminsky et al., 2023), thus underlining the
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symbiotic relationship between these microbes and their bovine host (Mizrahi, Wallace,

and Morais 2021).

In contrast, the oral microbiome's composition, with Pasteurellaceae and
Streptococcaceae as the most abundant families illustrates a microbial community
adapted to the oral cavity's unique environment. These families are known for their roles
in oral health, contributing to mucosal immunity and maintaining the balance against
pathogenic invasion (Wu et al., 2014). The presence of Moraxellaceae and Neisseriaceae
underscores the oral cavity's dynamic interface with the external environment (Vigors et

al., 2023), reflecting its exposure to diverse microbial inputs.

At the genus level, the genera exclusive to the rumen were predominantly associated with
fermentation, which is the vital process for the host's energy supply. However, the oral
cavity's unique genera were composed of bacteria that exhibit various functions,
including colonization, symbiosis, and pathogenicity. The limited genera overlap between
the two microbial communities underscores the specificity and adaptation of the

microbiota to their local environments.

Concerning microbial function, the enzymes which are directly involved in specific
biochemical pathways exhibited distinct patterns of variability and expression, crucial to
their respective environments' unique conditions. In rumen samples, enzymes pivotal to
fermentation and nutrient absorption showed a broad range of expression. Conversely,
the buccal samples displayed more stable enzyme expression, indicating a consistent role
in the less variable oral environment. Furthermore, while both sample types shared the
presence of several DNA-related enzymes, there is a notable divergence in the expression

of enzymes that participate in the general metabolism. For instance, Beta-glucosidase,
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which is an enzyme that participates in the final step of cellulose biodegradation (Zhang
etal., 2011), was one of the top 10 enzymes most produced by the microbiome in the
rumen; however, it was simply not produced by the oral microbiome. This exemplifies
the distinction between the metabolic processes occurring in the rumen and buccal
environments when the universal, DNA-related enzymes are excluded from the analysis.
Lastly, the distinct clustering patterns observed in the PCoA plot summarizing Bray-
Curtis distances for the metabolic pathways further indicates pronounced disparities in
metabolic functions of the microbiomes, which are specialized and adapted to their
respective environments. Thus, it seems evident that the enzymatic/metabolic landscapes
of the rumen and buccal microbiomes are fundamentally distinct, driven by their differing

roles in animal physiology.

Our investigation reveals a distinct microbial profile between oral and rumen samples,
challenging the consensus of several preceding studies. Notably, Kittelmann et al.
(2015)posited that buccal samples could serve as accurate proxies for rumen microbiome
characterization in sheep, suggesting a level of similarity between these microbiomes that
our findings do not support. Similarly, Tapio et al. (2016)reported congruence in
microbiome profiles between buccal and rumen samples in dairy cattle, indicating that
oral samples could reliably represent the rumen's microbial community. Furthermore,
Young et al. (2020)observed comparable diversity and evenness in the microbiomes of
oral and rumen samples collected from lactating Holstein cows before morning feeding,
reinforcing the notion of microbiome similarity across these niches. Amin et al.
(2021)further supported this view by finding that rumen-specific bacterial taxa were

equally present in buccal swabs of Holstein's calves. The obvious divergence between our

55



study and previous findings from the literature Click or tap here to enter text.may
originate from several key methodological and contextual factors. Firstly, our study's
unique focus was on Angus bulls, whereas others investigated different species and
genders, suggesting that the microbiome may exhibit considerable variability across
different ruminant populations. This species and gender-specific distinction could
account for some of the observed discrepancies in microbial community structure and
function between our findings and those of prior research. Another factor contributing to
the differences observed may be the varied environmental conditions (Wu et al., 2020;
Mizrahi, Wallace, and Morais 2021) and management practices across the multiple farms
and geographical locations from which our samples were collected. Unlike previous
studies that benefited from consistent sampling times and conditions within a single farm,
the diversity of our sampling context may have introduced additional variability in the

microbiome profiles.

Furthermore, our adaptation of DNA extraction and amplification protocols to
accommodate the lower DNA load in buccal swabs, as detailed in our methods section,
might have influenced the composition and detectability of microbial DNA (Henderson et
al., 2013b; Mott et al., 2022), potentially contributing to the observed differences. Lastly,
utilizing the Greengenes2 reference database, released in March 2023, for microbial
identification places our study at the forefront of microbiome research by employing the
most current genetic information available. However, the reference database used could
significantly impact the specificity and accuracy of microbial identification (Park et al.,
2018; Smith et al., 2020), possibly explaining discrepancies with previous studies

conducted using earlier databases.

56



In light of these considerations, our findings underscore the significance of recognizing
the unique ecological niches that the rumen and oral cavities represent. The differences in
microbial community structures and functions we observed suggest that while specific
bacterial taxa may overlap between the two environments, significant distinctions exist.
Our study contributes to the ongoing dialogue in microbial ecology by highlighting the
importance of methodological approaches, sample population characteristics, and the use
of updated genetic databases in shaping our understanding of microbial diversity and its

implications.
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Tables and Figures

Table 1. Top 30 Genera identified in the oral sample.

Rank Genera Average%o SD
1st Streptococcus 13.35 9.32
2nd Bibersteinia 7.71 7.01
3rd Unidentified genus from family Pasteurellaceae 4.40 4.27
4th Moraxella_C_651924 4.30 5.39
5th Psychrobacter 4.01 3.90
6th Corynebacterium 3.92 2.81
7th Unidentified genus from family Lachnospiraceae 3.20 3.02
8th Alysiella 2.90 3.71
9th Prevotella 2.86 4.70
10th  Jeotgalicoccus A 310962 2.29 1.83
11th  Rothia 1.90 3.10
12th  Planococcus 1.81 1.64
13th  Ralstonia 1.59 3.32
14th  Romboutsia B 1.39 0.90
15th  Faecousia 1.17 1.37
16th  Ruminococcus_E 1.13 1.20
17th  Turicibacter 1.12 0.76
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18th  Alkanindiges 1.09 2.82

19th  Clostridium_T 0.96 0.82

20th  Fundicoccus 0.94 0.74

21st  Atopostipes 0.90 1.00

22nd  Unidentified genus from family Peptostreptococcaceae 0.89 0.55

23rd  Fusobacterium_C 0.71 1.88

24th  Staphylococcus 0.70 2.60

25th  Facklamia_A_322620 0.68 0.62

26th  Acinetobacter 0.64 1.63

27th  Bacteroides H 0.62 1.93

28th  Mannheimia 0.61 1.86

29th  Phocaeicola_A 858004 0.60 0.82

30th  Unidentified genus from family Neisseriaceae 0.60 1.26

Table 2. Top 30 Genera identified in the ruminal sample.

Rank Genera Average%o SD
1st Prevotella 31.07 8.57
2nd RF16 7.34 4.06
3rd Cryptobacteroides 4.69 2.54
4th Succiniclasticum 4.03 2.03
5th Unidentified genus from family Lachnospiraceae 3.59 1.91
6th Paraprevotella 341 1.77
7th UBA1711 2.35 1.96
8th UBA2810 2.18 5.28
9th Sodaliphilus 2.09 1.97
10th Ruminococcus_E 1.86 2.02
11th  SFMIO1 1.56 1.03
12th Limivicinus 1.44 0.74
13th RUG420 1.42 1.47
14th UBA4334 1.09 1.05
15th Oribacterium 1.07 0.74
16th Methanobrevibacter A 1.01 0.95
17th Fibrobacter 0.73 0.80
18th Unidentified genus from family Bacteroidaceae 0.73 0.44
19th Unidentified genus from class Gammaproteobacteria 0.64 1.03
20th UBA3207 0.64 1.00
21st UBA2450 0.63 1.28

22nd  Treponema_ D 0.59 0.49

23rd Butyrivibrio_ A 168226 0.57 0.47
24th Unidentified genus from class Gammaproteobacterial 0.54 0.95
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25th Pseudobutyrivibrio 0.51 0.41
26th Saccharofermentans 0.51 0.36
27th Limimorpha 0.48 1.15
28th CAG-791 0.48 0.70
29th UBA1067 0.47 0.42
30th Unidentified genus from family Selenomonadaceae 0.47 0.46
Table 3. Top 15 Enzymes Expressed in Rumen and Buccal Sample.
Enzyme Rumen Buccal Metabolic
Frequency Frequency Function

DNA polymerase | (EC:2.7.7.7) 120459410 112631813 No

Holliday junction DNA helicase (EC:3.6.4.12) 116701843 103632881 No

Peptidylprolyl isomerase (EC:5.2.1.8) 80554161 55552641 No

Histidine kinase (EC:2.7.13.3) 43871348 69963752 No

DNA-directed RNA polymerase (EC:2.7.7.6) 43632514 47334327 No

Oxidoreductases (EC:1.6.5.3) 85499402 0 Yes

Site-specific DNA-methyltransferase

(EC:2.1.1.72) 41106026 37143714 No

2-oxoglutarate synthase (EC:1.2.7.3) 53779748 0 Yes

Beta-glucosidase (EC:3.2.1.21) 46359255 0 Yes

Electron transfer complex | (EC:1.6.5.3) 0 44933028 Yes

Beta-galactosidase (EC:3.2.1.23) 44577909 0 Yes

L-sorbose PTS permease (EC:2.7.1.69) 0 41750992 Yes

Beta-ketoacyl-ACP reductase (EC:1.1.1.100) 0 32172969 Yes

Acetyl coenzyme A carboxylase (EC:6.4.1.2) 0 31720923 Yes

DD-peptidase (EC:3.4.16.4) 25629129 25629129 No
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Figure 1. Comparative Analysis of Sample Collections by State and Farm.
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Figure 2 . Shannon Diversity Index, Pielou’s Evenness Index, and Pielou’s Evenness
Index for Oral and Rumen Samples.
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Plot I: Observed Features by Farms in Oral Samples

Plot II: Pielou Evenness by Farms in Oral Samples

Plot Ill: Shannon Diversity Index by Farms in Oral Samples
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Figure 3 . Observed Features, Pieclou’s Evenness Index, and Shannon Diversity Index for
Oral and Rumen Samples in different Farms. The p-value for the Plot I, II, 11, IV, V, and
VI are 1.560e-19, 1.588e-06, 6.078e-11, 2.637e-52, 8.521e-23, and 2.047e-37

respectively.
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Figure 4 . Relative Abundance of Microbial Families and Genera for Oral and Rumen
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Top 30 Genera Overlap between Oral and Rumen Samples Identified Species Overlap between Rumen and Oral Samples
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Figure 5. Venn Diagram Showing Genera Overlap among Top 30 Genera in Rumen and
Oral Samples and Identified Species Overlap in Rumen and Oral Samples.
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Figure 6. Principal Coordinates Analysis (PCoA) of Buccal and Rumen Microbiomes
Based on Bray-Curtis Distances.
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Figure 7. Principal Coordinates Analysis (PCoA) for Metabolic Pathways of Buccal and
Rumen Microbiomes Based on Bray-Curtis Distances.
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Top 10 Enzymes in Rumen Samples
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Figure 8. Violin Plots Illustrating the Distribution of Top 10 Enzymes in Rumen and
Buccal Samples.
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CHAPTER 4

CONCLUSIONS AND IMPLICATIONS
A comprehensive investigation of the ruminal environment is crucial for improving
animal production and for guiding potential interventions to enhance feed efficiency and
reduce methane emissions. Our investigation of non-invasive buccal swabs as proxy for
obtaining the ruminal microbial composition revealed very distinct microbial profiles for
the rumen and oral cavity, contrary to some previous literature findings. This divergence
from previous findings highlights the complexity of the rumen microbiome and suggests
that the oral microbiome may not serve as a straightforward surrogate for studying rumen
microbial communities. This realization carries implications for microbiome sampling
strategies and microbial data interpretation in ruminant health and nutrition studies. It
emphasizes the need to directly examine the rumen microbiome for accurate insights into
its composition and function. Moreover, the divergence from previous studies invites
further research to explore the underlying mechanisms driving the differences observed

between these two microbiomes and to reconcile these findings with previous studies.
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