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Ruminant livestock provide meat, milk, wool, and other products required for
human subsistence. Within the digestive tract of ruminant animals, the rumen
houses a complex and diverse microbial ecosystem. These microbes generate
many of the nutrients that are needed by the host animal for maintenance and
production. However, enteric methane (CH,) is also produced during the final
stage of anaerobic digestion. Growing public concern for global climate change
has driven the agriculture sector to enhance its investigation into CH, mitigation.
Many CH, mitigation methods have been explored, with varying outcomes. With
the advent of new sequencing technologies, the host—microbe interactions that
mediate fermentation processes have been examined to enhance ruminant enteric
CH, mitigation strategies. In this review, we describe current knowledge of the
factors driving ruminant microbial assembly, how this relates to functionality, and
how CH, mitigation approaches influence ecological and evolutionary gradients.
Through the current literature, we elucidated that many ecological and evolutionary
properties are working in tandem in the assembly of ruminant microbes and in
the functionality of these microbes in methanogenesis. Additionally, we provide
a conceptual framework for future research wherein ecological and evolutionary
dynamics account for CH, mitigation in ruminant microbial composition. Thus,
preparation of future research should incorporate this framework to address the
roles ecology and evolution have in anthropogenic climate change.

KEYWORDS

greenhouse gases, enteric methane, methanogenesis, cattle, inhibition, rumen
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1 Introduction

Ruminants have evolved a unique digestive tract, composed of four distinct compartments:
the reticulum, rumen, omasum, and abomasum. The first three compartments are considered
the forestomach, whereas the abomasum represents the “true stomach” (analogous to
monogastric stomachs) where acid and chemical digestion occurs. The reticulum and rumen
are only separated by the reticulo-rumen fold and are often referred together as the reticulo-
rumen. However, they do differ in terms of epithelial cell structure, where the reticulum
epithelium is composed of 4-6 sided structures that appear to be “honey-combed” in shape,
whereas the rumen epithelium is composed of papillae (Church, 1979). The rumen is a
specialized fermenting foregut of the animal that houses a diverse symbiotic microbial
community, responsible for the fermentation of ingested feedstuffs and production of volatile
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fatty acids (VFA) used by the host to meet its energy requirements. For
example, while VFA provide 5-10% of energy requirements for
monogastric species, they provide as much as 70% of energy
requirements in ruminants (Bergman, 1990; Russell, 1998).
Furthermore, microbial crude protein provides around 50-80% of the
metabolizable protein requirements of ruminants (Storm and @rskov,
1983). The microbial ecosystem within the rumen works to digest
plant materials due to a plethora of encoded functional genes
responsible for nutrient exploitation and digestion (Luckey, 2012;
Hobson and Stewart, 2012; Mizrahi et al., 2021). Because of this
unique symbiotic partnership, the ruminant host-microbe system is a
well-studied model for the ecological and evolutionary relationships
between hosts and their symbiotic microbial partners.

The ruminant fermentation process responsible for nutrient
production is a complex series of biochemical processes resulting in
the release of carbon dioxide (CO,) and dihydrogen (H,) into the
rumen headspace at the final step of anaerobic digestion (AD).
Ungerfeld (2020) provides a detailed account of the biochemical
principles in ruminant fermentation. Accumulation of H, within the
rumen has been reported to decrease animal health and productivity

(Janssen, 2010; Leng, 2014). Therefore, a process called
methanogenesis is necessary, where methanogens utilize various
metabolite  inputs to  produce methane (CHg; see

Supplementary material). Methaneis an important greenhouse gas
(GHG) and is released into the atmosphere from the ruminant
through eructation, respiration, flatulence, manure, and by ruminant
feed production. Methane emissions from agriculture, forestry, and
land use change accounts for 23% of GHG emissions with enteric CH,
accounting for 5% of the anthropogenic GHG emissions in the
agricultural sector (Figure 1; Gerber et al., 2013; United Nations
Environment Program and Climate and Clean Air Coalition, 2021;
Dhakal et al., 2022). Furthermore, CH, has a global warming potential
that is 28-34 times higher than CO, per unit mass and on a 100-y time
scale, it is 82 times higher than that of CO, (Edenhofer, 2015;
Carnachan et al,, 2019). The world’s human population saw a
remarkable three-fold increase from the 20th century to 2022 (United
Nations, 2023) and such a trend must be met with an increase in food
supply to address global food security and poverty (OECD/FAO, 20205
Vollset et al., 2020). Therefore, CH, emissions are expected to continue
rising given a possible increase in livestock animal production.
Indeed, nature has methods of removing CH, through natural
occurring sinks. Natural sinks are defined as a place where substrates
are stored by nature, such as plants, the atmosphere and soil. The
largest natural sink for CH, is the atmosphere itself where tropospheric
hydroxyl radicals (OH) react with CH, breaking down CHj, into CO,
and water vapor (Maasakkers et al., 2019). Additionally, soil is another
primary natural sink for CH, consumption entirely through
methanotrophy. Methanotrophic microorganisms in the soil utilize
CH, as their sole source of carbon and energy (Flint et al., 2012;
Guerrero-Cruz et al., 2021; Ahmadi and Lackner, 2024). However,
recent research has indicated that the atmosphere and the soil are
becoming less efficient at balancing CH, removal for leveling climate
change (Maasakkers et al., 2019; Mizrahi et al., 2021). Indeed, CH, has
a relatively short atmospheric lifespan of only 11.8 y (IPCC, 2021).
Thus, change in CH, emissions and emission rates can have an impact
on climate change. As CH, emissions decrease, atmospheric CH,
concentrations can be reduced, at least in the short term. Accordingly,
if annual CH, emission rates are reduced greater than —0.32% per year

Frontiers in Microbiology

10.3389/fmicb.2024.1503315

there would be a net-climate cooling effect (Beck et al., 2022a).
Subsequently, the natural CH, sinks could become more effective at
removing CH, at rates sufficient for climate change improvement. This
nuance of CH, as a climate forcer makes its mitigation the most
promising mean to limit climate change in the short-term (Ocko et al.,
2021; Beck et al., 2022; Beck et al., 2023). As such, there has been a
significant amount of research into mitigation strategies and
techniques that could prove viable in reducing CH, in the environment
(Mizrahi et al., 2021; Beauchemin et al., 2022).

As previously mentioned, an increased demand in food supply
could be indicative of an increase in enteric CH, emissions.
Accordingly, mitigation strategies have been a focal point for livestock
researchers in recent years. These mitigation strategies include
inhibitory compounds such as 3-nitrooxypropanol (3-NOP; Pitta
et al.,, 2022) and halogenated bromoform from seaweed (Roque B R,
etal., 2019), dietary composition (Han et al., 2019), animal breeding
and genetics (de Haas et al.,, 2017), secondary plant compounds
(Kozlowska et al., 2020), and early-life microbiome engineering
(Meale et al., 2021). Artificial intelligence approaches could also
be harnessed to search for new inhibitory compounds (Chowdhury
et al, 2024; Aryee et al, 2024). Methanotrophs offer a natural
microbial ecosystem that has been explored for CH, removal in
ruminants (Flint et al., 2012). However, there is a lack of evidence in
vivo to adequately utilize this technique within ruminant livestock
(Tseten et al., 2022). Nevertheless, the rumen microbiome holds
intriguing promise in addressing anthropogenic climate change due
to the obligatory nature the host animal has with its symbiotic
microbes. The ruminant microbiome is comprised of intricate
microbial networks that provide the animal with nutrients for the host
requirements. It is not surprising then that there is an inherent need
for researchers to understand how the native microbiome is affected
by microbiome engineering techniques resulting in unique changes
that reduce enteric CH,.

In context of overall microbial ecology, the rapid improvement of
sequencing technology has produced a vast abundance of empirical
data while microbiome-related hypotheses and theory have staggered
(Koskella et al., 2017). It is important to understand how pressures
such as CH, mitigation impact microbial ecological and evolutionary
patterns in the rumen. The importance of theory cannot
be understated as theory allows researchers to classify and interpret
the many phenomena occurring in the biological world. Theory is key
in microbial ecology and has an essential role in developing an
understanding and explaining interactions between microbes and
their environments (Prosser et al., 2007). A better grasp of these
concepts could provide researchers more insight into how mitigating
strategies will work (or fail) in the short- and long-term. Indeed,
empirical research is crucial and necessary to test the many theories
and hypotheses to interpret the classifications and interpretations
made by theory for the complex phenomena within microbial ecology.
However, theory is necessary to formulate testable hypotheses.
Therefore, the primary goal of this review is to synthesize our current
knowledge of the ruminant microbiome’s key drivers of microbial
ecology in the ruminant, the relationship composition has to
functionality (i.e., methanogenesis) and the effects CH, mitigation
strategies have on the native ruminant microbiome. Moreover,
we discuss how current microbial evolutionary and ecological
concepts apply to the ruminant microbiome and how these concepts
can be leveraged for CH, mitigation. We then discuss a potential
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Global methane emissions. In panel A, the global CH, emissions from 2021 are displayed measured in tons of CO,-equivalents. Data was sourced from
Jones et al. (2024) and the graph was generated from ourworldindata.org/co2-and-greenhouse-gas-emissions (accessed 8/18/2023). Panel B displays
the methane emissions by sector as measured in tons of CO,-equivalents and was generated from the Climate Analysis Indicators Tool from
ourworldindata.org/co2-and-greenhouse-gas-emissions (accessed 8/18/2023).

conceptual framework for future theoretical and empirical studies into

ruminant microbial ecology to address enteric-produced

GHG emissions.

2 Establishment of the ruminant
microbiome: stochastic or
deterministic?

The microbiome within the rumen is a highly complex
community represented by bacteria, archaea, protozoa, and fungi.
Recent works have reviewed the ruminant microbial community
composition in detail (Tapio et al., 2017; Huws et al., 2018; Mizrahi
et al., 2021) and a more detailed description is provided within the
Supplementary material. Ruminant microbial composition, diversity,
and assemblage are governed by both stochastic and deterministic
forces. While deterministic forces including diet, age, and host
genetics were traditionally considered the primary forces of
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community assembly, recent evidence suggests that stochastic forces
are important factors in microbiome compositionality and assembly
(Evans etal., 2017; Furman et al., 2020). Stochastic processes include
historical contingency, drift, and dispersal. Together, both stochastic
and deterministic processes have long-lasting effects on ruminant
microbial ecology.

2.1 Stochastic properties of microbial
composition

Stochastic forces (Table 1) are defined as random changes in the
community structure that are probabilistic with respect to species
identity and/or functional traits (Vellend et al., 2014; Evans et al.,
2017; Zhou and Ning, 2017). Stochastic processes such as historical
contingency, birth or death events (i.e., drift), and dispersal (i.e.,
passive) often shape the initial colonization events (Figure 2; Zhou
and Ning, 2017; Evans et al., 2017). These unpredictable events
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TABLE 1 Glossary.

Anna Karenina principle

A hypothesis predicting that certain stressors have stochastic effects on community
composition rather than deterministic effects (“all healthy microbiomes are similar;

each dysbiotic microbiome is dysbiotic in its own way”)
Black queen hypothesis

A microbial evolutionary theory that describes the idea that stable, positive microbial
interactions lead to gene or function loss in an effort to reduce functional

redundancy
Core microbiome

Microorganisms that are common to a specific microbiome environment found in

multiple hosts
Deterministic forces

In microbial ecology, deterministic effects are those processes that will result in the

same community composition given the same initial conditions
Dispersal

Movement and successful establishment of organisms across space

Drift
Changes to species identity in the relative abundance of various species within the

community over time
Driver

In this context, a driver is any outside influence (e.g., diet, environment, etc.) that

causes changes to microbial population diversity or composition
Food web/microbial network

The complex interconnections between microorganisms within the same

environment or ecosystem and their differing microbial food chains
Functional group concept

A microbial ecological approach wherein microorganisms present in each

environment are grouped together based on their metabolic inputs and outputs
Functional redundancy

A characteristic of species within an ecosystem where certain species contribute in
equivalent ways to an ecosystem function such that one species may substitute for

another

often reduce the ability to predict microbial composition.
Importantly, early life microbial colonization is partly shaped by
random invasion indicated by the vast differences in early life
rumen microbial composition (Mizrahi and Jami, 2021). Indeed,
evidence reveals community differences between two-day old
calves, three- to five-day calves, and six- to 12-day old calves while
stating that age-related changes were different taxonomically (Rey
et al., 2013); this finding indicates that age, a deterministic driver,
could be influenced by stochastic forces. Perturbation or
disturbance events such as calf diarrhea further characterize
variation in early life microbial composition (Pan et al., 2024).
Additionally, treating calf diarrhea with a direct-fed microbial
promoted a transition from deterministic forces to stochastic-
driven assembly (Pan et al., 2024). These findings suggest that
stochastic forces could be more prominent in microbial assembly
than originally thought. Thus, stochastic forces are important
ecological factors in rumen microbial assembly and could have
profound consequences on CH, production.
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Historical contingency

Events prior to microbiome establishment such as past environmental conditions,
T . . .
species’ arrival order, mutations, and/or population dynamics; these events shape

ecological and evolutionary outcomes
Holobiont concept

An evolutionary theory that posits genetic selection acts upon the host along with its

microbial partners together

Hologenome

The sum of all genetic material from the host and its microbial symbionts

Island biogeography theory

Individual hosts or groups of hosts are consider islands and seeks to explain the

spatial dynamics affecting dispersal between islands
Keystone species

A microorganism that has a greater community impact than is estimated by its

relative abundance
Metacommunity theory

Identification of interspecies interactions within and between metapopulations

Metapopulation theory

Microbes spread across a spatial plane identified in patches, metapopulation theory

considers the distribution of species among the population patches
Microbial functional groups

A cluster of microbes that share or have identical genes encoding for the same

function within the ecosystem
Red queen hypothesis

Proposes an evolutionary arms race in due to perpetual co-evolution resulting from

strictly biotic forces
Stochastic forces

In an ecological and evolutionary context, stochasticity is a random probability of

distribution that can be analyzed statistically but may not be predicted with precision

Historical contingency driven by stochastic processes is an
important concept in microbial assembly and structure. In this
context, historical contingency refers to the effects of past interaction
events, either abiotic or biotic, on community assembly while
accounting for order and temporal scaling (Fukami, 2015; Zhou and
Ning, 2017). Historical contingency is shaped by priority effects—
defined as the effects one species has on another depending on the
order of arrival and colonization (Fukami, 2015). Priority effects are
categorized as either inhibitory or facilitative wherein the early
arriving species can negatively or positively affect secondary arriving
species, respectively (Jablonski and Sepkoski, 1996; Fukami, 2015).
Biotic microbial interactions can determine priority effects through
either niche modification (e.g., species A modifies the local
environment creating conditions sufficient for colonization by species
B; see Jami et al., 2013) or niche preemption (species A depletes
resources needed by species B for colonization; see Debray et al., 20225
Debray et al., 2023). These interactions can have short- and long-
lasting effects on microbial composition within the rumen
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environment (Shaani et al., 2018). An example of this within the
rumen was demonstrated by Jami et al. (2013), where early aerobic
and facultative anaerobic colonizers consumed the total oxygen
present and made it possible for anaerobic species to dominate the
population. Disruption events at the initial stages of microbial
assembly could therefore be major drivers of microbial composition
and diversity. In human biology, evidence exists that perturbations,
primarily mode of delivery (i.e., C-section vs. vaginal birth), at the
time of microbial community assembly, impact digestive system
microbiome composition at later stages of development (Bokulich
et al., 2016; Yassour et al., 2016).

Other evidence suggests little to no relationship between mode of
delivery and microbial population structure (Chu et al., 2017; Stewart
et al., 2017). Yet, in ruminants, evidence has suggested that mode of
delivery does influence microbial assemblage. The rumen microbiome
changes in young animals as they transition from milk to a
concentrate-based diet. For example, one study found that in 4-week-
old calves, the time when the rumen is transitioning to becoming
functional, there were specific differences in rumen microbial profiles
between natural born and C-section delivered calves, although they
did not differ significantly across all sampling days (Cunningham
et al., 2018). This finding suggests that even though immediate
microbial composition differences might not be evident, there are
long-term effects between vaginal and C-section births on microbial
assembly. Furman et al. (2020) more recently demonstrated that calves
born vaginally have more homogenous microbiomes and showed that
C-section delivered calves are more susceptible to invasion.

Frontiers in Microbiology

Additionally, the study showed different microbial profiles associated
with either vaginally delivered calves (e.g., Prevotella and Butyrivibrio)
or calves delivered via C-section (e.g., Peptostreptococcus and Dorea).
These studies highlight how priority effects through niche
modification or niche preemption are prerequisites for historical
context of the rumen microbiome.

Ecological drift is an important concept in community ecology
and is defined as changes to species identity in the relative abundance
of various species within the community over time because of birth or
death events and reproduction (Zhou and Ning, 2017). Drift has been
referred to as the only unambiguous stochastic process (Vellend et al.,
2014; Zhou and Ning, 2017). Drift plays a more crucial role under
weak selection and small, localized communities and has been
estimated to reduce diversity and increase compositional distances
(i.e., beta-diversity; Fodelianakis et al., 2021). Importantly, rare taxa
are more vulnerable to ecological drift events. Given that evidence has
suggested that rare taxa disproportionately contribute to temporal
changes in microbial diversity (Shade et al., 2014), disruption to these
important rare taxa can have long-lasting effects on microbial ecology.
These rare taxa can be keystone species—defined as having a greater
community impact than estimated from relative abundance (Paine,
1966; Mills et al., 1993). Keystone species tend to have the most links
within a particular food web network, and it has been suggested that
the loss or gain of these species at initial colonization would result in
drastic alterations to microbial community make-up and dynamics
(Koskella et al., 2017). In the rumen, Fibrobacter succinogenes is a
known cellulolytic species with a relative abundance of approximately
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0.5% and is considered an important member of the core microbiome,
as it fuels the metabolism of other microbial members by producing
succinate and soluble sugars from cellulose (Kim et al., 2011; Mizrahi
et al., 2021). A recent cohort study determined that Fibrobacter
succinogens while in low abundance, occurred in all animals enrolled
in the study and has been linked to the core heritable microbiome
(Wallace et al., 2019), leading to an indication that this species could
be a keystone species. Consequently, altering keystone species could
impact priority effects, further introducing alternative community
compositions (Debray et al., 2022). Moreover, the high functional
redundancy seen in the rumen microbiome (see below) permits the
population with greater chances for ecological drift (Zhou and Ning,
2017). Thus, drift events in the rumen microbiome environment can
have drastic effects on composition and diversity with long-
lasting consequences.

Dispersal is fundamental to ecology and evolution (Zhou and
Ning, 2017). Defined as movement and successful establishment of
organisms across space, dispersal can occur via active or passive
mechanisms and is important to understanding enteric CH,
mitigation dynamics in ruminant microbial assembly (see below).
Active dispersal is a deterministic process such as certain species
being better dispersers than others (Nemergut et al., 2013; Lowe and
McPeek, 2014; Evans et al.,, 2017). However, passive dispersal is
typically considered a stochastic process, wherein microbes
translocate via wind, water or other passive mechanism (Nemergut
et al,, 2013). Dispersal is often referred to in a manner of limitation
due to research suggesting microbes show strong biogeographical
patterns (Hanson et al., 2012; Zhou and Ning, 2017). Evidence from
human studies show that the lung microbiome supports dispersal
limitation as the lung microbiome is an isolated system (Whiteson
et al.,, 2014; Koskella et al., 2017). Given the resilient nature of the
adult rumen microbiome, dispersal limitation could apply due to
founder effects, a form of genetic drift where the frequency of a given
genotype in a population changes due to stochastic properties rather
than selection, in which even a fraction of the original microbiome
could re-establish itself and prevent the invasion of secondary
community members (Weimer et al., 2017; Morais and Mizrahi,
2019). Thus, neutral theory could apply in the early life ruminant
system as evidence suggests that stochastic properties in microbial
composition assembly result in variation within and between
ruminant animals in early life (Rey et al., 2013; Jami et al., 2013;
Furman et al., 2020; Pan et al.,, 2024). However, as the ruminant
matures, more deterministic, selective pressures (e.g., diet; see below)
override neutral processes. Therefore, future work should posit
questions on when neutral theory applies, especially in the early life
ruminant, and to determine the proper timing of potential
microbiome engineering strategies.

2.2 Deterministic properties for microbial
composition

Deterministic properties influence microbial community
assembly in a predictable manner. These properties include diet, age,
and host genetics. The stochastic forces that might govern community
assembly are often constrained within the strong selective pressures
imposed on the animal by deterministic properties (Furman et al.,
20205 Mizrahi and Jami, 2021). Furman et al. (2020) explained that
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diet and animal age often confine the stochastic processes shaping
community assembly in ruminants. Therefore, deterministic forces
are highly important in shaping ruminant microbial community
assembly and dynamics.

Indeed, the nature of selective pressure imposed by deterministic
factors produce more pronounced Red Queen (RQ) dynamics. As
first described by Van Valen (1973), the RQ hypothesis (RQH)
proposes an evolutionary “arms race” in which perpetual
co-evolution result from strictly biotic forces. Since then,
considerable evidence has mounted that abiotic or stochastic forces
do in fact influence microbial community assembly, as discussed
previously. As such, macroevolution tends to be viewed through the
lenses of either RQH or Court Jester (i.e., speciation, evolution, or
extinction only occur due to stochastic changes; Benton, 2009). Yet,
in the stripping the RQH to a less restrictive model, RQ dynamics
become useful in understanding deterministic microbial biodiversity
(Bonachela et al., 2017). For instance, diet is a considerable
deterministic and highly controllable factor. Changes in diet across
the life stages of a ruminant animal result in predictable changes to
microbial composition and rumen function (Mizrahi and Jami,
2021). For instance, Henderson et al. (2015) collected 742 samples
from 32 species and sub-species of ruminants and determined that
forage-based diets resulted in a higher abundance of unclassified
Bacteroidales and Ruminococcaceae and concentrate-based diets
revealed a higher abundance of Prevotella and unclassified
Succinivibrionaceae. In addition, the microbiome structure of
forage-fed animals was consistent and distinctly different from
concentrate-fed animals. Other studies have shown that changes in
dietary protein and carbohydrate content, supplementation of easily
digestible carbohydrates, forage preservation, and different types of
forage alter rumen microbial ecology (Fernando et al, 2010;
Belanche et al., 2012; Huws et al., 2018; Newbold and Ramos-
Morales, 2020). Enteric CH, emissions are impacted by the various
types of carbohydrate sources (i.e., monosaccharides, disaccharides,
starch, etc.) from plant materials indicating that the biochemical
pathways in carbohydrate digestion could be influenced by
alterations in microbial assemblages (Sun et al., 2019; Beauchemin
etal, 2022). Thus, diet as a deterministic selective pressure induces
what is known as fluctuating RQ dynamics. Brockhurst et al. (2014)
proposed three broad classes of RQ dynamics: fluctuating, escalatory,
and chase. Fluctuating RQ describes co-evolutionary oscillations or
cycles in which the evolutionary pressures experienced by one
species changes due to the other co-evolving species in the
community (Brockhurst et al., 2014; Bonachela et al., 2017). In other
words, when one ruminant microbial species adapts to changes
induced by dietary modulations, other species co-evolve in an
opposite direction; when the next dietary change occurs, this can
induce another shift along this gradient. Therefore, species are not
in a constant “arms race” (escalatory) or “chasing” (chase) each
other. Instead, microbial species are adapting an ever-changing
environment. Dietary changes that influence ruminant microbial
assembly could induce fluctuating RQ dynamics that alter
evolutionary rates related to population density (Khibnik and
Kondrashove, 1997; Rabajante et al., 2015; Bonachela et al., 2017).
However, when metabolite ratio generates inhibition, these
evolutionary oscillations are not accompanied by population density
(Bonachela et al., 2017). Therefore, dietary changes to enhance
ruminant performance or reduce GHG emissions must consider the
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method in which dietary manipulations are driving selection
(population density versus metabolites). Future experiments should
implore frameworks such as the one proposed by Bonachela et al.
(2017) to investigate the strength of dietary selective pressure and
biodiversity. Doing so could enhance the knowledge of implementing
dietary changes to select for certain host-microbe phenotypes.

Nevertheless, there is potential where other RQ dynamics could
apply. For example, research has suggested that ruminant age
independent of diet or sex results in significant clustering effects on
microbial assembly (Furman et al., 2020). Age or ruminant
developmental stage can therefore be considered a deterministic force
for microbial composition. Let us consider the holobiont concept,
wherein evolutionary forces act upon both the host and its microbial
symbiont, and their combined genomes—termed the ‘hologenome’
(Zilber-Rosenberg and Rosenberg, 2008). As the animal matures,
both host genetic factors and microbial genomes are acted upon by
selective pressures induced by aging. The immune system matures
and becomes more powerful, creating selective pressure on microbes
that are more susceptible to host defenses. Therefore, the microbial
community selected for is one that is capable of evading or
withstanding host immune responses. Additionally, microbes could
co-evolve with niches within the rumen as they are modified over
time. These scenarios are examples of escalatory RQ dynamics
(interaction between host and microbiota result in the so-called
“arms race”) or chase RQ dynamics (interacting species evolve in
varying directions due to selective pressure), respectively (Brockhurst
et al,, 2014; Strotz et al., 2018). Past research corroborates this
perspective as seen in the composition differences induced by
weaning age independent of weaning strategy (Meale et al., 20165
Meale et al., 2017) and by the stability of the ruminant microbiome
at just 3 to 4 weeks of age (Rey et al., 2013; Abecia et al., 2014;
Guzman et al.,, 2015; Yanez-Ruiz et al, 2015). Indeed, age as a
deterministic force in microbial assembly should be further
investigated through theoretical and empirical models to identify RQ
dynamics relative to the holobiont as a unit of selection. The results
could provide valuable information for microbiome engineering
applications in ruminant production systems.

Host genetics—within species, breed, and sex—have been
extensively investigated to link these deterministic factors to the
microbiome (Mizrahi and Jami, 2021). Studies have identified
differences in microbial profiles between ruminant species (Igbal
etal., 2018), within different breeds of the same ruminant species (Li
et al,, 2019), and between sexes (Yurkovetskiy et al., 2013; Li et al,,
2019). As such, host genetics are an important factor in microbial
assembly that can lead to variation between hosts. Interestingly,
recent evidence suggests that there is a core microbiome that is
heritable and is conserved across numerous ruminant species
(Henderson et al., 2015; Wallace et al., 2019). Moreover, while small
in terms of species number, the members of the core microbiome
contribute to a large proportion of the community relative
abundance (Mizrahi and Jami, 2021). This heritable subset of
microbes supports several key ecological themes. First, a heritable
microbiome implies that the host and its microbiome are symbiotic
in nature and therefore, selection acts upon them as a unit—
holobiont concept (Zilber-Rosenberg and Rosenberg, 2008;
Roughgarden et al.,, 2017). Second, RQ dynamics could be seen in a
subtle fashion as the heritable microbes could play a role in
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maintaining host fitness against pathogens through outcompeting
pathogenic antagonists resulting in host allelic diversity fueling
coevolution (Decaestecker et al., 2013). Third, through the lenses of
metapopulation theory, metacommunity theory, and island
biogeography theory, rumen heritability dynamics can be evaluated
(Prosser et al., 2007; Leibold et al., 2004; Koskella et al., 2017; Sarkar
et al., 2020; Custer et al, 2022). In metapopulation theory,
we consider different “patches” of ruminant microbes spread across
a spatial plane and how populations of the same species are
distributed among the patches (Prosser et al., 2007). Metacommunity
theory on the other hand identifies interspecies interactions within
and between metapopulations (Leibold et al., 2004). Alternatively,
processes such as social interaction can affect microbial dispersal
when treating the individual host as either patches that are habitable
by microbes or a group of hosts as a community of various
populations and dynamics (Sarkar et al., 2020; Custer et al., 2022).
Similarly, island biogeography theory refers to either individual
hosts or groups of hosts as “islands” and seeks to address how the
spatial dynamics affect microbial dispersal between the islands
(Sarkar et al., 2020). In this regard, the ruminant microbial patches,
communities, and/or islands are influenced by host genetics and
dispersal that can lead to different efficiency phenotypes (Li et al.,
2019; McGovern et al., 2020) or perhaps different CH, yield
phenotypes (Maman et al., 2020). Therefore, dispersal is treated as a
more deterministic factor when evaluating through these theoretical
lenses and could impact which microbes are included within a
heritable core microbiome. Further research is warranted to
elucidate the effects of altering these microbial patches, communities,
or islands on ruminant efficiency and CH, emissions.

In particular, microbial colonization and establishment was
thought to occur in a defined and progressive sequence in young
ruminants; however, it is now understood that most strict anaerobes
dominant in mature animals are actually present in the rumen of
animals after only 1 to 2 days after birth, with all major microbial
members present by 14 d of age (Fonty et al., 1987; Morvan et al., 1994;
Lietal, 2012; Yanez-Ruiz et al., 2015). Rey et al. (2013) demonstrated
that microbial establishment was rapid and sequential in dairy calves—
meaning that the dominant bacterial phyla is rapidly replaced by
another (i.e., Proteobacteria is replaced by Bacteroidetes as the
dominant phyla). By day 15, the microbial communities were achieving
stability, as clear temporal patterns were no longer detectable at the
phyla level albeit with some variations in relative abundance. Moreover,
Yanez-Ruiz et al. (2015) point out the questions of (1) does rumen
development determine which microbes can colonize? or (2) do the
microbes shape rumen development through specific signaling? If
there is a set of heritable microbes that define community assembly
through niche modification or preemption based on priority effects,
then the movement of microbes across space and time could be viewed
through a metacommunity, metapopulation and island biogeography
theoretical framework as discussed above. However, the turnover of
genes or species within a given microbiome complicates answering
mechanisms of coexistence and heritability (Koskella et al., 2017).
Indeed, this could complicate identifying the key microbes involved in
community assembly and dynamics (Box 1). Therefore, it is important
for future research to address the questions of identity and community
assembly with empirical data derived from key ecological and
evolutionary concepts (Figure 3).
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Box 1 A born identity

One of the major challenges to microbiome predictability from animal-to-
animal or generation-to-generation is the question of identity. Taxonomy,
phylogeny, and functionality are all used to identify members of the given
microbial ecosystem. However, in systems such as the rumen where functional
redundancy is high, there are blurry lines between taxonomy and functionality.
The species concept itself is inconsistent in the microbial landscape and is further
hindered by the limited number of culturable species compared to that of data
from next-generation sequencing techniques. Additionally, identification is
overwhelmed by biological processes such as horizontal gene transfer (HGT) and
community mutualism. The exchange of beneficial genes between various species
blurs the lines of phylogeny and phenotypic expression (Koskella et al., 2017).
While there is evidence that HGT is driven by the specific environment (i.e.,
rumen vs. distal gut) rather than phylogeny, the addition of perturbations such
as antibiotics or CH, mitigation supplements disrupts dynamic neutrality
(Smillie et al,, 2011). The interactions between species in dynamically changing
environment become questionable when attempting to identify the key players
in the ecosystem.

A question is therefore raised in using early-life host-associated microbiomes
to identify the key members prior to increased diversity as the host ages. In the
rumen specifically, a “core microbiome” has been identified across a wide range
of hosts and diets (Henderson et al., 2015). There is evidence that the early
rumen arrivers become keystone taxa in determining the future of microbial
composition (see section on rare taxa). Additionally, the rare taxa that may or
may not be keystone taxa have further been identified as disproportionately
being causative agents behind temporal changes (Shade et al, 2014).
Identification of these rare taxa therefore becomes paramount in understanding
life-long composition dynamics and the taxa at the time of birth could represent
a key target in untangling functional and taxonomic dynamics. Unfortunately,
evidence exists that predicting function from taxonomic identification from early
life succession is questionable. A human study in infants revealed that microbial
composition did not correlate to functionality, primarily that microbial diversity
was not mirrored by functional range (Valles et al., 2014; Koskella et al., 2017).
Thus, functional identity and taxonomic identity could vary even at the time of
birth when microbiomes are simplistic making the question of identity even
more saturated with uncertainty.

3 The ruminant microbiome and
ruminant metabolism

3.1 Functional redundancy

Rumen metabolism and the generation of VFA is conducted by
a complex and coordinated microbial community with successive
cross-feeding across the different yet interconnected microbial food
chains (i.e., food webs), generating three distinct trophic-like levels
(Figure 4; Morais and Mizrahi, 2019; Mizrahi et al., 2021). Several
microbial species are involved in more than one trophic level,
indicating the importance of the microbiome in nutrient production
for ruminant animals. The first trophic-like level focuses on the
degradation and metabolism of cellulose and hemicellulose—the
most abundant sugar polymers of the plant cell wall. Here, microbes
colonize plant cell wall structures and deconstruct sugar polymers
into soluble forms with various glycosyl hydrolase enzymes (Morais
and Mizrahi, 2019). The second trophic-like level utilizes various
pathways such as the Embden-Meyerhoff-Parnas pathway and the
pentose phosphate pathway to import the soluble sugars into the
microbial cells for the use of hexoses and pentoses, respectively
(Matte et al., 1992; Hackmann et al., 2017). Many of these sugars are
then subjected to fermentation through AD, resulting in the
production of organic acids and VFA as well as other metabolites and
gases such as CO, and H, (Mizrahi et al., 2021). Finally, the third
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trophic-like level involves the metabolites lactate, succinate, H,, and
CO, being further metabolized into propionate, butyrate, acetate,
and CH,.

Within these trophic levels, there is evidence of high levels of
functional redundancy among the members of the ruminant
microbiome (Weimer, 2015). In the context of the functional group
concept (McGill et al., 2006), microbial functional groups share a
specific metabolic function. Morais and Mizrahi (2019) describe in
detail the benefits of implementing the functional group concept to
describe and comprehend the rumen ecosystem, as this approach
describes both an ecosystem’s functionality and composition. For
instance, in methanogenesis, there are three different functional
groups with varying input metabolites scattered among large
phylogenetic distances, which produce only CH, as an output
metabolite (Janssen and Kirs, 2008; Hook et al., 2010; Enzmann et al.,
2018), indicating functional redundancy within the rumen ecosystem.
While there is a general lack of understanding on the role and
importance of functional redundancy within the rumen, recent
studies have shown that only a small proportion of the core ruminant
microbiome is conserved among 90% of animals (Wallace et al., 2019)
and that the functions encoded by various species and taxonomic
identities are far more conserved (Taxis et al., 2015; Mizrahi et al.,
2021). This evidence suggests that while these organisms are of high
importance to the host’s metabolism, taxonomic variability could
mask the functional similarities between various species and genera.
For example, consider two microbial species A and B, and species A
and species B both encode the same functional gene. However, species
A outnumbers species B 10:1. In this scenario, the functional
mechanisms of species B could be masked simply by species A being
greater in number. Within ruminant archaeal species, functional
redundancy was observed between the methylotrophic
Methanobrevibacter and the Methanosphaera species in the
competition for methanol and H, to produce CH, (Sollinger et al.,
2018). This finding suggests that the rumen ecosystem functionalities
are carried out by various species that perform the same or similar
functions (Mizrahi et al., 2021). Now, consider a second example
where two ruminant animals have different microbiome compositions
however, both animals have equal fermentative and productivity
outcomes. This example highlights the fact that despite taxonomic and
compositional differences between ruminants, functionality remains
the same. Taxis et al. (2015) provides evidence for taxonomic masking
as they concluded that two steers were functionally similar yet
taxonomically varied while being under the same environmental
conditions and fed the same diet. Therefore, a primary concern with
functional redundancy is that it could lead to the establishment of an
ecosystem containing differing compositions, albeit with the same
functionality, which could confound research designed to draw
conclusions across ecosystems, host ruminants, and studies. Yet
another concern is the apparent disconnect between functionality and
species identified, which is exacerbated by the outdated notion that
microbes that are tightly associated with an animal’s digestive tract are
likely to excrete, transcribe or otherwise dislocate genes perceived by
the community as being functionally redundant (Koskella et al., 2017).
Possible explanations for this community feature are relaxed selection,
genetic drift, or positive selection—as detailed by the Black Queen
Hypothesis (BQH) wherein stable, positive microbial interactions lead
to the loss of genes or function to reduce functional redundancy
(Morris et al., 2012; Koskella et al., 2017).
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FIGURE 3

Metapopulation, metacommunity, and island biogeography theories are of interest in ruminant microbial ecology. In panel A, we visualize a
metapopulation as three "patches” of microbes (denoted by the red box). The dashed black arrows demonstrate the movement of the yellow bacterial
species between the different patches on a spatial gradient — in this case, different areas of the rumen. Additionally, if we zoom into a single patch and
can consider interspecies interactions, we incorporate metacommunity theory as the movement of microbes within and between populations. In
panel B, we consider the host as the population and the movement of microbes between each host represents metapopulation theory while
considering the holobiont. In panel C, we consider a group of hosts as “islands” or “patches” and consider the movement of microbes within and
between each island or patch (i.e., island biogeography and/or metacommunity).

The concepts of functional grouping and BQH within the
ruminant microbial system are intriguing in that metabolism in the
rumen ecosystem is generally consistent with functionality (Flint,
1997; Mizrahi, 2013). However, the specific species identity related to
functional annotation can vary distinctly from study to study, animal
to animal, diet to diet, making meaningful taxonomic inferences
incredibly difficult. Studies have highlighted this phenomenon by
comparing rumen metagenomics data with taxonomic annotation
databases, demonstrating similarities at the metabolic level between
taxonomically distinct microbial communities (Taxis et al., 2015).
These similarities in function among taxonomically distinct microbial
populations can potentially be explained by both the functional group
concept and the BQH (Figure 5). In another example, two different
strains of the same species can have different functionalities (Cohan,
2006; Koeppel et al., 2008). This indicates that species functionality is
not ubiquitous among systems; furthermore, positive selection could
be reasonably applied if the function is absent or inactive in one of the
strains but is present by another species within the community. This
example could be indicative of the functional group concept wherein
species with differing function, yet taxonomically similar, are now
considered “different,” based on overall function and not taxonomy.
The BQH would posit that the species in question could be in the
presence of other species capable of producing the same genes/
function and have lost the ability to produce those duplicate genes/
function to improve community fitness. Therefore, metagenomic
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approaches should be a research priority to investigate functional
genes in the rumen microbiome. Alternatively, genetic transfer across
organisms could alleviate the need for taxonomic microbe diversity in
favor of a more functional diversity. Moving away from taxonomic
diversity toward functional diversity could also provide information
about environmental and host-derived drivers of microbial diversity.
Metagenomic approaches may confound knowledge gained from
earlier studies, with those of more modern works. Considerable effort
should be used in formulating highly reproducible results with few
differences in diet and animal sex, age, and weight, via quantifiable ‘old
school” hand microscopy and quantifiable studies (done in triplicate).
The combination of these two techniques provides a synergistic effect
and makes for simpler analyses, which are necessary to fully apply
current ecological and evolutionary theory to the microbial
communities involved in ruminant microbial metabolism.

3.2 Methanogenesis and methane
mitigation

Of the major metabolic processes in the rumen, methanogenesis
is of considerable interest. Mediated by methanogens, methanogenesis
is an important metabolic process for the removal of H+ following the
fermentation of foodstuffs eaten by the ruminant. Plant cell wall
polysaccharides are broken down by fibrolytic microorganisms into
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three as end-products. Yellow boxes represent known microbial species intricately involved in VFA production (Adapted from Hassan et al., 2020,

occupy three different trophic levels. Green represents trophic level 1. Red

VFA, CO,, and H,. To avoid a high H, partial pressure, H, is quickly
utilized by hydrogenotrophic microorganisms, primarily methanogens
(Pereira et al., 2022). Accumulation of H, has been posited to have
detrimental effects on the fermentation process due to high H, partial
the
dehydrogenases which reduce fermentation, dry matter intake (DMI),
and the digestibility of feeds (Janssen, 2010; Leng, 2014). Thus, within
the rumen, methanogens play a key role by acting as a H, sinks with

pressure  within rumen inhibiting certain microbial

CH, production representing the largest H, sink in the ruminant
digestive tract (Beauchemin et al.,, 2020).

Methanogens can be traced back to the Archaean period, more
than 2,500 million years ago (Gribaldo and Brochier-Armanet, 2006).
It has been suggested that the last common ancestor for archaea was
indeed a methanogen (Burggraf et al., 1991; Bapteste et al., 2005).
While separated by vast phylogenetic distances, all methanogens are
alike in their ability to utilize various metabolites to produce CH, in
the last step of AD (Friedman et al., 2017). Indeed, the rumen is an
anerobic environment that is specialized for methanogenic growth.
As a holobiont, the methanogenesis process is an evolutionary
process that uses methanogens for rumen H, maintenance resulting
in the release of CH,. Therefore, it is not a surprise then that
methanogens and their host experience co-evolutionary forces when
faced with selective pressures such as changes in diet (Fernando et al.,
2010; Belanche et al., 2012; Huws et al., 2018; Newbold and Ramos-
Morales, 2020), animal management (Xiang et al., 2016; Roehe et al.,
2016; Martinez-Alvaro et al., 2020; Maman et al., 2020; Meale et al.,
2021), or CH, mitigating feed additives (Roque B M, et al., 2019; Pitta
et al, 2022). Due to the thermodynamic favorability of
methanogenesis, an important question arises: how do livestock
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producers and researchers address CH, emissions. With climate
change at the forefront of many research efforts, CH, mitigation in
ruminant livestock has been thoroughly investigated and reviewed
(Huws et al., 2018; Abbott et al., 2020; Beauchemin et al., 2020;
Mizrahi et al., 2021; Yu et al., 2021; Min et al., 2021; Badéninaiteé et al.,
2022; Beauchemin et al., 2022; Glasson et al., 2022). A detailed review
of these efforts is also provided in the Supplementary material. While
many of these methods show promise in CH, mitigation, important
questions remain for microbial ecology.

One consistent finding among these works, however, is that some
form of microbial dispersion (either stochastic or deterministic) is
seen. Research has reported microbial changes in diversity (for
example Snelling et al., 2019), composition (for example Roque B M,
et al., 2019), and metabolic function (for examples see Ben-Shabat
etal, 2016 and Li et al,, 2020) when applying CH, mitigation strategies
to ruminant models. Beta-diversity (f-diversity), or microbial
community composition, is of particular interest in microbial ecology.
While f-diversity has historically been defined as the turnover of
species between samples (Whittaker, 1972), it has also been used in
ruminant livestock studies to measure temporal changes (for examples
see Clemmons et al., 2019; Snelling et al., 2019; O’'Hara et al., 2020),
health status (for examples see Frazier, 2021; Hu et al., 2022), and CH,
emissions and mitigation (for examples see Roque B M, et al., 2019;
Meale et al., 2021). Community composition is often visualized using
methods such as non-metric multidimensional scaling (NMDS) or
principal coordinates analysis (PCoA) which allows for two- or three-
dimensional representation of multidimensional data (Zanevald et al.,
2017). Within these analyses and subsequent visualizations,
community composition is represented by clustering, and dispersion

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1503315
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Frazier et al.

10.3389/fmicb.2024.1503315

=D Species 1
=0 Species 2
YD
B
N

o™ GeneA

Q) om

- Species 3

Black Queen Hypothesis

IGO0

ﬁ Gene C
Functional Group Concept

g

: Q

=

>

3 N
]

e oY s @ @

FIGURE 5

The blurry lines between taxonomy and function. Functional redundancy in the rumen ecosystem arises due to variability in microbial species and their
taxonomic identity. Taxonomic analysis could reveal that Species 1 (yellow) is greater in relative abundance compared to Species 2 (pink) and Species 3
(green). Functional analysis could mask the species in lower abundance making taxonomic analysis of the microbiome difficult. Meanwhile, applying
the functional group concept enables the various species to be grouped together based on functional genes. In doing so, Species 1, Species 2, and
Species 3 are now considered to be “the same” according to function for Gene A. This process can further be applied by grouping microbes for Gene B
and Gene C. Another consideration regarding function is that a stable community could be acted upon by positive selection resulting in a loss of genes
to reduce functional redundancy (i.e., BQH). Here in this example, Species 2 and Species 3 would lose Gene A because Species 1, which is more
abundant, carries the gene. Additionally, Species 3 would lose Gene 2 as Species 2 is more abundant. Therefore, the function encoded by Gene A
would still be carried out by Species 1 and the remaining community members are now free to perform other community functions that could

be beneficial to its host. Indeed, the same logic goes for gene loss in Species 2 and Species 3. The functional group concept and the BQH are
important ecological and evolutionary concepts for understanding microbial community dynamics that could factor into methanogenesis inhibition

interventions.

among clusters, or “smearing;” often correlates to differences in health,
temporal changes, and other perturbation events such as CH,
mitigation strategies that might alter microbial ecology (Figure 6).
However, it is important to recognize that these correlations might not
indicate the full dynamic possibilities of how the microbiome
contributes to changes within the host.

The “smearing” effect on microbiomes could be due to stochastic
changes rather than deterministic changes. Stochastic changes
induced by stressors alter otherwise stable microbiomes producing a
constrained “core microbiome” surrounded by a “smear” of distressed
microbes (Figure 6). These observations ultimately translate to Anna
Karenina principles (AKP) within host-associated microbiomes. The
AKP concept is derived from Leo Tolstoy’s novel entitled Anna
Karenina. The first line of the novel reads “Happy families are all alike;
every unhappy family is unhappy in its own way” and it was made
popular for biology by Diamond (1999). Translated into host-
associated microbiome AKP, the concept mirrors Tolstoy’s work by
stating “all healthy microbiomes are similar; each dysbiotic
microbiome is dysbiotic in its own way” Zanevald et al. (2017)
discusses AKP in animal microbiomes in depth and provides the
hypothesis that AKP predicts that certain stressors cause stochastic
effects (dispersion effects) rather than deterministic effects (location
effects). That is, stochastic stressors increase variability within a given
microbiome rather than deterministic, creating distinct local clusters.
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Past research has indicated AKP indeed occur when using
Asparagopsis taxiformis, a red algae capable of inhibiting CH, up to
99%, as a dietary mitigation strategy (Roque B M, et al., 2019). The
local clusters created by AKP can lead to divergent community
assemblages making it more difficult to predict the outcomes of CH,
mitigation. These altered community states often display resistance
to change due to ecological feedback systems unless perturbations are
strong enough (Morais and Mizrahi, 2019). Thus, mitigation
strategies could prove difficult in the face of stochastic properties of
assembly due to AKP and neutral theory.

Nevertheless, evidence in other systems suggests microbial
assembly following perturbations follow non-neutral processes (Stein
etal., 2013; Koskella et al., 2017). Similarly, ruminant nutrition is an
important deterministic factor in microbial assemblage as previously
discussed. There is significant potential in utilizing diet or dietary
manipulations to reduce enteric CH, emissions. These methodologies
such as utilizing higher quality forages (Beauchemin et al., 2008;
Beauchemin et al., 2020; Beauchemin et al.,, 2022) or increasing
concentrate levels within ruminant diet (Thompson et al., 2019;
Snelling et al., 2019) to reduce CH, emissions unsurprisingly result
in different microbial compositions (Wang et al., 2020). Additionally,
using dietary additives such as 3-NOP or sunflower seed oil along
with higher concentrate diets both increase CH, reduction and alter
microbial ecology (Bayat et al., 2017; Schilde et al., 2021). However,
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FIGURE 6
Dispersion of microbial communities can be initiated by many factors. Deterministic factors such as dietary interventions and stochastic forces such as
environmental stressors can act to alter or disrupt stable microbiomes. Anna Karenina principles demonstrate that these variability changes are often
stochastic in nature as deterministic forces are more localized.

these deterministic mitigation forces are often constrained by the
resilient nature of the rumen microbiome. Indeed, research has
shown the ability of the rumen to return to pre-intervention
microbiome states and host phenotypes following rumen content
exchange between low and high CH,-emitting animals (Weimer
et al., 2017; Morais and Mizrahi, 2019). At the community level,
resilience is best defined as the rate of the community’s ability to
recover to pre-perturbation function rather than pre-intervention
assembly (Song et al., 2015). This particular definition is important
in an environment such as the rumen where there are high levels of
functional redundancy. As previously stated, several microbial
species within the rumen often perform the same metabolic function
separated by vast phylogenetic distances. In a scenario where rumen
content exchange occurs, pre-intervention microbiomes could create
conditions sufficient that if any fraction of the community remains,
a return to pre-perturbation ecology is likely. Thus, founder effects
mediated by niche modification could decrease the longevity of CH,
mitigation methods (Morais and Mizrahi, 2019). It is therefore
essential that future research answer the question of how resilient the
rumen microbiome altered states to

community are

intervention methodologies.

4 Future directions

4.1 A conceptual framework for empirical
studies

There are limitations to current ecological and evolutionary
theory. The challenge in addressing these limitations is acquiring
adequate empirical data to support the many theories that are out
there. In the context of ruminant CH, emissions, mitigation strategies,
and microbial ecology, it is important that future research studies
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address these gaps between theoretical and empirical data. In doing
so, it is possible to enhance current on-farm CH, techniques by
allowing a better understanding of the key microbial processes leading
to a high- or low-CH, producing phenotype. Furthermore, application
of theory to future studies could enhance our understanding of
genomes as genomic data’s importance cannot be understated.
However, future empirical studies on CH, mitigation and the
microbiome should be grounded in an effective theoretical framework
that integrates multiple ecological and evolutionary concepts. These
studies should aim to address the interactions between microbial
communities, CH, production, and the influence of mitigation on
both the host and its microbial partners.

To accomplish this, we provide a conceptual theoretical
framework to be used and evaluated for future empirical studies
investigating CH, mitigation methods on ruminant microbial ecology.
The conceptual framework could provide researchers with a roadmap
for future research projects in addressing enteric CH, and
anthropogenic GHG emissions. These future studies should integrate
theoretical concepts into the hypotheses and study design.

1) The Holobiont Concept: research should focus on how CH,
mitigation studies alter the microbial ecosystem and the host’s
health and performance. Changes to methanogen abundance
could alter emissions resulting in differing digestive
phenotypes. These changes should be monitored by
investigating fiber digestion, nutrient absorption, and
energy requirements.

Red Queen Dynamics: empirical studies should discern how
CH,-inhibiting interventions such as dietary manipulations or
feed additives effect co-evolutionary dynamics, particularly
those microbial species involved in fermentation. FRQ
dynamics could be observed by monitoring population shifts
on a temporal and spatial scale.
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3) Black Queen Dynamics and Functional Redundancy:
functional redundancy and positive genetic function loss need
to be studied to determine the effect of reducing specialized
communities such as methanogens on host maintenance and
overall microbial community assembly. It is important to
elucidate if other H, sinks or utilizing species are capable/
available to maintain H, pressure within the rumen. Studies
should aim to answer if reducing methanogens leads to a
reduction in fermentation efficiency or nutrient uptake.
Furthermore, studies should not only measure CH, output, but
also the overall H, dynamics relative to the microbial
community shifts due to mitigation strategies.

Resilience and Stability Theory: the resilience of the microbial
community should be assessed by observing the changes in
microbial populations overtime. Here, microbial ecology can
be monitored to determine how quickly the rumen microbiome
“recovers” from CH, mitigation strategies. Studies should
investigate diversity, functional outcomes, and CH, production
on a temporal scale for evidence of new altered community
states or a return to pre-intervention assemblages.
Metapopulation and Island Biogeography Theory: future
empirical studies should consider spatial distribution of
methanogens and other key microbial species across the
differing “patches” or “islands” Mitigation techniques could
result in localized extinctions or migrations. It is important to
evaluate how methanogens recolonize after being targeted and
suppressed by mitigation techniques and to determine if other
species migrate to colonize the niche methanogens ultimately
leave behind.

Neutral Theory: research should account for the stochastic
nature of rumen microbial assembly. Study designs should
incorporate methodologies that account for the variability in
microbial community responses to CH, mitigation strategies,
especially in early-life ruminants. Replication across animal
systems could prove beneficial in disentangling stochastic
forces from the more deterministic forces in microbial
community ecology.

Eco-Evolutionary Dynamics: the interplay between ecological
changes (i.e., dietary shifts) and evolutionary processes (i.e.,
microbial adaptation to the new environment created by
dietary shifts) should be analyzed for long-term effects on
rumen microbial ecology and evolution. Long-term effects
could be tracked by identifying genetic adaptions in
methanogens, other keystone microbial species, or H,-utliziling
competitors. Mitigation techniques could alter the evolutionary
traits of the holobiont especially if utilized in breeding and
genetic programs for low CH,-emitting phenotypes.

4.2 Areas of interest for future empirical
research

As previously mentioned, empirical research is required to test the
many microbiological ecological and evolutionary theories. There is a
concerted effort to elucidate the properties of the microbiome that
could impact climate change through the inhibition or reduction of
ruminant CH, emissions. However, there is a clear knowledge gap for
empirical data to address should seek to address these issues by
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incorporating theory into research by using the conceptual framework
provided above. For instance, longitudinal and cross-generational
studies could be designed to follow microbial community changes
over time by tracking short- and long-term responses to CH,
mitigation strategies (eco-evolutionary dynamics); additionally,
heritable changes to the microbiome could be revealed as well as how
methanogens react to mitigation tactics (BQH). Studies have begun
in this area where a longitudinal meta-omics approach investigated
the temporal rumen microbiome dynamics and functional
redundancy during plant biomass degradation in dairy cattle
(Sollinger et al., 2018). Comparative analyses across diet and diet type
can provide key evidence on how deterministic forces shape CH,
production and how the microbiome responds to different
environmental pressures (holobiont concept). However, study designs
are needed to elucidate how evolution of the rumen microbiome is
affected by mitigation strategies (RQH). To accomplish this, studies
should seek to specifically manipulate RQ dynamics. Specifically, CH,
inhibitors or feed additives such as 3-NOP or A. taxiformis could
be used in fluctuating patterns to mimic FRQ dynamics while
monitoring microbial adaptation across multiple cycles of dietary
changes. This type of study will be essential in furthering our
understanding of how early-life interventions could impact ruminant
microbial evolution and ecology. Additionally, performing meta-
analysis type studies can help standardize methodologies that
otherwise would result in cross-study variation (Frazier et al., 2024).
This approach can help make between study comparisons more
feasible and could reanalyze past studies under the conceptual
framework provided herein. Furthermore, sound studies grounded in
both empirical and theoretical support could lead to enhanced
microbial biotechnologies to reduce CH, emissions (Frazier and Yang,
2023). Taken together, these studies could increase our capabilities in
reducing CH, emissions from livestock operations. Additionally, these
studies could also help address current limitations of theory such as
timescales, the question of identity, heritability, and host-associated
control of the microbiota (Koskella et al., 2017).

An area of interest that is currently not receiving significant
attention in the ruminant livestock scientific community, is the
utilization of methanotrophs as natural CH, biocontrol agents.
Methanotrophy as previously mentioned was a primary source of
microbial energy in early Earths history due to the scarcity of oxygen
within the atmosphere (Gribaldo and Brochier-Armanet, 2006).
Organisms known as methanotrophs oxidize CH, to gain energy
under both aerobic and anaerobic environmental conditions (see
Supplementary material; Rani et al., 2024). Past research has indicated
that methanotrophs have been shown to be native to the rumen and
thus provide a natural system in mitigating enteric CH, emissions
(Mitsumori et al., 2002; Finn et al., 2012). Within anaerobic conditions
such as the rumen, methanotrophs utilize various terminal electron
acceptors such as sulfate, nitrate, nitrite and metals to oxidize CH,
(Soren et al., 2015; Ahmadi and Lackner, 2024; Rani et al., 2024).
However, little work has been done to elucidate the effectiveness of
anaerobic methanotrophs to reduce CH, within ruminant livestock.
Interestingly, Finn et al. (2012) suggests that CH, emissions can
be reduced by methanotrophs without drastically altering native
microbial populations. Thus, there are intriguing questions
surrounding the ecological and evolutionary importance of
methanotrophs within the rumen environment. For example, RQD
could be observed between methanogens and methanotrophs under
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differing availabilities of H,. As previously mentioned, dietary changes
can drive selection through population density or metabolite
availability (Bonachela et al., 2017). If CH, reduction is being selected
for by mitigation strategies, the availability of methanotrophs could
be reduced, altering microbial populations locally (i.e., patches/islands)
or throughout the rumen microbial system. Moreover, if the substrates
and metabolites utilized by both methanogens and methanotrophs are
similar, then methanogenesis might be reduced (Jeyanathan et al.,
2014). These changes should be investigated to determine the strength
of selective pressures such as diet on how resource availability
influences methanotrophic communities and if RQD are indeed
observable in this context. However, there is lack of in vivo studies
utilizing methanotrophs for enteric CH, mitigation making theoretical
predictions difficult (Tseten et al., 2022). Therefore, future research in
this area is warranted and could provide key clues to the evolutionary
and ecological impacts methanotrophs have on ruminant environments.

5 Conclusion

Enteric CH, from livestock operations, primarily from beef and
dairy cattle, is a critical concern for total global greenhouse gas
emissions. Undeniably, if left unchecked, enteric CH, emissions
represent a major anthropogenic contributor to global climate
change. It becomes imperative to reduce the amount of enteric CH,
escaping into the environment from ruminant animals. However, the
entangled mechanisms found with the rumen microbial interaction
networks makes this process extremely challenging for ruminant
livestock producers. There are several reasons that make
methanogenic inhibition challenging due to the intertwined nature
of the ruminant microbiome. One of those reasons is the highly
resilient nature of the adult microbiome. The fact that the adult
microbiome can return to a pre-perturbation ecology following a
negative-impacting event makes CH, mitigation strategies difficult to
maintain. Additionally, negatively impacting the native microbiome
in the ruminant may lead to hindered animal performance. Current
research investigating both the mode of action and the effects of CH,
mitigation strategies on CH, output have been conducted and have
been thoroughly reviewed. Herein, we provided insights from current
ecological and evolutionary theory to help guide future researchers
in understanding the ruminant microbiome and its role in CH,
production. Empirical studies often lack in theoretical foundations
limiting the long-term increases in knowledge of microbial ecology.
Additionally, empirical studies grounded in theoretical hypotheses
should further explore natural microbiome manipulations for CH,
inhibition, such as methanotrophs or early-life interventions. These
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