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1. Ruminant Microbiome Ecology
The prokaryotic members, bacteria and archaea, are of great importance in ruminant viability and enteric CH4 emissions (Mizrahi, 2013). Both bacteria and archaea play integral roles in the enteric fermentation process. Bacteria form the most numerous and diverse utilizers of fiber, starch, protein, and sugar within the rumen (Stewart et al., 1997). At the phylum level, Firmicutes, Bacteroidetes, and Proteobacteria are the most numerous across several studies (Jami and Mizrahi, 2012; Henderson et al., 2015; Snelling and Wallace, 2017; Hart et al., 2018). Consistent with these findings, a recent study in beef cattle found the three most dominant phyla were Firmicutes, Bacteroidetes, and Proteobacteria with a relative abundance of 44.05%, 36.42%, and 4.61% respectively (Li et al., 2019). Members of the Firmicutes and Bacteroidetes, such as Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus, have been described as key cellulose degraders; additionally, species from the genera Prevotella, Butyrivibrio and Pseudobutyrivibrio have also been identified as key hemicellulose degraders (Mizrahi, 2013; Moraïs and Mizrahi, 2019b; Mizrahi et al., 2021). At the genus level, a “core ruminant bacterial microbiome” was identified by Henderson et al. (2015) who established that 67.1% of all bacterial sequence data from a wide range of ruminant species belonged to Prevotella, Butyrivibrio, Ruminococcus, unclassified Lachnospiraceae, unclassified Ruminococcaceae, unclassified Bacteroidales, and unclassified Clostridiales. This finding has been further corroborated by Wallace et al., (2019) who identified a core rumen microbiome in dairy cattle that could predict host phenotype. The core microbiome offers a unique opportunity for microbiome engineering research. 
1.1 Bacteria
Members of the core bacterial microbiome are heavily involved in the ruminant fermentation process as either fibrolytic or cellulolytic species (Mizrahi, 2013; Moraïs and Mizrahi, 2019b; Mizrahi et al., 2021). Fibrolytic bacteria produce H2 during the fermentation process along with VFA and CO2. Cellulolytic species, such as those belonging to Bacteroidetes, are net H2 utilizers (Stewart et al., 1997). Hydrogen is the primary end-product for fibrolytic microorganisms which can result in H2 accumulation. Accumulation of H2 within the rumen headspace has been shown to have detrimental effects on the fermentation process by inhibiting certain microbial dehydrogenases (Janssen, 2010; Leng, 2014). Studies have demonstrated a link between bacterial abundances and CH4 emissions. For example, Wallace et al. (2015) found that Succinivibrionaceae (88% of Proteobacteria reads) was found in 97% in low CH4 emitting cattle and lower in high CH4 emitters (79%). Consistent with other studies (Pope et al., 2011; Kittelmann et al., 2014), low CH4 emitters compositionally shift towards higher abundances of H2-utilizing species and lower abundances of H2-producing species. As a result, enteric CH4 emissions will theoretically be lower in ruminants that have a lower abundance of H2-producing bacteria, such as Ruminococcus and Eubacterium spp., and higher abundances of H2-consuming bacteria, such as Prevotella and Selenomonas spp. (Denman et al., 2015; Tapio et al., 2017). Kittelmann et al. (2014) further demonstrated that low CH4-emitting sheep had higher abundances of propionate, lactate, and succinate producers such as Quinell ovalis, Fibrobacter spp., Kandleria vitulina, Olsenella spp., Prevotella bryantii, and Sharpea azabuensis. Surprisingly, the genus Desulfovibrio – a known H2 utilizer – was found in significantly higher abundances in high CH4-emitting cattle leading to a possibility of being associated with greater H2 availability (Wallace et al., 2015). This finding, while in contradiction with other studies, could prove valuable in isolating Delsulfovibrio as a potential biomarker in determining H2 differences between low and high CH4 emitting ruminants. Ruminant bacterial composition and species abundance play a key role in understanding both ecological and CH4-emission dynamics. Therefore, it is necessary to elucidate how bacterial composition and diversity could be utilized in reducing CH4 emissions.
1.2 Archaea
Archaeal methanogens are solely responsible for the methanogenesis pathway, the primary metabolic process of removing H2 from the rumen produced by bacteria, protozoa, and fungi, which is then released from the host as CH4. Archaea represent a much smaller proportion of the total rumen microbial richness. The archaeal domain is home to the archaeal phylum of Euryarchaeota, which comprises seven orders, including the common ruminant community members: Methanobacteriales, Methanomicrobiales, Methanomassiliicoccales, and Methanosarcinales. Henderson et al., (2015) determined that nearly all archaeal members were methanogens with 74% of all archaea belonging to Methanobrevibacter gottschalkii and Methanobrevibacter ruminantium clades. This finding is in line with other studies as the genus Methanobrevibacter of the order Methanobacteriales accounted for 70% of the rumen archaeal community found in Holstein dairy cows (Friedman et al., 2017). While less diverse than bacteria (Henderson et al., 2015), evidence suggests that methanogens are highly conserved between ruminant animals (Wallace et al., 2019). Therefore, methanogens are considered to be part of the “core ruminant microbiome”. 
Within the rumen, methanogens play a key role by acting as H2 sinks with CH4 production representing the largest H2 sink in the ruminant digestive tract (Beauchemin et al., 2020). The methanogenesis pathway occurs at the end of the ruminant electron flow and is activated by three different methanogenic functional groups (Box 1), all of which use differing input metabolites. These functional groups come from phylogenetic groups that span across different orders all belonging Euryarchaeota (Friedman et al., 2017). Methanogen functional groups include the hydrogenotrophs (Demirel and Scherer, 2008), methylotrophs (Mizrahi et al., 2021), and acetoclastic methanogens (Ferry, 1999; Morgavi et al., 2010). Hydrogenotrophs constitute most of the methanogens in mature animals and utilizes metabolic hydrogen ([H+]) to reduce CO2, CO, or formate to CH4 (Furman et al., 2020). Hydrogenotrophic methanogenesis is thermodynamically favorable to the other two pathways which results in lower abundances of other methanogenic organisms (Fenchel et al., 2012; Pereira et al., 2022). This understanding is consistent with Methanobrevibacter being the most dominant methanogenic genera. Methylotrophic methanogenesis produces CH4 using methylated substrates such as trimethylamine, dimethyl sulfate, and methanol (Lyu et al., 108). Methylotrophs represent the most abundant methanogens in newborn calves and utilize methylated compounds such as methanol or methyl amines to produce CH4 (Furman et al., 2020). It has been documented that the methylotrophic Methanosphaera was negatively correlated with CH4 emissions in both beef and dairy cattle (Cunha et al., 2017; Cunha et al., 2018; Ramayo-Caldas et al., 2020; Pereira et al., 2022). These findings could be explained by the variation of the stoichiometric properties between the hydrogenotrophic and methylotrophic pathways, which results in hydrogenotrophic methanogenesis being energetically favored (Cunha et al., 2017; Pereira et al., 2022). Finally, acetoclastic methanogens utilize acetate for the methanogenesis process. Currently, Methanosaeta and Methanosarcina are the only two methanogens known to perform acetoclastic methanogenesis (Kurade et al., 2020). It should be noted that Methanosarcina can use all three methanogenic pathways (Hobson and Stewart, 2013; Mizrahi et al., 2021). As methanogens are present in the calf rumen shortly after birth (Guzman et al., 2015), it can be theorized that changes to the metabolic environment as a result of development stage select for differing dominant methanogen functional groups. This knowledge may be critical in the development of CH4 reduction strategies involving microbial community manipulation, as well as the formulation of novel treatments.
1.3 Protozoa and Fungi
While less numerous than the bacterial community members, protozoa and fungi represent a significant portion of the rumen microbiome. First recognized in 1843 by Gruby and Delafond, protozoa have been found to make up anywhere from 20% to 50% of the microbial population within the rumen (Huws et al., 2018). Protozoa are introduced into the rumen of newborn animals via contact with their dam during the first two weeks of life (Becker and Hsiung, 1929; Yáñez-Ruiz et al., 2015). The role of ruminal protozoa is controversial, but recent evidence suggests that they play a role in organic matter degradation (Newbold et al., 2015). One key finding is that methanogens can colonize inside the protozoan residents and removal (i.e., defaunation) of protozoa can lead to a reduction in CH4 output at rates between 13-35% (Morgavi et al., 2012; Guyader et al., 2014; Mizrahi et al., 2021). Belanche et al. (2014) showed that protozoan hydrogenosomes produce H2 further indicating their potential role in CH4 production. Questions now arise as to which protozoan genera or species are linked to which archaeal methanogens and subsequent CH4 emissions. As with non-associated archaea, Methanobrevibacter spp. dominate the protozoan methanogenic populations (Tapio et al., 2017). Interestingly, differences have been observed in the abundance of protozoan methanogens and non-associated archaea (Tokura et al., 1997; Sharp et al., 1998; Newbold et al., 2015; Tapio et al., 2017). These observations indicate that protozoan methanogens and free-living methanogens perform distinct activities between the differing communities. Therefore, it can be speculated that the archaeal composition, not abundance, is more correlated with CH4 emissions. Compositional differences of archaea are also evident within protozoan associated methanogens. As discussed in previous reviews (Tapio et al., 2017), larger protozoan species are more heavily colonized by methanogens and bacteria compared to their smaller protozoan neighbors. Given this, evidence has shown that smaller protozoa are more correlated with CH4 production compared to larger species (Ranilla et al., 2007; Newbold et al., 1995). However, evidence to the contrary exists and coupled with other factors such as diet and feeding time, CH4 emissions were not found to be tightly associated with protozoan community dynamics (Stumm et al., 1982; Tapio et al., 2017). Complicating matters more, defaunation may result in less efficient animals and reintroduction of protozoa from the environment limit the usefulness of such a CH4 strategy. A better understanding of the relationship between protozoa-associated methanogens and the host ruminant is needed to understand the role they play in methanogenesis. 
The other eukaryotic members of the ruminant microbiome are anaerobic fungi and studies estimate that fungal members comprise approximately 10-20% of the rumen microbial community (Rezaeian et al., 2004; Elekwachi et al., 2017; Huws et al., 2018). Paul et al. (2018) investigated the fungal members of the rumen and discovered that Piromyces was the most abundant culturable genera and Buwchfawromcyes was the least abundant. The study also concluded that there could be upwards of 25 additional genera which remain to be characterized (Paul et al. 2018). Anaerobic fungi, which thrive in the rumen environment, are effective fiber degraders due to their ability to efficiently produce a number of enzymes capable of degrading plant structural polymers as well as their rhizoids having plant structure penetration abilities (Solomon et al., 2016; Huws et al., 2018). The role of fungi in methanogenesis is less understood; however, it has been shown that their activity is enhanced in the presence of methanogens, leading to improved animal productivity (Huws et al., 2018). These findings suggest that fungi are important members of the rumen microbiome and while their role in CH4 production is not well understood, the crucial part they play in animal productivity maintains the need for their presence in the community. Further research is needed to fully understand the role ruminant fungi have in CH4 output and animal productivity. 
1.4 Drivers of Ruminant Microbial Composition and Diversity
Microbial composition of the digestive tract is affected by many drivers and environmental influences. It has been established across varying species (e.g., humans, ruminants, etc.) that the primary deterministic driver of microbial community composition is diet. In humans, dietary variations result in both quantitative and qualitative changes in substrate availability to the microbial communities in the large intestine, which can result in altered microbial metabolism (Louis et al., 2007). Additionally, human diet can alter the relative abundance of taxa present in the gut microbiome (Turnbaugh et al., 2008; Turnbaugh et al., 2009; Spor et al., 2011). These findings also apply to ruminant microbial ecology and studies support this claim. 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). 
Interestingly, a longitudinal study assessing the temporal changes during specific dietary periods showed that animal age, independent of diet or sex, had significant clustering effects on the rumen microbiome (Furman et al., 2020). Therefore, age of the animal is an important deterministic driver of microbial community assembly. Age can still be considered confounded as an independent driver due to the feeding nature of ruminant livestock operations. Overall, diet is the major driver for bacterial community structure in ruminants with age being a secondary determining factor. It should be noted that data suggests that dietary changes can be short-lived within adult animals because the rumen microbiome is highly resilient to perturbations as described by Weimer et al. (2017). Future studies should account for founder effects, a form of genetic drift where the frequency of a given genotype in a population changes due to stochastic sampling rather than due to selection, in which even a fraction of the original microbiome could re-establish itself and prevent the invasion of secondary community members (Moraïs and Mizrahi, 2019a). In this context, future studies on dietary interventions and diet-derived microbiome engineering could benefit by being implemented in early life ruminants. The early life ruminant microbiome is highly unstable and could allow for manipulation of microbial composition that may persist later in life (Yáñez-Ruiz et al., 2015; Huws et al., 2018). Early life dietary intervention steps could therefore result in a stable, healthy, and efficient microbiome that could continue throughout the growth of the animal. 
Heritable genetic factors could result in co-selection mechanisms for microbial populations as well as microbial interactions that shape the development of the rumen. Therefore, heritability of the rumen microbiome should be investigated in the context of the holobiont concept. Within this theory of evolution, the hologenome is defined as the sum of all genetic material from the host and the microbiota, acting together as a unit, where symbiotic relationships between the host and microbes are essential for host fitness (Zilber-Rosenberg & Rosenberg, 2008). This concept has intriguing and ample supporting data within the context of heritability. Research has indicated that heritable species from two main orders, Bacteroidetes and Firmicutes, were represented in 50% to 100% of the 47 dairy cows examined with the majority being seen in 70% to 100% of all examined animals (Sasson et al., 2017). This same study also revealed that operational taxonomic units (OTU) from the genera Bacteroidales, Prevotella, Clostridiales, and Flavefaciens were highly correlated with productivity efficiency traits, including milk protein content and feed efficiency. Li et al. (2019) detailed that four unclassified bacterial genera were heritable keystone species that were linked to greater animal productivity and an increase in VFA production. In beef cattle, it was also reported that the rumen archaeal relative abundance is dictated by host genetic factors (Roehe et al., 2016). Wallace et al. (2019) investigated a cohort of 1,000 cows from different farms and determined that 39 microorganisms were indeed heritable and central in core microbiome networks with seven microorganisms being strongly correlated with CH4 production. The evidence from the studies discussed here not only display evidence for microbiome heritability, but they also provide key evidence that the host and its microbial populations are acting in sync and thus, suggests that the host drives evolutionary mechanisms upon the microbiota and vice versa. The long-lasting relationship that is established between the ruminant and its symbiotic microbes results in total dependance on one another (Zilber-Rosenberg, 2008). The ruminant system is an excellent candidate for holobiont co-evolution mechanisms research. It is therefore crucial that microbiome engineering studies for animal productivity as well as CH4 mitigation strategies consider the intertwined and important relationship between the animal and their microbial symbionts.
Microbiome heritability is not free of influence in and of itself. It was previously estimated that there are around 350 microbial species within the rumen (Edwards et al., 2004). With the advent of new sequencing technology, it is now estimated that there are more than 2,000 microbial species in the rumen microbial complex (Firkins, 2010; Cammack et al., 2018). Wallace et al. (2019) found that only 39 microbes, or < 2% of the total rumen microbial population, were heritable. Thus, most of the rumen microbial population is introduced through other means. Lack of inheritable microbes across taxa is not a surprising ecological perspective when considering there is evidence that the environment can shape microbial population structure and composition (Rashid et al., 2015; Koskella et al., 2017). Environmental factors affecting microbiota in ruminant livestock and animals include, but are not limited to, housing systems, rearing systems, geographical locations, and access to the dam. For example, Fonty et al. (1987) established that lambs fed a controlled diet kept in group housing had higher abundances of cellulolytic bacteria compared to lambs raised in solidarity. Weaning methods are important in rumen microbial composition, whereby the dam plays an essential role in microbial succession (Skillman et al., 2004). When young goats were allowed access to the doe, kids were found to have a different ruminal community structure and increased diversity, compared to kids reared in an artificial system (i.e., where the animals were separated from the doe immediately after birth; Abecia et al., 2017). Another important distinction between weaning methods was shown by Williams and Coleman (1992) where artificially reared animals demonstrated a near absence of protozoan colonization due to protozoa inoculation coming from direct contact with the saliva of the dam or other adult animals. In terms of methanogenesis reduction, this is an important finding in that defaunation of the protozoal population has resulted in a 13 to 35% reduction in methanogenesis (Morgavi et al., 2008; Morgavi et al., 2012; Belanche et al., 2015). Given these findings, environmental intervention strategies could prove viable in CH4 reduction techniques. However, mitigation strategies applied to young animals generally only results in weak persistence into adulthood: mitigation strategies conducted on animals after weaning may have a greater influence on rumen microbial ecology of mature animals (Newbold and Ramos-Morales, 2020). More research is needed to fully understand the influence of environmental drivers of microbial community composition and to elucidate new methods of enhanced CH4 reduction and productivity in livestock operations. 
Other drivers of rumen microbial composition are breed and sex of the animal. Henderson et al. (2015) maintained that ruminant microbial composition is less effected by host biological factors; however, there is evidence to the contrary. For starters, in the same study unclassified Veillonellaceae were more abundant in sheep, deer, and camelids compared to cattle. It was speculated that differences in bacterial relative abundance were due to the size differences in foregut, animal anatomy, and frequency of feedings between the above-mentioned ruminant species compared with bovines (Hofmann, 1989; Henderson et al., 2015). Other studies found differences in microbial composition and diversity among different ruminant species. Host-derived mechanistic properties could alter rumen microbial ecology; the study detailed how when ruminal contents were swapped between cows, thereby exchanging microbial community structures, their bacterial composition reverted back to pre-exchange structures after a period of time. Founder effects could be responsible for the return to pre-exchange state where the remaining pre-exchange microbiome could create an alternative community state capable of self-reestablishment (Moraïs and Mizrahi, 2019). Recent evidence shows that animal breed and sex have a major role in rumen microbial composition. For example, when comparing the microbial ecology of water buffalo and Jersey dairy cattle under comparable feeding conditions, there were differences in bacterial, protozoan, and archaeal populations (Iqbal et al., 2018). It has also been shown that different breeds from the same species have distinct microbial diversities and compositions. Li et al. (2019) demonstrated that three different breeds of beef cattle (i.e., Angus, Charolais, and Kinsella composite hybrids) had differing bacterial and archaeal profiles. Rumen microbial diversity of Charolais cattle was lower than the other two breeds, with Angus being the most diverse. 
Animal sex alters the rumen microbiome composition, as found in beef bulls, which have higher archaeal abundances and lower bacterial abundances than beef steers. In addition, bulls had higher bacterial alpha diversity levels (i.e., richness and evenness) and lower archaeal alpha diversity levels (Li et al., 2019). In humans, it was demonstrated using a mouse model that male castration eliminated the gut microbial differences between males and females and treatment with testosterone after castration prevented these microbial changes, further detailing the driving force of sex on microbial community structure (Yurkovetskiy et al., 2013). This supports the claim that sex is an important driver for rumen microbial ecology. While differences in sex influence microbial ecology, hormones do not have the same level of evidence. It has been well-established that hormone implants consisting of estradiol, progesterone, and/or testosterone can significantly improve beef cattle live and carcass weights (Parr, 2020). However, a recent study suggested that there were no differences in the microbial profiles between cattle subjected to a moderate hormone implant regime or an aggressive hormone implant regime (Henniger et al., 2022). The lack of estrogenic and androgenic receptors on the rumen epithelium could indicate that there is little opportunity for interaction between implant hormones and ruminant microbial life. Additionally, Henniger et al. (2022) revealed little difference between metabolites of the implant groups, pointing out that the differences that were seen were likely not due to bacterial and archaeal composition. It could be theorized that while no compositional differences were seen, taxonomic redundancy and masking could have hidden key metabolic differences between the implant groups. Therefore, future research should investigate metagenomic profiles to identify any differences in functional genes between moderate and aggressive implant strategies. Current and future microbiome engineering studies for CH4 mitigation and improved animal efficiency should consider animal breed, sex, and hormone differences in study design. However, researchers must consider diet as a potential confounder when discussing breed, sex, and hormone response.  
2. The Ruminant Microbiome and Methanogenesis
2.1 Methanogenesis
The methanogenesis pathway occurs at the end of the ruminant electron flow and is activated by three different functional groups all using differing input metabolites. These functional groups come from phylogenetic groups that span across different orders all belonging to the same archaeal phylum, Euryarchaeota. Euryarchaeota is made up of seven different orders with the genus Methanobrevibacter of the order Methanobacteriales being the most dominant (Friedman et al., 2017). Methanogen functional groups include the hydrogenotrophs (Demirel and Scherer, 2008), methylotrophs (Mizrahi et al., 2021), and acetoclastic methanogens (Ferry, 1999; Morgavi et al., 2010). Hydrogenotrophs constitute most of the methanogens in mature animals and utilizes [H+] to reduce CO2, CO, or formate to CH4 (Furman et al., 2020). Hydrogenotrophic methanogenesis is thermodynamically favorable to the other two pathways which results in lower abundances of other methanogenic organisms (Fenchel et al., 2012; Pereira et al., 2022). This understanding is consistent with Methanobrevibacter being the most dominant methanogenic genera. Methylotrophic methanogenesis produces CH4 using methylated substrates such as trimethylamine, dimethyl sulfate, and methanol (Lyu et al., 2018). Methylotrophs represent the highest abundance of methanogens in newborn calves and utilize methylated compounds such as methanol or methyl amines to produce CH4 (Furman et al., 2020). It has been documented that the methylotrophic Methanosphaera was negatively correlated with CH4 emissions in both beef and dairy cattle (Cunha et al., 2017; Cunha et al., 2018; Ramayo-Caldas et al., 2020; Pereira et al., 2022). These findings could be explained by the variation of the stoichiometric properties between the hydrogenotrophic and methylotrophic pathways that result in hydrogenotrophic methanogenesis being energetically favored (Cunha et al., 2017; Pereira et al., 2022). Finally, acetoclastic methanogens utilize acetate for the methanogenesis process. Currently, Methanosaeta and Methanosarcina are the only two methanogens known to perform acetoclastic methanogenesis (Kurade et al., 2019). It should be noted that Methanosarcina can use all three methanogenic pathways (Hobson and Stewart, 2012; Mizrahi et al., 2021). As methanogens are present in the calf rumen shortly after birth (Guzman et al., 2015) it can be theorized that different metabolic environments present at different stages of development select for differing dominant methanogen functional groups. This knowledge may be critical in the development of CH4 reduction strategies involving microbiome community manipulation, as well as the formulation of novel treatments. 
2.2 Current Methane Mitigation Strategies
[bookmark: _Hlk155775800][bookmark: _Hlk142472848]Methane is a potent GHG with a global warming potential that is 28-34 times higher than CO2 per unit mass and on a 20-year time scale, it is 82 times higher than that of CO2 (Edenhofer, 2015; Carnachan et al., 2019). While only 3-5% of total GHG emissions are credited to livestock and agriculture, the increased demand for livestock protein products will inevitably increase CH4 emissions (Gerber et al., 2011; Resinger et al., 2021). While there are major concerns for greenhouse effect, CH4 inhibition has also been connected to improved animal productivity (Grainger et al., 2011; Hristov et al., 2015; Mizrahi et al., 2021). Past research has indicated that methanogenesis can result in a gross energy loss of 2-12% and reduced feed efficiency (Johnson and Johnson, 1995; Yu et al., 2021). Due to CH4’s environmental impact and potential reduction in animal production, there has been an increase in research into CH4 mitigation and reduction strategies (Supplementary Figure 1). These research efforts are imperative for the sustainability of livestock agriculture and to address global climate change. Many of these mitigation strategies and techniques have been thoroughly reviewed and therein, describe in detail the mode of action, affects, implementation routes, and complications associated with these methods (Huws et al., 2018; Abbott et al., 2020; Beauchemin et al., 2020; Min et al., 2021; Mizrahi et al., 2021; Yu et al., 2021; Bačėninaitė et al., 2022; Glasson et al., 2022; Beauchemin et al., 2022). The following sections aims to summarize current CH4 mitigation strategies within the context of how these techniques and tools affect the ruminant microbiome, to further expand on early life microbiome engineering techniques, and to examine the effects of microbiome changes to animal health and performance attributable to CH4 reduction strategies.
2.3 Inhibitory Compounds
Inhibitory compounds traditionally have targeted methanogens or CH4 production specifically by directly affecting one or more enzymatic steps of methanogenesis (Mizrahi et al., 2021). One such compound is 3-nitrooxypropanol (3-NOP) which disrupts methanogenesis by binding to the CH4-producing enzyme methyl-coenzyme M reductase (MCR) thereby inhibiting the formation of CH4 (Hristov et al., 2015; Duin et al., 2016). Yu et al. (2021) comprehensively details the use of 3-NOP for CH4 mitigation within ruminant livestock. One of the more unique aspects of 3-NOP is the high specificity it has for methanogens (Beauchemin et al., 2020). Several studies have maintained that while 3-NOP can reduce 16S rRNA gene copy numbers as well as the relative abundance of methanogens, the compound also decreased total microbial alpha diversity but with limited effects on bacteria (Haisan et al., 2016; Martinez-Fernandez et al., 2018). Zhang et al. (2020a) additionally demonstrated 3-NOP use in beef heifers resulted in a reduction in alpha diversity within the microbial community, specifically reducing methanogens, without significant changes to community composition. It is therefore reasonable to infer that while 3-NOP will reduce the alpha diversity and relative abundance of the microbial community members, the only major taxonomic group specifically negatively affected are methanogens. Given this understanding, it is also inferable that a reduction in methanogens may result in a loss of diversity of bacteria because distinct positive interactions between bacteria and archaea have been documented. 
Henderson et al. (2015) identified positive associations between some less abundant bacteria and archaea; the study posited that this interaction was due to the ability of some bacteria, such as Succinivibrio spp. and Lachnospiraceae spp., to degrade pectin into methanol, a substrate required for the growth of the methanogenic species Methanomassiliicoccaceae and Methanospaera. Therefore, it is not surprising to see a reduced alpha diversity in 3-NOP treated animals because of the interplay between the differing domains of life. Recently, Gruninger et al. (2022) provided evidence that compositionality changes may indeed occur due to the use of 3-NOP. Their work indicated that within rumen fluid samples, control samples clustered separately from 3-NOP treated samples, indicating there are community composition effects when treating animals with the inhibitory compound. While these findings illustrate the diversity and compositional dynamics when using 3-NOP, it is important to understand the functional differences induced by 3-NOP supplementation. Studies have indicated that while MCR gene abundance was not different between control Holstein dairy cows and 3-NOP supplemented cows, gene copies were lower in the treated group (Pitta et al., 2022). This reduction in gene expression led to a clear methanogenesis inhibition. A previous study in sheep demonstrated the same effect on gene expression (Shi et al., 2014), demonstrating a clear shift in functionality when using 3-NOP. These studies, coupled with the understanding that different inhibitory doses are required for different methanogenic lineages (Duin et al., 2016; Pitta et al., 2021), provide evidence that 3-NOP-induced methanogenesis inhibition varies between individual methanogenic lineages (Pitta et al., 2022). When analyzing the findings of all these studies, it becomes necessary for future research to investigate the factors involved with lineage specific mechanisms induced by 3-NOP as well as continuing to elucidate metagenomic details involved in the microbial food web in 3-NOP-supplemented animals. 
Another inhibitory compound is an algae-derived halogenated CH4 analogue (HMAs), particularly bromoform. The red-seaweed genus Asparagopsis, primarily A. taxiformis and A. armata, are of particular interest, especially considering that their mitigation potential of enteric CH4 is much greater than other seaweed species (e.g., brown seaweeds; Beck et al., 2022; Reyes et al., 2023). The Asparagopsis seaweeds have been documented for their ability to produce and encapsulate a small, yet sufficiently active quantity of HMAs leading to CH4 inhibition and have been extensively investigated (Li et al., 2019; Roque et al., 2019a; Kinley et al., 2020; Roque et al., 2019a; Roque 2019b; Stefenoni et al., 2021; Glasson et al., 2022). Additionally, the use of algae supplementation and the subsequent effects and consequences have been comprehensively reviewed elsewhere (Abbott et al., 2020; Min et al., 2021; Bačėninaitė et al., 2022). As with 3-NOP, bromoform from Asparagopsis spp. have high specificity for effecting methanogens and it has been further shown in an ex vivo study of the rumen microbiome that inhibition of methanogenesis precedes methanogenic relative abundance as well as having no measurable effect on SCFA production (Roque et al., 2019b; Mizrahi et al., 2021). Machado et al. (2018) indicated a significant decrease in methanogen relative abundance in an in vitro experiment when using rumen fluid from cannulated Brahman steers while demonstrating a clear reduction in CH4 production. However, Roque et al. (2019b) demonstrated a significant reduction in CH4 production yet, it was not in concert with the decrease in average methanogen abundance, albeit a reduction in Euryarchaeota was reported. 
It has been recently shown that methanogenesis inhibition was accompanied by a decline in overall microbial activity and bacterial diversity (O’Hara et al., 2023). Because disrupting the core microbiome can lead to negative impacts for the ruminant, supplementation with Asparagopsis spp. could lead to a decrease in prominent fiber degraders and VFA producers which could result in negative animal performance (Neu et al., 2021; O’Hara et al., 2023). Roque et al. (2019b) additionally posits that the ‘Anna Karenina’ hypothesis (Box 1) is at play with algae supplementation wherein, the hypothesis theorizes that microbiome perturbations result in microbial composition differentiation (Zaneveld, et al., 2017). While studies have shown no effect on animal performance (Min et al., 2021) as well as studies indicating improved performance parameters (Abecia et al., 2012; Singh et al., 2015; Roque et al., 2019a), negative effects from algae supplementation should be further investigated given more recent findings (O’Hara et al., 2023). The findings above agree that algae supplementation results in marked CH4 reduction. However, there is no clear relationship between the algal-induced CH4 reduction and archaeal relative abundance as well as algae supplementation’s effect on animal health and performance. Because changes in microbial diversity and composition due to disturbances are a known phenomenon, Anna Karenina principles should be considered when evaluating animal performance and algae supplementation to potentially reveal the functional dynamics between the microbiome and methanogenesis inhibition. It has been suggested that large-scale changes to the microbiome are not a prerequisite for functional alterations in the ruminant microbial ecosystem (Roque et al., 2019b). While Choi et al. (2022) revealed no significant differences in predicted function between red seaweed extract supplementation and control groups, there is relatively little information regarding functionality between algae supplementation and the rumen microbiome. More extensive research is required to determine functional differences in algae-treated and steady-state ruminant microbiomes for the use of algae as a CH4 mitigation approach. 
2.4 Nutrition
As previously mentioned, diet is the major driver for microbial community composition for ruminant microbial composition. Dietary manipulations have been investigated for CH4 mitigation and many reviews are available that provide detail on dietary interventions for methanogenesis inhibition (Beauchemin et al., 2008; Hristov et al., 2013; Knapp et al., 2014; Beauchemin et al., 2020; Beauchemin et al., 2022). The difference between forage-based and concentrate-based diets is a core concept for diet formulation in ruminants. The capability of ruminants to produce high-quality protein from forages reduces competition for grains between humans. Additionally, forage diets provide other ecologically important benefits, such as improving soil health, enhancing water quality, and promoting and conserving biodiversity within the environment (Guyader et al., 2016; Beauchemin et al., 2020). A major concern with forage-based ruminant systems is that 75% of global ruminant CH4 emissions are produced from forage diets of grazing animals (Beauchemin et al., 2020). The cellulosic material in forage enhances methanogenesis as fiber fermentation favors acetate production providing a hydrogen source and thereby increasing CH4 production. Improving forage quality and digestibility can to some extent reduce CH4 although an absolute reduction of CH4 (g/day/head) may not always be seen (Beauchemin et al., 2009; Beauchemin et al., 2020; Beauchemin et al., 2022). For instance, higher quality forages have greater ratios of non-fiber carbohydrates to neutral detergent fiber promoting organic matter degradation. This process results in more [H+] available for methanogenesis and an increase in DMI promotes greater absolute CH4 output. Interestingly, an increase in DMI is associated with a greater rate of passage within the rumen resulting in reduced CH4 yield (g per kg of DMI). Furthermore, greater DMI results in increased performance, thereby reducing CH4 emission intensity (g CH4 per unit of production) (Beauchemin et al., 2020). Overall, there is variation within the net CH4 reduction from enhanced forage quality. 
Forage-based diets are commonly supplemented with concentrates (i.e., feeds that are rich in energy and protein and low in fiber). It is a common practice in commercial livestock settings to feed animals high concentrate-based diets as they are energetically more efficient. Oltjen (2019) demonstrated this as the efficiency of metabolized energy use for grain decreased with an increase in roughage inclusion. This efficiency is attributed to fermentation of starches from concentrate-diets resulting in more propionate and butyrate while cellulose fermentation results in more acetate. Acetate is converted to ketone bodies that can be used for energy or can enter the tricarboxylic acid (TCA) cycle via oxaloacetate condensation. For the latter process, oxaloacetate requires propionate, glucogenic amino acids, lactate, or glycerol. In high-concentrate diets, there is more proprionate available for acetate to enter the TCA cycle. Because the TCA cycle yields more ATP compared with other acetate metabolism pathways, acetate entering the TCA cycle results in greater animal efficiency (Van Soest, 1994; Johnson and Johnson, 1995; Kobayashi, 2010). Conveniently, this process represents an alternative H2 sink potentially resulting in decreased CH4 production.  Theoretically, supplementing forage-based diets with concentrates could increase nutrient supply for use in more metabolically beneficial pathways for ruminant livestock to fulfill nutritional gaps and increasing performance as well as reducing CH4 emissions. For example, Thompson et al. (2019) reported an 8% reduction in enteric CH4 emissions per unit of ADG with increasing energy supplementation to beef cattle grazing winter wheat pastures. Snelling et al. (2019) additionally reported animals fed a high-concentrate diet had significantly lower CH4 emissions, an increase in propionate production, better animal productivity, and changes in bacterial community composition. Other studies have further pointed out this difference between forage and concentrate diets in Holstein cows (Wang et al., 2020). Interestingly, research has indicated that the use of other CH4 mitigation strategies coupled with concentrate diets is synergistic. Sunflower oil fed combined with a concentrate-based diet resulted in decreased daily CH4 emissions (g/d or g/kg OM digested) in lactating dairy cows (Bayat et al., 2017). The methanogenesis inhibitor 3-NOP showed increased CH4 reduction potential in dairy cows fed a high-concentrate diet while decreasing in effectiveness over time when added to a high-forage ration (Schilde et al., 2021). The incorporation of both concentrates and other CH4 mitigation strategies could provide a valuable on-farm management technique. 
[bookmark: _Hlk155776501]While it is known that concentrate-based diets reduce CH4 emissions and can improve animal performance, high concentrate diets can impact microbial composition, diversity, and functionality. Marked differences were seen in microbial composition (i.e., beta-diversity) in Holstein cattle fed a high forage-based diet or a high concentrate-based diet indicating vast differences in the bacterial communities between the two groups (Wang et al., 2020)HHols. Decreases in microbial alpha-diversity are often associated with dysbiosis which can result in negative outcomes for the host species. This was shown in research that indicated a significant decrease in Shannon’s diversity in goats fed a high concentrate diet resulting in abnormal fermentation patterns (Hua et al., 2017). These results indicate a pattern of significant diversity and compositional differences between cattle fed high concentrate-based diets resulting in dysbiotic microbial populations. Additional studies have reported that an increase in dietary concentrate inclusion resulted in dysbiosis within the microbial community with potential community functional loss (Russell and Rychlik, 2001; Khafipour et al., 2011; Li et al., 2012).This phenomenon was demonstrated in a study analyzing the bacterial communities of Angus cows where an increase in concentrates was proportional to an undesirable increase in the Firmicutes-to-Bacteroidetes ratio (Chen et al., 2021). Bacteroidetes are known to have a higher mean of glycoside hydrolase and polysaccharide lyase compared to Firmicutes, making Bacteroidetes spp. the primary degraders of complex polysaccharides (Meale et al., 2016). Moreover, Zhang et al. (2020b) reported a decrease in Bacteroidetes and an increase in Firmicutes at the phylum level in dairy cattle fed high concentrate diets. Therefore, based on these studies it can be inferred that an increase in concentrates could disrupt key bacterial species that would likewise be in a steady-state condition in a high-forage based diet, which could affect animal performance or health via functional changes within the microbiome. Additional evidence is required to confirm this theory.
Both the negative and positive effects of concentrate-based diets should be considered when formulating livestock diets due to the potential drawbacks on the rumen microbiome from concentrates. One solution could be the type or quality of forage used in feed for commercial livestock settings. A recent study compared the bacterial community compositions and animal productivity between three different forages all supplemented with concentrates and found that Holstein bulls fed oats haylage or vetch haylage had an increased bacterial diversity, unique community composition, and more robust microbial networks compared to animals fed forages such as barley straw. Robust microbial networks have been associated with fewer incidences of ruminal acidogenesis (González et al., 2012; Costa-Roura et al., 2020). Although not significantly different, the animals fed the oat haylage were also associated with higher animal performance metrics (primarily ADG). Interestingly, cattle fed vetch haylage resulted in a decreased ADG although demonstrating a far more robust microbial network compared to barley straw.  Therefore, forage source must be considered along with a potential trade-off between microbial robustness and lower ADG when formulating livestock feeds. 
Using a high-starch forage alongside concentrate supplementation could prove a viable strategy to inhibit methanogenesis as well as enhance animal performance. Forages such as corn silage or small-grain cereals increase starch and decrease fiber concentrations resulting in propionate production; as previously mentioned, propionate production competes with methanogenesis for [H+] inhibiting methanogens while also lowering rumen pH (Beauchemin et al., 2022). This principle was demonstrated by Gislon et al. (2020) wherein dairy cattle fed corn silage diets (49.3 % DM corn silage) produced higher propionate proportion compared to a diet comprised of Italian ryegrass hay and alfalfa hay (25.3 % DM each); the study also reported a significant decrease in CH4 production (g/d). These findings are supported by previous research indicating that increasing starch content of silages, such as corn silage, can reduce CH4 production (Hassanat et al., 2013). Functional analysis has revealed that there is some degree of functional redundancy seen between forage selection and concentrate supplementation (Taxis et al., 2015; Costa-Roura et al., 2020). Despite this, Cousta-Roura et al. (2020) demonstrated that quality forages presented unique lactate-producing populations, primarily Sharpea, Bifidobacterium, Eubacterium, Selenomonas, and Olsenella. These species could provide a functional means to reduce acidosis in the rumen, dictating microbial interactions that prove beneficial to the animal. For example, Bifidobacterium pseudolongum is a lactic acid-producing bacterial species that has been previously shown to improve body weight gain and feed efficiency along with reduced incidences of diarrhea in newborn calves (Abe et al., 1995; Seo et al., 2010; Ban and Guan, 2021). Future studies should investigate the functional understanding of these species and the underlying mechanisms in which they interact within microbial communities driven by higher concentrate-based diets. The findings therein could elucidate critical approaches in CH4 mitigation while maintaining animal performance or ruminal microbial composition for improved cost/profit for the livestock operation.  
Another avenue for nutritionists to consider is supplementing fat sources within the diet. Most ruminant diets consist of 5% fat in total dry matter with linoleic acid and α-linolenic acid being the major fatty acids in forage and concentrate diets (Enjalbert et al., 2017). While fat supplementation was originally implemented to improve dietary energy requirements for cattle in intensive farming systems, it has been reported that dietary fatty acid supplementation can mitigate enteric CH4 emissions. Fat sources that have been studied for their anti-methanogenic properties include soybeans (Enjalbert et al., 2017), sunflower seeds (Beauchemin et al., 2007), cottonseed (Belk et al., 2018), linseed (Martin et al., 2016), and soybean oil (Beck et al., 2019). It has been posited that fat supplementation may reduce CH4 emissions via three mechanisms. As previously mentioned, research has demonstrated that saturation of long-chain polyunsaturated fatty acids can decrease methanogenesis by providing an alternative metabolic hydrogen acceptor in the reduction of CO2; however, methanogenesis inhibition has been attributed to a reduction in substrate availability for CH4 production using this mode of action (Czerkawski et al., 1966; Johnson and Johnson, 1995). Secondly, it has been hypothesized that fat supplementation might reduce DMI or fiber digestibility resulting in a net reduction of CH4 emissions (Eugène et al., 2008; Rabiee et al., 2012; Hristov et al., 2013; Beck et al., 2018). Thirdly, the rumen microbiome could be altered which impacts rumen function, mitigating CH4 production (Martin et al., 2016; Enjalbert et al., 2017; Belk et al., 2018). However, a primary concern with fat supplementation is the inhibitory effects of fat on bacterial growth. As previously discussed, (see Alternative H2 Sinks), unsaturated fatty acids are considered toxic to microbial cells. Biohydrogenation of unsaturated fatty acids is a detoxification process due to the negative effects of unsaturated fatty acids on bacterial cell growth (Maia et al., 2007; Jarvis and Moore, 2010; Yang et al., 2019). It has been reported that Fibrobacter, Ruminococcus, Butyrivibrio, and Prevotella are negatively affected in vivo by linoleic acid and α-linoleic acid (Enjalbert et al., 2017; Li et al., 2020). A recent study further hypothesized that accumulation of unsaturated fatty acids could decrease feed intake and fiber digestibility due to the inhibition of Butyrivibrio as high feed intake cattle had lower concentrations of linoleic acid and α-linolenic acid (Li et al., 2020; Arndt et al., 2022; Beauchemin et al., 2022). A main hurdle in understanding these inhibitory effects of unsaturated fatty acids can be attributed to the differing species, functions, and metabolic pathways of the various bacteria affected within the microbiome. Additionally, these inhibitory effects of dietary fat supplementation cannot be categorically defined as the root cause of a reduction in bacterial relative abundance because a change in diet could reflect alteration in nutrient and function distribution among the ruminant microbial members (Enjalbert et al., 2017). Therefore, there is a need for metagenomic mechanistic research to elucidate the properties of the microbiome that results in both CH4 reduction and biohydrogenation of fat supplements, as well as providing new insights into how fats improve animal performance.  
While research efforts into the ecological effects on ruminant microbes is limited, studies have indicated the ability of certain fat sources, such as canola oil, in association with the inhibitory compound 3-NOP to significantly alter composition and diversity in ruminant microbial populations (Gruninger et al., 2022). Specifically, this study identified that there was a marked shift in composition between control samples, canola oil-only samples, and canola oil plus 3-NOP samples indicating that the addition of canola oil alone can alter microbial structure. The combination of 3-NOP and canola oil resulted in a dramatic reduction in the mean relative abundance of archaeal populations and not surprisingly, the CH4 emissions from these samples was substantially reduced. Additionally, it has been shown that supplementing a concentrate-based diet with a lipid source (i.e., rapeseed cake 190 g/kg DM) resulted in significantly lower CH4 emissions on a g/kg DMI basis (Troy et al., 2015; Snelling et al., 2019). The findings in these studies indicate the ability of added fat in combination with other CH4 intervention products to have an enhanced effect as opposed to using either method individually. This insight could prove extremely valuable for future researchers and producers alike in improving and innovating new synergistic CH4 reduction strategies.
2.5 Alternative H2 Sinks
A primary concept in CH4 reduction is directing [H+] away from methanogenesis to other beneficial H2 sinks. Metabolic hydrogen is a key molecule involved in CH4 production and overall rumen community dynamics. During plant fiber fermentation, [H+] is produced and is utilized by methanogens during the methanogenesis process (Mizrahi et al., 2021). Accumulation of H2 has been posited to have detrimental effects on the fermentation process due to high H2 partial pressure within the rumen inhibiting certain microbial dehydrogenases which reduce fermentation, dry matter intake (DMI), and the digestibility of feeds (Janssen, 2010; Leng, 2014). However, it appears as though the rumen is capable of H2 partial pressure maintenance through other pathways even when methanogens are inhibited (Martinez-Fernandez et al., 2018; Yang et al., 2019). While methanogenesis is the largest H2 sink in the rumen, there is evidence that [H+] can be redirected into other reduced end-products other than CH4 and H2 such as microbial mass (Ungerfeld, 2015; Martinez-Fernandez et al., 2018). Conversely, recent studies concluded that CH4 reduction strategies via direct alteration of methanogen diversity or abundance could result in ruminant H2 accumulation; given this, there could be negative effects on microbial species that are sensitive to H2 partial pressure (Mizrahi et al., 2021; Glasson et al., 2022). Consequently, CH4 reductions strategies should account for the redirection of [H+] into nutritionally beneficial H2 sinks (Box 1) for the improvement of animal productivity. Several of these alternative H2 sinks have been investigated including homoacetogenesis, fumarate reduction, nitrite reduction, sulfate reduction, and biohydrogenation of unsaturated fatty acids. 
Alternative H2 sinks such as homoacetogenesis, fumarate reduction, nitrite reduction, and sulfate reduction have been investigated. Homoacetogens are bacteria that produce acetate through the acetyl-CoA pathway and are known to occur naturally within the rumen environment (Kelly et al., 2022). The primary acetogens belong to the families Lachnospiraceae, Clostridiaceae, and Ruminococcaceae and degrade multiple substrates including H2 (Pereira et al., 2022). While acetogens are thought to be the first hydrogenotrophs to colonize the early-life ruminant (Morvan et al., 1994), methanogens likely outcompete acetogens as methanogenesis is thermodynamically favorable compared to acetogenesis. However, recent evidence suggests that hydrogenotrophic acetogenesis may be more significant as an H2 sink than previously recognized. Greening et al. (2019) in a metagenomic and metatranscriptomics study of sheep rumen contents demonstrated that 74% of the reads were predicted to be hydrogenotrophic acetogens, mainly Blautia, Acetitomaculum, and Oxobacter. While acetogenesis has a higher threshold for H2 utilization, increasing the partial pressure within the rumen headspace could improve the thermodynamic favorability of acetogenesis (Ungerfeld, 2013; Pereira et al., 2022). As mentioned previously, an increase in H2 partial pressure can have adverse effects on the microbial communities and performance of the ruminant. However, acetogens can also degrade formate. While there is little known about the significance of formate as an electron carrier, it has been posited that formate synthesis could play an important role in the control of H2 partial pressure (Leng, 2014). When methanogens are slightly inhibited, formate is produced in bulk and organisms that possess formate dehydrogenases can then rapidly convert formate to H2 and CO2 (Doetsh et al., 1953; Thiele et al., 1988; Leng, 2014). Therefore, when methanogenesis is inhibited, the production of formate and its subsequent association with the ruminant microbial community could ensure a low H2 concentration (Leng, 2014). The role of acetogens in both H2 and formate degradation requires more thorough investigation to elucidate the practicality of acetogen supplementation for methanogenesis inhibition. 
Additionally, increasing propionate levels offers potential as an effective H2 sink. Greening et al. (2019) reported that, second to only methyl-CoM reductase, the 1d [NiFe]-hydrogenase of Selenomonadales was the most expressed H2 uptake hydrogenase. The Selenomonas species has previously been shown to grow via hydrogenotrophic fumarate reduction and nitrate ammonification facilitated by the 1d [NiFe]-hydrogenase (Henderson, 1980; Martin and Park, 1996; Iwamoto et al., 2002; Greening et al., 2019). Fumarate is a precursor for propionate, which consumes H2 via the succinate and acrylate fermentation pathways resulting in significantly less H2 available for CH4 production (McAllister and Newbold, 2008; Kobayashi, 2010; Xue et al., 2021; Pereira et al., 2022). A recent study evaluated the effects of fumarate supplementation in rumen fluid and found that inclusion of fumarate significantly increased propionate production and decreased the acetate:propionate ratio (Xue et al., 2021). Decreasing acetate:propionate results in both decreased CH4 and increased energy retention within ruminants (Wolin, 1960; Russell, 1998). Choi et al. (2022) further demonstrated that red seaweed supplementation in the rumen fluid of non-lactating Hanwoo cows resulted in an increase in propionate proportions 24 h after supplementation. Other in vitro studies have indicated the addition of the fumarate-reducing bacteria Mitsuokella jalaludinii resulted in lower methanogen DNA copies and occurrence (Mamuad et al., 2014; Pereira et al., 2022).  Additionally, it has been shown in vivo that supplementing the propionate-forming bacteria Lactobacillus pentos D31 as a probiotic resulted in a 13% reduction in CH4 production through two weeks of administration (Jeyanathan et al., 2016).  Collectivley, the findings suggest that propionate production from fumarate-reducing bacteria or propionate-forming bacteria can outcompete methanogens for H2 availability. 
Other alternative H2 sinks include nitrate and sulfate reduction and biohydrogenation of unsaturated fatty acids. Nitrate and sulfate reducing bacteria are native members of the ruminant microbiome and have been investigated for their potential as alternative H2 sinks. Both nitrate-reducing bacteria (Wolinella succinogenes and Selenomonas ruminantium) and sulfate-reducing bacteria (genera Desulfovibrio and Desulfotomaculum) offer alternative H2 sinks as both nitrate and sulfate reduction are more thermodynamically favorable than methanogenesis (Lan and Yang, 2019). The population of these bacteria have been reported to be at low relative abundances within the ruminant microbial population; however, their abundances increase as the availability of their perspective electron acceptors increases in concentration (Lan and Yang, 2019; Kelly et al., 2022). The inclusion of nitrate and sulfate in ruminant diets has previously been identified as a potential means to lower CH4 production (Leng, 2014). However, there is risk of toxicity associated with nitrate and sulfate dietary inclusion. The nitrate conversion to nitrite has been previously recognized as having toxic effects on ruminal microorganisms (Latham et al., 2016). Sulfate reduction also has adverse health effects as there is risk of polioencephalomalacia, which occurs from hydrogen sulfide (H2S) accumulation within the rumen headspace and inhalation of H2S (Gould, 1998; van Zijdervald et al., 2010). Therefore, considerable caution must be taken when considering the use of nitrate and sulfate supplementation for CH4 mitigation. 
Biohydrogenation of unsaturated fatty acids is considered a detoxification process as unsaturated fatty acids are considered more toxic to microbial cells than saturated fatty acids (Maia et al., 2007; Jarvis and Moore, 2010; Yang et al., 2019). Biohydrogenation of unsaturated fatty acids results in conjugated linoleic acid and vaccenic acid that enter meat and milk products of ruminants and have been shown to provide general health benefits to humans (Givens and Shingfield, 2006; Yang et al., 2019). It has been previously demonstrated that long-chain polyunsaturated fatty acids provide an alternative metabolic hydrogen acceptor to the reduction of CO2 thus decreasing methanogenesis (Czerkawski et al., 1966; Johnson and Johnson, 1995). However, the total amount of [H+] used in the biohydrogenation of unsaturated fatty acids is small (1%) in comparison to that of methanogenesis and CH4 reduction of studies supplementing fat sources was attributed to a limitation in substrate available for methanogenesis (48%; Czerkawski et al., 1966; Johnson and Johnson, 1995). More recent research has indicated that all members of the genera Butyrivibrio and Pseudobutyrivibrio carry out biohydrogenation of unsaturated fatty acids (Paillard et al., 2007; Lourenço et al., 2010; Yang et al., 2019). Given this, supplementing both an unsaturated fatty acid source and Butyrivibrio/Pseudobutyrivibrio species as a direct-fed microbial could provide an alternative H2 sink and an indirect method of methanogenesis reduction. Previous research has indicated that providing Butyrivibirio fibrisolvens DSM 2071 increased total gas production while not increasing CH4 production in vitro, providing evidence that Butyrivibrio spp. can have anti-methanogenic properties (Jeyanathan et al., 2016). However, Butyrivibrio is highly affected by the toxicity of unsaturated fatty acids on bacteria and therefore, careful consideration must take place in formulating CH4 mitigation strategies as proposed above. One potential method is the inclusion of lactate in a proposed unsaturated fatty acid:Butyrivibirio/Pseudobutyrivibirio methanogenesis inhibition strategy. Lactate has previously been found to protect Eubacterium ruminantium from the toxic effects of linoleic acid indicating a possible metabolic link between lactate and fatty acid biohydrogenation (Maia et al., 2007). Further research is warranted to address these claims. 
When discussing hydrogenation and alternative H2 sinks, interspecies H2 transfer must be considered. Interspecies H2 transfer typically refers to the transfer of H2 from fermenting organisms to methanogens allowing for the conversion of HCO3- to CO2 and H2O, which is subsequently converted into CH4 by methanogens (Leng, 2014). This transfer of H2 between H2 producers and utilizers often occurs in tight, organized biofilms that optimize interspecies localization resulting in a rapid rate of CH4 production (McAllister et al., 1994; de Bok et al., 2004; Leng, 2014). Interestingly, alternative H2 pathways were shown to be upregulated in low CH4-emitting sheep when compared to high CH4-emitting sheep where methanogenesis predominated (Greening et al., 2019; Kelly et al., 2022). Additionally, Martínez-Álvaro et al. (2020) demonstrated that there are important differences in microbial diversity, abundance, and interspecies interactions between low CH4-emitting cattle and high CH4-emitting cattle. Primarily, high CH4 emitters had a lower number of hydrogenotrophic methanogenic species with limited interactions compared to low CH4 emitting animals, where methanogens were more diverse, were involved in all three methanogenic pathways, and had more interactions with other microbial communities. The differences in H2 sinks and microbial composition between low- and high-emitting animals could be due to the availability of substrates produced in the differing microbial consortia. The substrates produced coupled with the distance between organisms involved in interspecies transfer could explain which species is most successful in a given community. These interactions could also dictate the partial pressure of H2 influencing the fermenting reaction (e.g., methanogenesis, acetogenesis, etc.) that takes place (Leng, 2014). Taken together, there is evidence that interspecies H2 transfer and alternative H2 sinks are dependent on the microbial species within a given ruminant community or more specifically, the functionality of those microbes. As previously mentioned, there is significant functional redundancy and taxonomic masking that occurs in the rumen (Weimer, et al., 2015; Moraïs and Mizrahi, 2019a). Thus, there is difficulty in fully understanding the true mechanistic and metabolic processes that govern these reactions. 
2.6 Animal Breeding and Early Life Interventions
[bookmark: _Hlk155776565]One novel method in mitigating CH4 emission is breeding and genetic programs designed to select for low CH4-emitting animals. Because CH4 emission is a heritable trait (Herd et al., 2014; Mizrahi et al., 2021), breeding programs have been established that select for animals with small rumen sizes and thus, lower nutrient particle retention times (Ørskov et al., 1988; Mizrahi et al., 2021). However, these breeding programs are known to reduce animal feed efficiency making this selection strategy less desirable (NZAGRC, 2019; Mizrahi et al., 2021). Given that recent studies have identified that the heritable microbiome along with host genetic and immunological factors are connected to both rumen microbiome composition and function, it can be hypothesized that breeding programs should select for animals with desirable microbiomes (Xiang et al., 2016; Roehe et al., 2016; Martínez-Álvaro et al., 2020; Maman et al., 2020; Meale et al., 2021). For example, Wallace et al. (2015) and Roehe et al. (2016) demonstrated in two different studies that microbial genes involved in methanogenesis were significantly greater in high CH4-emitting animals. These two studies further showed that Succinovibrionaceae was a major player in low-emitting animals as these bacterial species produce succinate as their main fermentation product, which utilizes [H+] rather than releasing it as H2 for methanogenesis utilization (Wallace et al., 2015). Additionally, network analysis studies have shown that more robust and diverse microbial networks are associated with lower-emitting animals (Martínez-Álvaro et al., 2020). Therefore, using the rumen microbial profile for low CH4 emissions as a breeding selection criterion could prove a valuable resource in current and future breeding programs. Future studies should address the mechanistic aspects of the microbial networks involved in low-emitting ruminants for critical knowledge in developing these programs. 
There has been a recent push for evaluating microbiome manipulation in early-life ruminants for CH4 mitigation. As previously discussed, early life microbiomes of ruminants are quite unstable, which allows for the potential for microbial engineering practices to be applied for methanogenesis inhibition. Interestingly, the initial colonizers of the rumen microbiome have recently been shown to have long-lasting effects on the assembly process in adult microbial populations (Furman et al., 2020). However, a primary question in early life intervention strategies is the window of time that would allow for microbial interventions to be most effective. Past research has indicated that ruminant bacterial structure reaches a level of stability between 3 and 4 weeks of age, suggesting a critical window of opportunity for CH4 mitigation (Rey et al., 2013; Abecia et al., 2014; Guzman et al., 2015; Yáñez-Ruiz et al., 2015). Additionally, it was shown that weaning and weaning age have dramatic effects on microbial diversity and composition regardless of weaning strategy further suggesting another critical window for intervention (Meale et al., 2016; Meale et al., 2017). Therefore, the age of the animal must be considered when designing novel microbiome engineering strategies. Early-life microbiome engineering offers a promising avenue of CH4 reduction as it provides an intervention method that can be applied infrequently (i.e., early in life) with long-term CH4 mitigation effects. 
Microbiome engineering studies in early life are also concerned with long-term treatment effects as several studies have indicated a return to pre-treatment ecologies following a cessation of the treatment (Romero-Pérez et al., 2016). Although limited in the number of current studies, recent research has aimed to address these questions of temporal stability. Meale et al. (2021) demonstrated that 3-NOP supplemented from day of birth through 14 weeks persistently reduced CH4 emissions in dairy calves. The supplementation of 3-NOP at both transitional periods (i.e., microbial establishment and weaning) modulated the rumen environment such that long lasting (as much as 46-weeks after 3-NOP supplementation ended) effects were seen on CH4 output (Meale et al., 2021; see above discussion on 3-NOP). Coupled with this finding, it could be beneficial to enhance diet formulation in early life intervention techniques to select low CH4-producing microbiomes. Furman et al. (2020) saw an increase in Methanobacteriaceae and a decrease in the hydrogen-utilizing Succinivibrionaceae family when switching to a fiber-rich diet from a high-starch diet. This finding is in line with the understanding that concentrates can reduce methanogen abundance and the subsequent release of CH4 (see “Nutrition” section). Collectively, these findings suggest that microbiome manipulation in early life via inhibitory compound supplementation and proper diet formulation could be an innovative strategy for methanogenesis intervention. An increase in attention to the mechanistic knowledge of microbiome assembly and ruminant host-microbiome interactions could provide key evidence in the development of early life intervention strategies. As such, it is imperative for future research to increase studies focused on functionality of microbiome assemblage at early life stages. Such knowledge would prove beneficial to the understanding and development of microbiome engineering practices for CH4 inhibition. 
Another strategy for early life intervention is targeting the protozoal populations in a process called defaunation. As previously discussed, protozoa play a major role in methanogenesis as they are an appreciable source of H and methanogens often colonize protozoa. Several studies have indicated the ability of defaunation to effectively reduce CH4 emissions by 13-43% (Hegarty et al., 1999 Morgavi et al., 2008; Hegarty et al., 2008; Morgavi et al., 2012; Guyader et al., 2014; Belanche et al., 2015). Moreover, clear differences in microbial community composition have been demonstrated in defaunated ruminants. Belanche et al. (2015) demonstrated a clear shift in compositionality between fauna-free sheep, holotrich protozoa inoculated sheep, total-faunated sheep with each treatment showing distinct separation. The study also demonstrated a positive correlation of methanogens with holotrich protozoa inoculated sheep and a negative correlation with CH4 emissions with fauna-free sheep. These results indicate that there is a solid correlation between methanogenesis and protozoa presence. One possible explanation given for the increase in methanogen numbers in holotrich protozoa inoculated sheep is due to no competition in colonization for the protozoa (Belanche et al., 2015). The effectiveness of defaunation has been challenged however, as a recent meta-analysis indicated only a 10% reduction in CH4 emission (Arndt et al., 2022). Additionally, the total removal of protozoa is challenging as reinoculation occurs rapidly via cross contamination in commercial livestock operations (Beauchemin et al., 2022). It is reasonable to infer that defaunation could be a viable method for CH4 reduction albeit, this process is highly challenging and the effects on total microbial ecology are contentious. Further research is warranted to elucidate the potential of defaunation’s viability and practicality in a commercial setting for CH4 emission reduction. 
2.7 Methanotrophs
Another intriguing area of research is the use of other microorganisms to reduce CH4. There is evidence that some bacterial species, known as methanotrophs, can oxidize CH4. Since 1906, it was believed that methanotrophy was only present in the bacterial phylum Proteobacteria (Whittenbury et al., 1970; Hanson and Hanson, 1996; Guerrero-Cruz et al., 2021). Within the last two decades however, it has been determined that methanotrophs encompass both bacteria and archaea (Dedysh and Knief, 2018; Guerrero-Cruz et al., 2021). Methanotrophs can survive in both aerobic and anaerobic conditions. Bacterial methanotrophic species are classified as either Type-1 (Gammaproteobacteria) or Type-II (Alphaproteobacteria). It has been reported that Type-1 methanotrophs prefer environments higher in oxygen (O2) and lower in CH4 and vice verso for Type-2 methanotrophs (Smith and Murrell, 2009; Rani et al., 2024). Oxidation of CH4 by methanotrophs is reliant on the enzyme methane monooxygenase (MMO) to incorporate O2 molecules into CH4 as eloquently described elsewhere (Ahmadi and Lackner, 2024; Rani et al., 2024).
Interestingly, methanotrophs have been shown to be native to the rumen and thus, could provide a natural system in mitigating enteric CH4 emissions (Mitsumori et al., 2002; Finn et al., 2012). Within anaerobic conditions, methanotrophs utilize various terminal electron acceptors such as sulfate, nitrate, nitrite and metals (Soren et al., 2015). Interestingly little work has been done to elucidate the effectiveness of anaerobic methanotrophs to reduce CH4. Kajikawa et al. (2003) reported possible low observations of methanotrophy in ruminal fluid. The use of these methanotrophs as a direct-fed microbial for CH4 mitigation has been suggested by Jeyanathan et al. (2014). However, the lack of animal studies investigating this method leave much to be discerned. Additionally, it has been reported that the methanotrophic genus Methylomonas is negatively correlated with CH4 production (Auffret et al., 2018; Beauchemin et al., 2020). More recently, Sharifi et al. (2022) elucidated that methanotrophs increased when nitrate supplementation was applied to a high forage diet. The study suggests that CH4 emissions can be reduced by methanotrophs without drastically altering native microbial populations. The combined studies suggest that combining other means of CH4 mitigation techniques (specifically, nitrate and sulfate supplementation – see above) could prove a viable alternative strategy. However, more research is needed to confirm the effectiveness of methanotrophs in reducing enteric CH4. 
2.8 Other Methane Inhibitory Strategies
Other techniques and strategies for CH4 mitigation have been investigated which include supplementation of carbon fermentation intermediates (Ungerfeld et al., 2003; Ungerfeld et al., 2007; Foley et al., 2009), dietary fat inclusion (Czerkawski et al., 1966; Grainger et al., 2008; Beauchemin et al., 2007; Beck et al., 2018; Beck et al., 2019), vaccines (Subharat et al., 2015; Zhang et al., 2015), essential oils (Benchaar and Greathead, 2011; Cobellis et al., 2016; Hristov et al., 2022), tannins (Aboagye and Beauchemin, 2019), saponins (Adegbeye et al., 2019), and ionophores (Appuhamy et al., 2013; Arikan et al., 2018). There are comprehensive reviews that detail in extensive fashion the mode of action and research related to effectiveness of these alternative strategies (Mizrahi et al., 2021; Beaucehmin et al., 2022) and therefore, these topics will not be discussed here. 
Vaccination strategies are under development but have been met with a level of difficulty. While studies have identified antibodies in serum and saliva produced from methanogenic vaccines, the effect of these antibodies in vivo have shown little or no effect on CH4 production (Baca-González et al., 2020). Studies in sheep have demonstrated varied results in terms of methane reduction in vitro and in vivo. In vitro studies indicated that sheep inoculated with a methanogenic vaccine and a 28-day booster resulted in a 12.8% - 26.26% CH4 reduction (Baker and Perth, 2000). Wright (2004) vaccinated sheep with a mix of three methanogens resulting in a 7.7% - 12.8% reduction in CH4 in vivo. One of the key issues with vaccine development is the between-animal variation of the rumen microbiome as well as the need to produce a vaccine that targets all methanogenic species as to ensure no methanogenic species can proliferate and fulfill that ruminant niche (Beauchemin et al., 2022; Volmer et al., 2023). However, recent advances in the knowledge of the core microbiome’s heritability could prove a viable course of action in vaccine development. One plausible vaccine development method stems from the understanding that a core microbiome is inherited and begins colonizing the early life ruminant mere hours after birth. A hypothesis arising from this review is that vaccines targeting the early life archaeal populations could have long-lasting effects on microbial ecology (see above for discussion on early life interventions for further context). Additional research is needed to substantiate this supposition as well as to identify functional niches that would allow the rumen to be susceptible to vaccines.
Secondary plant compounds, such as tannins and saponins have been suggested to be a promising means to design animals for reduced environmental impacts (Beck and Gregorini, 2021), have been extensively evaluated and reviewed for their enteric CH4 reduction potential (Hassan et al., 2020; Dhanasekaran et al., 2020; Beauchemin et al., 2022). Tannins are secondary metabolites of plants and are chemically divided into either hydrolyzable or condensed. Hydrolyzable tannins are commonly found in low amounts within fruit seeds such as pomegranate, blackberries, and myrobalan. Condensed tannins are the most common tannin group and are found in trees and shrubs. A comprehensive list of tannins and their sources can be found in a recent review on tannins’ impact in animal nutrition (Besharati et al., 2022). Results from the supplementation of tannins have been variable concerning methanogenesis inhibition, animal performance, and overall microbial ecological effect. While several studies have indicated that tannin supplementation can reduce CH4 by up to 30% (Tavendale et al., 2005; Adejoro et al., 2019; Hassan et al., 2020), other studies have demonstrated adverse effects on animal performance (Faixova and Faix, 2005; Bodas et al., 2012; Dhanasekaran et al., 2020), making the use of tannins for CH4 mitigation controversial. However, there is likely an appropriate dose of tannins that have minimal negative impacts on animal performance, while still reducing enteric CH4 (Beck and Gregorini, 2021). Additionally, tannins source and their chemical composition affect animal performance and the ruminant microbiome differently. In fact, hydrolysable tannins are considered more suitable compared to that of condensed tannins. Previous research has indicated that gallic acid, a subunit of hydrolysable tannins, has the potential to reduce CH4 and NH3 emissions, maintain animal performance, and inhibit undesirable microorganisms such as Clostridium, Listeria, and Escherichia coli (Aboagye et al., 2019; He et al., 2020; Hassan et al., 2020). However, condensed tannins have been reported to inhibit both beneficial rumen bacteria (e.g., Ruminococcus flavefaciens) and methanogenic archaea (Bae et al., 1993; Bhatta et al., 2009; Hassan et al., 2020). In one recent study, tannin supplementation in lambs has been shown to increase the diversity and abundance of butyrate-producing and other beneficial bacteria such as Bifidobacterium and Lactobacillusamino (Corrêa et al., 2020). Studies have also revealed that there are no structural changes to the microbiome although richness was diminished in tannin-supplemented cattle (Díaz Carrasco et al., 2017). While it is clear that the use of tannins in the diet can reduce methanogenesis, further research is vital to increase our understanding of the effects tannins have on animal performance and microbial ecology. Primarily, the source and chemical structures of tannins must be considered when assessing their effects on ruminant microbial ecology. Additionally, little research has been done to date utilizing tannins in combination with other CH4 mitigation strategies and thus, these types of studies are needed. 
Saponins have also been linked to variable results regarding methanogenesis inhibition. While saponins mediate rumen fermentation by decreasing protein degradation and urea and ammonia concentrations, there has been a weak correlation between saponin supplementation and CH4 reduction (Hassan et al., 2020). For example, Goel et al. (2008) investigated the effects of saponin supplementation in forage and concentrate based diets and determined that there was a decrease in protozoal populations and methanogen populations although there was no associated decrease in methanogenesis. It is posited that enhanced expression of genes from certain methanogenic species compensate for the reduction of methanogen relative abundance and therefore, methanogenesis does not decrease (Henderson et al., 2018). However, previous studies have indicated that tea saponins (3 g/d) resulted in a 10.6% - 27.7% reduction in CH4 production (Mao et al., 2010; Zhou et al., 2011). These studies demonstrated a significant reduction in protozoal populations which could account for the decrease in CH4. Additional studies have indicated the ability of tea saponins to reduce Lachnospiraceae in alfalfa and soybean hull-based fiber diets fed to cattle (Wang et al., 2019). Lachnospiraceae spp. have previously been linked to high-CH4 emitting sheep (Kittelmann et al., 2014; Tapio et al., 2017). Therefore, saponins have shown the ability to reduce methanogenesis by modulating various members of the ruminant microbial consortia. These studies highlight the importance of studies investigating gene expression and interactions within the microbiome to enhance nutrient utilization and animal efficiency when accounting for tannin or saponin supplementation for the control of methanogenesis (Hassan et al., 2020). In broader terms, future research should highlight methodologies in understanding functionality and gene expression within the rumen microbial community, especially protozoa and H2-producing bacteria, as diversity and composition might not account for complete CH4 inhibition or reduction. 

3. Animal Performance, Health, and Methane Inhibition
3.1 Alpha Diversity and Dysbiosis
A key, yet perplexing concept in ruminant microbial ecology is that lower microbial alpha diversity (i.e., richness) has recently been linked to higher feed efficiency (Ben-Shabat et al., 2016). Traditionally, an increase in microbial diversity is associated with healthy gut microbiomes as a loss of diversity can lead to dysbiosis and can be indicative of disease states. Theoretical and empirical data have long suggested that a higher species diversity is associated with more stable microbial communities with greater pathogenic resistance (Loreau et al., 2003; Decaestecker et al., 2013; Downing et al., 2014; Karkman et al., 2017). An increase in richness (i.e., the number of observed microbial species) is further associated with more efficient resource utilization and an increase in functional redundancy (Fargione et al., 2008; Karkman et al., 2017). However, in the ruminant system, there appears to be a counter-intuitive process related to microbial richness (Supplementary Figure 2). An increase in feed efficiency, which is indicative of high-performing animals yielding higher grade product, is theorized to be correlated with lower richness thus, a simpler microbial network which leads to higher concentrations of specific nutrients that are used to support the host’s energy requirements (Ben-Shabat et al., 2016; Díaz Carrasco et al., 2017). Snelling et al., (2019) corroborated this thought process by modulating diets to higher amounts of concentrates which resulted in decreased CH4 emissions, increased animal performance, and a lower Shannon’s index. However, it was recently shown that an increase in high concentrate diets lead to an increase in mastitis in dairy cows (Hu et al., 2022). Indeed, in other gastrointestinal (GI) environments such as the lower GI tract, lower bacterial diversity has also been associated with dysbiosis and disease (Bartels et al., 2010; Ma et al., 2020; Kim et al., 2021). Recently, it was shown that in early-life dairy calves a decrease in richness, evenness, and Shannon’s Diversity was indicative of calf scour’s onset, an important economic disease of dairy calves (Frazier, 2021). A possible explanation for the variation between microbial environments could be differences in environment-specific microbial composition and specific host-mediated functions that account for microbial population structure. Ben-Shabat et al. (2016) characterized this claim by suggesting that the diversity decrease was due to the lower abundance of methanogens and thus, methanogenic pathways without significant changes to overall microbial composition. In communities subjected to perturbation via disease, significant changes were seen not only in alpha diversity, but also in community composition as a clear shift could be seen in early life dairy calf microbiomes between diseased and healthy animals (Frazier, 2021). Therefore, these findings suggest that from an ecological perspective, processes such as methanogenesis, which are performed by small taxonomic groups like methanogens, are more sensitive to changes in richness (Hooper et al., 1995; Ben-Shabat et al., 2016). However, Hu et al. (2022) demonstrated that dairy cow mastitis seen in cows fed a high-concentrate based diet was linked to a significant decrease in ruminant richness as well as milk and feces richness, raising a question of diet-derived CH4 reduction strategies using concentrates. 
3.2 Stress and Methanogenesis
Taken together, the above experiments point to a significant debate in whether methanogenesis inhibition equates to a net positive for the host animal. As previously mentioned, a reduction in diversity due to methanogen-specific inhibitory compounds, such as 3-NOP, is not surprising due to the nature of interplay between archaea and bacteria within microbial networks (Henderson et al., 2015). The issue surrounding a decrease in microbial alpha diversity revolves around the significant correlation between disease state and decreased diversity and richness. Another significant issue is the microbial response to stress. Few studies have indicated that heat stress can alter microbial populations (Tajima et al., 2007; Uyeno et al., 2010; Chen et al., 2018; Zhao et al., 2019; Baek et al., 2020). Additional studies have indicated microbial population changes as well as higher cortisol levels associated with CH4 production in beef cattle following transport stress (Llonch et al., 2016; Deng et al., 2017). While these findings indicate that stress may have an impact on microbial communities, it is important to note that it is difficult to differentiate stress related changes from feed intake. Therefore, stress and disease state can alter microbial profiles; however, dietary influences could mask the effects seen in CH4 emissions. Indeed, future research should investigate not only diversity and composition effects of CH4 mitigation strategies, but also functional aspects of these techniques related to animal performance and health. The information that could be elucidated therein would be valuable to animal livestock operations and researchers alike as new understandings of how CH4 inhibition techniques and products affect both the host animal and the global environment. 
3.3 Ionophores
The use of ionophores is another important line of investigation for animal health and CH4 mitigation. Given the public health concern over antibiotic use in livestock animals, there has been a shift away from non-therapeutic antibiotic use in production animals. In 2006 the European Union banned the use of antibiotics for any reason other than treating severe illness (Franz et al., 2010). Regardless, antibiotics, specifically ionophores, have shown the ability to increase animal performance and efficiency by shifting the microbial population toward gram-negative bacteria resulting in higher concentrations of propionate that can compete with methanogens for H2 (Russell and Houlihan, 2003; Almeida et al., 2021). Monensin is among the most used ionophore in ruminant animals to increase feed efficiency as feed intake is reduced by 5-6% while not hindering ADG (Johnson and Johnson, 1995). However, the use of monensin as a CH4 inhibitor appears to be a small co-benefit if beneficial at all. A recent meta-analysis showed minimal CH4 yield reduction (4%) and modest CH4 emission intensity reduction (0% - 14%; Almeida et al., 2021). Monensin acts as an indirect inhibitor of methanogenesis and does not directly inhibit methanogens; instead, monensin inhibits H2-producing bacteria and as a result CH4 output can be reduced (Russell and Houlihan, 2003; Shen et al., 2017). Nevertheless, using ionophores such as monensin might not be potent enough on their own to be used as CH4 mitigators. Additionally, as a consequence of continued use of monensin, the rumen microbiome can adapt and become resistant, reducing the ionophore response including any CH4 reduction seen (Callaway et al., 2003; Almeida et al., 2021). Therefore, using ionophores ass a primary means for CH4 reduction has limited capacity. The combination of ionophores and other mitigation techniques could prove beneficial and future research should investigate this claim.
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5.	Supplementary Figure Captions
Supplementary Figure 1. Examples of current CH4 mitigation strategies for both adults and early-life animals are currently being investigated. In adult animals, using strategies such as inhibitory compounds (i.e., halogenated compounds from algae, 3-NOP), nutrition formulations, vaccines, secondary plant compounds, essential oils and supplementation for alternative electron sinks have shown promise by directly or indirectly inhibiting methanogens and thereby, methanogenesis. A far more promising and long-term solution is the use of mitigation strategies at early-life and then using current animal breeding programs to select for low methane-emitting animals and/or a specific microbiome composition favorable to low CH4 emissions. Adapted from Mizrahi et al. 2021.
Supplementary Figure 2. The issue of species richness and animal performance. In most host-associated microbial ecosystems, a higher alpha diversity (i.e., richness) has often been linked to more efficient resource utilization and more stable microbial communities. An increase in community stability and resource efficiency primarily results in better host performance. However, in the rumen ecosystem, an increase in microbial richness has been linked to lower animal performance. The contrast between high and low microbial richness in the bovine gut is demonstrated above. In panel A, virus A leads to dysbiosis and a diseased lower gastrointestinal microbiome and poor animal performance while a healthy, more efficient host has greater microbial diversity. In the rumen (panel B), the exact opposite process takes place. One theory posited by Ben Shabat et al. (2016) is that the functional redundancy seen in a highly diverse microbiome produces a larger range of output metabolites from their corresponding food webs. This overabundance of metabolites leads to many performance-hindering pathways (i.e., methanogenesis) becoming necessary to utilize the plethora of resources. On the other hand, the less diverse ecosystem produces a smaller range, yet more relevant group of metabolites used for better resource efficiency and thus, animal performance.
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