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Meat and milk from ruminants provide an important source of protein and other nutrients for human consumption. Although
ruminants have a unique advantage of being able to consume forages and graze lands not suitable for arable cropping, 2% to
12% of the gross energy consumed is converted to enteric CH, during ruminal digestion, which contributes approximately 6% of
global anthropogenic greenhouse gas emissions. Thus, ruminant producers need to find cost-effective ways to reduce emissions
while meeting consumer demand for food. This paper provides a critical review of the substantial amount of ruminant
CH,-related research published in past decades, highlighting hydrogen flow in the rumen, the microbiome associated with
methanogenesis, current and future prospects for CH, mitigation and insights into future challenges for science, governments,
farmers and associated industries. Methane emission intensity, measured as emissions per unit of meat and milk, has
continuously declined over the past decades due to improvements in production efficiency and animal performance, and this
trend is expected to continue. However, continued decline in emission intensity will likely be insufficient to offset the rising
emissions from increasing demand for animal protein. Thus, decreases in both emission intensity (g CH,/animal product) and
absolute emissions (g CH,/day) are needed if the ruminant industries continue to grow. Providing producers with cost-effective
options for decreasing CH, emissions is therefore imperative, yet few cost-effective approaches are currently available. Future
abatement may be achieved through animal genetics, vaccine development, early life programming, diet formulation, use of
alternative hydrogen sinks, chemical inhibitors and fermentation modifiers. Individually, these strategies are expected to have
moderate effects (<20% decrease), with the exception of the experimental inhibitor 3-nitrooxypropanol for which decreases in
CH, have consistently been greater (20% to 40% decrease). Therefore, it will be necessary to combine strategies to attain the
sizable reduction in CH, needed, but further research is required to determine whether combining anti-methanogenic strategies
will have consistent additive effects. It is also not clear whether a decrease in CH, production leads to consistent improved
animal performance, information that will be necessary for adoption by producers. Major constraints for decreasing global enteric
CH, emissions from ruminants are continued expansion of the industry, the cost of mitigation, the difficulty of applying
mitigation strategies to grazing ruminants, the inconsistent effects on animal performance and the paucity of information on
animal health, reproduction, product quality, cost-benefit, safety and consumer acceptance.
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Implications

Enteric CH4 from ruminants contributes approximately 6% of
global anthropogenic greenhouse gas emissions. Thus, pro-
ducers need cost-effective ways to lower emissions while
meeting consumer demand for high-quality, safe and
affordable food produced from healthy animals. Methane

 E-mail: Karen.beauchemin@canada.ca

s2

https://doi.org/10.1017/51751731119003100 Published online by Cambridge University Press

emissions per unit of meat and milk have continuously
declined over the past decades due to improvements in pro-
duction efficiency and animal performance. However,
decreases in both intensity and absolute emissions of CH,
are needed to curb rising atmospheric greenhouse gas con-
centrations. The paper reviews future prospects for enteric
CH,4 mitigation and provides a critical analysis of the knowl-
edge gaps and future challenges for science, governments,
producers and livestock industries.
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Introduction

Global demand for meat and milk is expected to increase by
73% and 58%, respectively, by 2050 compared with 2010
levels, due to continuous expansion of the world population,
an emerging middle class, growing incomes and urbanization
(Gerber et al., 2013). Expansion of animal agriculture is a
concern because it contributes to rising atmospheric concen-
trations of greenhouse gases (GHGs) and consequent climate
change. Total global GHG emissions from livestock (animals,
manure, feed production and expansion of lands into for-
ested areas) are estimated to account for 14.5% of total
anthropogenic emissions (Gerber et al,, 2013). Enteric CH,4
from ruminants contributes approximately 6% of global
anthropogenic GHG emissions (40% of all livestock emis-
sions; Gerber et al.,, 2013). Methane has a much shorter life-
time (half-life; 8.6 years; Muller and Muller, 2017) than CO,
in the atmosphere, which makes it an attractive amelioration
target for short-term gains in global warming abatement.

Rising environmental awareness and vegetarianism,
coupled with the emergence of synthetic milk and meat
and limited resources, are challenging the ruminant livestock
industries’ social licence to operate. Thus, it is imperative that
ruminant producers develop cost-effective ways to continue
decreasing CH, emissions while meeting consumer demand
for food. The GHG emissions per unit of meat and milk (also
called carbon footprint and emission intensity) have declined
over the past 50 years due to improvements in production
efficiency and animal performance, and this trend is expected
to continue, especially in countries with developing econo-
mies. However, the decline in emission intensity due to pro-
duction efficiency gains is modest (<1%/year) and may be
insufficient to offset the rising emissions from increasing
demand for animal protein. Thus, a global concerted effort
to reduce ruminant emissions is warranted.

Concern that enteric CH4 from ruminants is contributing to
anthropogenic GHG emissions has promoted a recent
research focus on understanding the factors affecting meth-
anogenesis in the rumen, as well as exploration of a broad
range of potential mitigation strategies. Consequently, a
plethora of CHy-related papers has been published ranging
from genome sequencing of rumen methanogens
(Henderson et al., 2015 and 2018; Seshadri et al., 2018)
to practices that can be adopted to mitigate emissions
(Beauchemin et al., 2009; Hristov et al., 2013; Eckard and
Clark, 2018). Thus, our intent is not to cite the vast numbers
of individual papers published, but rather, present a critical
analysis of the current knowledge gaps and prospects for CH,
mitigation in view of the need for food security. We focus the
discussion on knowledge learned, unresolved issues and
future challenges for science, governments, farmers and
ruminant livestock industries.

Historical perspective

A search of the literature related to rumen methanogenesis
published between 1960 and 2018 (Scopus keywords:
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Figure 1 (colour online) Number of published papers related to enteric
methanogenesis (Scopus search keywords: methane OR methanogenesis
AND cow OR cattle OR sheep OR lamb OR rumen (total = 5845). A shift
in research focus from energy metabolism to environment occurred in
the early 2000s, indicating significant recent investment in CH, mitigation
research.

methane OR methanogenesis AND cow OR cattle OR sheep
OR lamb OR rumen) revealed almost 9000 papers (Figure 1).
In vitro (e.g. Bauchop, 1967) and in vivo (e.g. Clapperton,
1974) research on inhibiting rumen methanogenesis started
with the aim of improving energy utilization efficiency of
rumen fermentation, with the ultimate goal of improving ani-
mal productivity. Some of the studies prior to the year 2000
also established many of the fundamentals of rumen meth-
anogenesis, including rumen microbial ecology, carbohy-
drate fermentation and associated biochemical pathways,
and modifiers of ruminal microbial activity and effects on
methanogenesis (Hobson and Stewart, 1997). Early animal
studies focused on energetics and reported CH,4 losses
account for 2% to 12% of the gross energy consumed by
ruminants (Johnson and Johnson, 1995). Many of the factors
affecting energy losses as CH4 were revealed including level
of intake, carbohydrate type and lipid supplementation. Early
animal studies were conducted in respiratory calorimetry
chambers (whole animal chambers, head boxes and face
masks), with the development of the sulphur hexafluoride
tracer gas technique in the early 1990s being a significant
innovation providing researchers with a low-cost means of
measuring CH, production of individual animals without
the need for restraint or enclosure (Johnson and Johnson,
1995). In the early 2000s, the number of CH,-related publi-
cations increased rapidly, reflecting significant investment
and shift in research focus towards mitigation in view of
the increasing awareness of the environmental impact of
CHy4 from ruminants (Figure 1).

Rumen fermentation and microbiome associated with
methanogenesis

Carbohydrates are the main dietary source of energy for rumi-
nants. In the rumen, polysaccharides (mainly cellulose, hemi-
cellulose and starch) are hydrolysed to glucose and other
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Figure 2 Scheme of the major pathways of rumen fermentation including generation and incorporation of metabolic hydrogen ([H]) and dihydrogen (H,).
Estimated Gibbs energy changes are based on Kohn and Boston (2000) and Ungerfeld and Kohn (2006) without considering ATP generation. Generation and
incorporation of [H] are estimated based on 1 mol of glucose fermentation according to the following reactions: C¢H,,0¢ (glucose)—2 C3H403 (pyruvate)+ 2
[2H]; 2 C3H405 + 2 HSCoA (non-esterified coenzyme A) — 2 C;H30SCoA (acetyl coenzyme A) + 2 CO, + 4 [2H]; C;H30SCoA + H,0 (water) —— C,H40,
(acetate) + HSCOA; 2 C,H30SC0A + 2 [2H] — C4H30, (butyrate) + 2 HSCOA; 2 C3Hq03 + 2 [2H] — 2 C3HqO; (lactate); 2 C3HgO5 + 2 [2H] — 2 C5Hg0,
(propionate) + 2 H,0; 2 C3H403 + 2 [2H] + 2 CO, (carbon dioxide) — 2 C4Hg05 (malate); 2 C4H404 (fumarate) + 2 [2H] —— 2 C3HgO, + 2 CO,.

hexoses and pentoses (Figure 2). Monosaccharides are fur-
ther metabolized to volatile fatty acids (VFAs) and CO,.
Metabolic hydrogen ([H]) is released in the metabolism of
monosaccharides to VFA, reducing intracellular co-factors,
and for fermentation to continue, co-factors must be
re-oxidized. This happens to a large extent through hydroge-
nase activity and formation of dihydrogen (H,, i.e. molecular
hydrogen). Ruminal H, exists in two forms, dissolved H,
(dH;) and gaseous H, (gH,), with only dH, being available
for microorganisms (Wang et al.,, 2014). Dihydrogen does
not accumulate in the rumen because it is transferred from
the fermentative consortium of bacteria, protozoa and fungi
to methanogenic archaea that use it to reduce CO, and other
one-carbon compounds via the hydrogenotrophic pathway to
CH,4. Most methanogens can also utilize formate generated in
acetyl-CoA formation from pyruvate as a [H] donor for rumi-
nal methanogenesis (Schauer and Ferry, 1980), with the
unused formate being rapidly converted to H, and CO,. To
a much lesser extent, CH; can also be produced in the
rumen through the utilization of methyl groups (methylotro-
phic pathway) and less commonly from acetate (Huws
et al, 2018).

Thus, CHy4 represents the largest sink of [H] in the rumen.
Importantly, while most [H] produced by the fermentative
microbiota is transferred to methanogens as dH, and used
in methanogenesis (Janssen, 2010), there are other impor-
tant pathways of [H] utilization such as propionate produc-
tion, which can incorporate [H] in reduced co-factors
generated in intracellular reactions as well as dH, produced
by other cells (Henderson, 1980; Figure 2). A strong positive
relationship between the concentrations of dH, and propio-
nate indicates that increased ruminal dH, can facilitate
reactions incorporating [H] into propionate production
(Wang et al., 2016).
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When methanogenesis is inhibited in vitro, gH, can accu-
mulate up to 100 times the control treatments with func-
tional methanogenesis (Chalupa et al,, 1980). In vivo gH,
emissions can increase by 60- (Hristov et al., 2015) or even
600-fold (Vyas et al., 2018) when CH,4 production is inhibited.
Although the release of gH, represents an inefficiency of
energy utilization, the loss of energy as H, represents on aver-
age only 2.7% of the energy potentially available from the
decrease in CH, production (Ungerfeld, 2018).

Propionate, an alternative [H] sink to CH, (Janssen, 2010),
is the main glucose precursor for ruminants, and therefore
desirable to enhance in animals with high demands for glu-
cogenic precursors. Reductive acetogenesis, the formation of
acetate from CO, and H, (Figure 2), is also a desirable [H]
incorporating process, as acetate is an energy source and
building block in long chain fatty acid synthesis. However,
reductive acetogenesis is thermodynamically outcompeted
by methanogenesis in the normal rumen (Ungerfeld and
Kohn, 2006) but would be a beneficial [H] sink to enhance
in a methanogenesis-inhibited rumen fermentation
(Ungerfeld, 2013). Some inorganic electron acceptors like
nitrate and sulphate (Figure 2) can thermodynamically out-
compete methanogenesis in the rumen (Ungerfeld and
Kohn, 2006), although the availability of these [H] acceptors
is low with most diets unless these electron-accepting com-
pounds are supplemented.

In theory, redirecting [H] away from methanogenesis to
fermentation end-products that can be absorbed and utilized
by the host animal, as well as to microbial biomass synthesis,
helps to not only decrease CH,4 emissions but may potentially
also benefit productivity of the host animal (see the
‘Methane, animal productivity and incentives to lower
emissions’ section). So far, however, this potential has not
been consistently realized (Ungerfeld, 2018).
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The rumen microbiome associated with methane
emissions

There have been tremendous advances made in characteriz-
ing archaea responsible for methanogenesis in the rumen,
including the variability among animals and how the archaea
are affected by diet and mitigation strategies (Henderson
et al, 2015; Tapio et al, 2017; Huws et al, 2018;
Seshadri et al., 2018). Henderson et al. (2015) conducted
a comprehensive global census of the microbial community
composition of rumen and foregut samples (from 379 cattle,
106 sheep, 59 deer, 52 goat and 72 others) from 35 coun-
tries. Although the samples were from a wide range of ani-
mals, locations, diets and conditions, the dominant archaeal
groups were surprisingly similar. Methanobrevibacter
gottschalkii and Mbb. ruminantium were found in almost
all samples, accounting for, on average, 74% of all
archaea. Together with a Methanosphaera sp. and two
Methanomassiliicoccaceae-affiliated groups, the five domi-
nant methanogen groups comprised almost 90% of the
archaeal communities. About 78% of archaea were hydroge-
notrophic, while 22% were methylotrophic using methyl
groups from methanol or methylamines, whereas methano-
gens that used acetate were rare (Seshadri et al., 2018). It
appears that rumen archaea are much less diverse than
rumen bacteria, which probably reflects the narrow range
of substrates they use. This limited diversity provides an
opportunity to develop CH, mitigation strategies that target
these few dominant methanogens. Recent whole genome
sequencing of rumen methanogens has provided insight into
their metabolic processes (Seshadri et al., 2018), which could
lead to the development of microbiome-based mitigation
approaches, such as small molecule inhibitors that target
enzymes, vaccines and other approaches that affect the
rumen archaea (Leahy et al., 2013).

High-throughput sequencing has been used to study rela-
tionships between CH,4 production and the microbial commu-
nity composition quantified in terms of 165 rRNA or 185 rRNA
gene abundance, as well as functional gene abundance and
expression. The reader is directed to several excellent reviews
(e.g. Leahy et al., 2013; Tapio et al., 2017; Wallace et al.,
2017; Huws et al, 2018). Most (Shi et al, 2014;
Danielsson et al., 2017), but not all (Wallace et al., 2015),
studies report weak or no relationships between CH4 produc-
tion of individual animals and total abundance of archaea.
Rather, it appears that the composition of the archaeal com-
munity and differential gene expression of methanogenesis
pathways are more highly associated with CH, production
(Shi et al, 2014; Wallace et al, 2015; Danielsson et al.,
2017). Studies have also shown an association between
CH,4 production and the abundance of 16S rRNA genes of
specific bacterial phyla and genera (Wallace et al, 2015;
Danielsson et al, 2017). As well, a positive association
was reported between CH, production and protozoa
(Tapio et al., 2017), but surprisingly no association was found
between archaea and protozoa in the global rumen census
(Henderson et al., 2015).
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A positive association between CH, production and the
abundance of functional genes encoding for methanogenesis
enzymes has been reported in some studies (Shabat et al,,
2016). Transcription of the entire methanogenesis pathway
was augmented in high-emitting sheep (Shi et al,, 2014).
It is tempting to speculate that a positive relationship
between CH,4 production and the abundance of genes encod-
ing for methanogenesis enzymes or their transcripts might
indicate that the rate of CH, formation is kinetically con-
trolled by the activity of one or more methanogenic enzymes.
Yet, cause—effect relationships were not demonstrated in the
studies discussed, thus the inverse might occur and metha-
nogens may grow and regulate the expression of genes
encoding for methanogenesis enzymes depending on other
limitations to producing CH4 (Browne and Cadillo-Quiroz,
2013). Methanogenesis might be enzyme limited after feed-
ing, when the elevation of dH, concentration precedes the
increase in CH, and methanogen 16S rRNA gene copies or
methanogenesis mRNA transcripts (van Lingen et al., 2017).

Increasing our understanding of the complexity of the
rumen microbiome in relation to host and external factors
(e.g. diet, mitigation) is key to decreasing CH, production
from ruminants in the future, in addition to maximizing
the efficient use of feed resources. Advances in enzyme
and gene-based approaches may facilitate the future devel-
opment of CH, mitigation compounds that specifically target
methanogens and their enzymes (Henderson et al., 2018),
including ongoing efforts to sequence complete genomes
of methanogens (e.g. Leahy et al, 2013; Li et al.,, 2016).
Metagenomic and metatranscriptomic research to reveal
the complexities and functionality of the rumen microbiome
should continue to be an area of high-priority research to
improve the environmental sustainability of ruminant
production.

Strategies for mitigating methane emissions

While numerous strategies have been proposed for CH, mit-
igation (Hristov et al., 2013; Knapp et al., 2014), many are
difficult to implement on-farm (e.g. protozoa defaunation),
have low mitigation potential (e.g. yeast, bacterial direct-
fed microbials, saponin, ionophores) or are at a very
early stage of development (e.g. bacteriocins, phages).
Accordingly, the following discussion focuses on mitigation
strategies with potential for on-farm adoption in the short
or medium term (Table 1).

Increasing animal productivity

Improved animal performance through superior animal man-
agement, health, nutrition and genetics lowers CH,4 emission
intensity (g CH4/kg product) because fewer animals and con-
sequently less total feed are used to produce a given amount
of product (Capper et al., 2009). However, absolute emis-
sions (g/animal per day) may increase as animals consume
additional feed to meet their energy requirements. There
are many industry-wide examples that illustrate how
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Table 1 Assessment of select strategies for enteric methane mitigation in the short or medium term based on the information provided in the text

CH,4 decrease potential

Intensity
Amount (g/kg Expected
Strategy (g/day) product) availability Feasibility of implementing on-farms  Limitations Key references
Management and breeding
Increased animal Uncertain Low Immediate Potential greatest for production Adoption limited by knowledge transfer, economics, Capper et al.
productivity (through (can increase) systems that are not already perception, limitation of resources and others (2009); Hristov
nutrition, genetics, optimized et al. (2013);
health and Legesse et al.
management) (2016)
Animal breeding for Low Low Unknown, possibly  Can be incorporated into multiple Need robust ways of measuring CH, of large numbers Pickering et al.

low-CH,4 production

Animal breeding for feed Low Low
efficiency and residual
feed intake
Nutrition
Lipids Medium Medium
Concentrates Low to Low to
medium medium

Improved forage quality ~ Highly variable Low

Rumen microbiome and fermentation manipulation

Vaccine Unknown, Unknown,
possibly low possibly
to medium low to

medium

within 10 years

Immediate

Immediate

Immediate

Immediate

Unknown

trait selection index

Can be incorporated into multiple
trait selection index

Feasible for ruminants fed diets, but
difficult to implement for grazing
ruminants

Feasible, but limited scope for further
increase in grain feeding

Feasible, but highly dependent upon
weather and other environmental
factors

Experimental. Limited published
results. Would be particularly
relevant for grazing ruminants

of individual animals. Relationships between CH,4
production and economically important traits are
unknown. Need to know long-term persistency on
different diets and effects on animal health

Existence of genotype x environment interactions needs
to be determined. Relationship to productivity-related
traits at pasture unknown. Lack of information on the
biological regulation of the trait

Can be expensive. Potential negative effects on fibre
digestibility. Need more information on fat x diet
interactions. Effects on meat and milk quality need
further study

Decrease in enteric CH4 does not always reduce total
greenhouse gas emissions. Can increase risk of
acidosis. Concentrates can be fed to other livestock
and consumed by people

Adoption limited by knowledge transfer and potential
trade-off between yield and quality. Absolute
emissions may increase, but improved animal
performance decreases intensity

Effects on CH, production, animal health and
productivity will need to be established

(2015);
Lovendahl
et al. (2018)

Basarab et al.
(2013); Kenny
et al. (2018)

Grainger and
Beauchemin
(2011); Patra
(2013)

Hristov et al.
(2013)

Hristov et al.
(2013)

Wedlock et al.
(2010); https://
WWW.nzagrc.
org.nz/vaccine.
html
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Table 1 (Continued)

CH, decrease potential

Intensity
Amount (g9/kg Expected
Strategy (g/day) product) availability Feasibility of implementing on-farms  Limitations Key references
Early life programming
Unknown Unknown  Unknown Experimental. Most feasible for Research is in early stages. If effective, it may be Yéfiez-Ruiz et al.
intensive systems, difficult to economically attractive. Implications for animal health (2015)
implement for extensive pasture- and performance unknown. Need to establish long-
based production systems term persistency
Chemical inhibitors High High  Currently Feasible for ruminants fed diets but ~ Need more information on animal performance, dose x  Dijkstra et al.
(3-nitrooxypropanol) undergoing difficult to implement for grazing diet effects and safety. Not approved by regulatory (2018);
approval in some ruminants agencies. Unknown consumer acceptance Ungerfeld
countries (2018)
Algae Medium to Medium  Unknown, Few algae species contain active Safety concerns related to bromoforms. Will need Machado et al.
high to high  experimental compounds. Need to dry material, approval from regulatory authorities in most countries. ~ (2014); Li et al.
which may require energy Life cycle assessment needed to account for upstream (2018)
emissions
Nitrate Low to medium  Low to  Available, but Useful in low-protein diets. Can be  Risk of toxicity to non-adapted animals. Potential van Zijderveld
medium  requires approval used in place of urea, maximum of increase in N excretion if N requirements of animals et al. (2011);
by regulatory 2% of dietary DM. Can be used in are exceeded. Not approved in some countries Lee and
officials in some blocks for grazing ruminants Beauchemin
countries (2014)
Tannins Low to medium  Low to  Immediate Extracts can be added to diets. Much of the research has been conducted in vitro. Need Jayanegara et al.
medium Tannin-containing forages can be more information of effectiveness of different source (2012);
incorporated into pastures and types of tannins for CH, reduction. Need Cobellis et al.
information on whether digestibility and performance (2016)

is negatively affected
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improvements in animal performance over time have
decreased CH, and total GHG emissions intensity (e.g.
Capper et al., 2009; Legesse et al., 2016). However, CH,
intensity decreases in a curvilinear manner with increased
animal productivity; thus, increasing the productivity of
lower-producing animals has a relatively large impact,
whereas a further increase in the productivity of high-
producing animals has a relatively small impact. A life cycle
assessment that accounts for all changes in GHG associated
with the changes in practices to enhance animal productivity
is necessary before recommending this approach for CH, mit-
igation. Ultimately, for reduction in emissions intensity to
translate into absolute reductions in emissions, a net
decrease in animal numbers will be required.

Animal breeding

Heritabilities of CH, production on an absolute emission
basis (g CH4/day) are moderate and estimated at 0.29 and
0.40 in sheep and cattle, respectively, but much lower at
0.13 and 0.19, respectively, on a yield basis (g CHa/kg dry
matter intake (DMI)) (Pickering et al., 2015). Incorporating
CH,4 production in a genetic selection programme represents
a major challenge because of the difficulty of measuring CH,4
in a manner that reflects the long-term CH,4 phenotype of the
animal (Levendahl et al, 2018). Methane production is
mainly driven by DMI and fermentability of the feed, so emis-
sions fluctuate over the long term depending upon the status
of the animal and the diet, and diurnally depending upon the
timing of feeding. Obtaining accurate and low-cost estimates
of CH,4 production for a large group of animals under com-
mercial conditions is challenging. Some animal breeding pro-
grams use a ‘sniffer’ technique to measure breath CH,4
concentration at a feeder or during milking. Although this
technique has many sources of error (source-sampling dis-
tance, air turbulence, cow's head movement; Wu et al,
2018), it has been shown to be correlated (r=0.75) to flux
methods when used by skilled researchers (Difford et al,
2019). Additionally, the development of proxies (see the
‘Biomarkers to estimate methane emissions’ section) that
are highly correlated with CH,4 production would be benefi-
cial for identifying low-CH,4 animals in a genetic selection
program (Negussie et al., 2017).

Relationships between CH, production and economically
important traits are largely unknown (Basarab et al., 2013),
although Breider et al. (2019) recently showed genetic cor-
relations of 0.49 to 0.54 between CH4 production and milk
yield indicating that genetically selecting for lower CH,4 pro-
duction may decrease productivity. Thus, it is not clear
whether genetic selection for CHy traits would provide any
further advantage over selection for production traits, such
as growth and milk production, which lower CH,4 emission
intensity (Capper et al, 2009; Legesse et al, 2016).
Another major limitation is that economic indexes developed
for commercial sire selection are based on multiple traits
weighted for their economic value. With the low economic
value of CH,4 mitigation, this trait would have minor weight-
ing in a multi-trait index. Furthermore, it is not clear whether
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selecting low-emitting animals may result in reduced feed
efficiency (Levendahl et al., 2018), especially of high-forage
diets, given the finding of Pinares-Patifio et al. (2011) that
low-CH,4 sheep have lower feed digestibility than high-CH,4
emitting sheep.

Another approach for lowering CH, emissions through
animal genetics is the selection of more efficient animals
based on a measure of feed conversion efficiency such as
residual feed intake (which compares the actual feed intake
of animals to expected intake for maintenance and produc-
tion; Kenny et al., 2018). This trait is moderately heritable
(0.26 to 0.43) and moderately repeatable across diets
(0.33 to 0.67) (Basarab et al., 2013), although there is evi-
dence that animal re-ranking may occur with different types
of diets (Kenny et al,, 2018). One limitation for research is
that the measurement of residual feed intake requires accu-
rate measurement of DMI of individual animals, which is
challenging for grazing animals. Incorporating measures of
improved feed efficiency into multi-trait selection-based
breeding programs has the potential to reduce the amount
of feed used for meat and milk production (lower DMI with
minimal change in digestibility). Consequently, a decrease in
absolute emissions of enteric CH, can be expected with
improved feed efficiency, but this needs confirmation in
additional research using a range of diets to ensure no
genotype X environment interaction exists.

Nutrition

Dietary manipulation can be a highly effective CH, mitigation
approach, and many thorough reviews are available
(Beauchemin et al, 2009; Hristov et al, 2013; Knapp
et al., 2014). The efficiency of a particular dietary CH4 miti-
gation strategy depends on its effects on ruminal H, flow and
concentration, the microbial community, fermentation path-
ways, residence time of feed in the rumen and interactions
among these factors.

Lipids. Numerous studies have shown that low levels of lipid
supplementation of diets (<4% of dietary DMI) can decrease
CH, production (by up to 20%, although results are variable)
while increasing energy density of diets and benefiting
animal productivity in some cases. The results from meta-
analysis studies indicate a 1% to 5% decrease in CH,
(g/day) per 10g/kg DM dietary fat (Grainger and
Beauchemin, 2011; Patra, 2013) with medium chain
(C12:0, C14) and polyunsaturated fatty acids being most
potent (Patra, 2013). Lipids inhibit methanogenesis by
replacing rumen fermentable organic matter in the diet,
decreasing the numbers of ruminal methanogens and proto-
zoa, and through biohydrogenation of unsaturated fatty
acids (Patra, 2013). Biohydrogenation can provide an alter-
native [H] sink in the rumen to compete with methanogen-
esis, but this is quantitatively small (1% to 2% of [H] used for
this reaction; Nagaraja et al., 1997), albeit potentially greater
when methanogenesis is inhibited. However, lipid supple-
mentation is often costly and can decrease fibre digestibility
and DMI, inhibit rumen fermentation, depress milk fat
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synthesis and alter the fatty acid composition of products
(Grainger and Beauchemin, 2011; Patra, 2013). Although
lipid supplementation can be implemented immediately on
commercial farms, overall it has low to moderate scope
for CH4 mitigation due to cost and potential negative effects
on animal production and product quality.

Concentrates. Compared to forage-based diets, concentrate-
based diets are associated with lower CH, yield (g/kg DMI;
Johnson and Johnson, 1995) because fermentation of starch
in concentrate results in more propionate and butyrate than
cellulose in forage and thus competes with methanogenesis
for [H]. Starch has a faster rate of digestion and fermentation
than cellulose, resulting in elevated dH, (Wang et al., 2014).
Additionally, high-starch intake can decrease ruminal pH,
which inhibits the growth of methanogens, but it can also
reduce fibre digestibility and increase the risk of acidosis.
While increased feeding of starch-based diets may improve
animal performance and decrease CH, yield, its potential
as a CH4 mitigation strategy is low as the global capacity
to increase concentrate feeding of ruminants is limited.
Furthermore, grain-based diets ignore the importance of
ruminants in converting fibrous feeds, unsuitable for human
consumption, to high-quality protein sources (i.e. milk and
meat). Changes in the emissions of GHG resulting from pro-
ducing additional concentrate and land use change also need
to be considered using a life cycle assessment approach.

Forages. Strategies to mitigate CH, production from rumi-
nants consuming forage diets are needed given that grazing
ruminants produce 75% of global ruminant CH4 emissions
(Food and Agriculture Organization of the United Nations,
1999). Some of the CH4 emissions from grazing ruminants
can be offset by enhancing soil carbon reserves, thereby
removing CO, from the atmosphere (Guyader et al,
2016b). Additionally, well-managed grazing systems can
reduce the use of synthetic fertilizer by more effective use
of manure and nitrogen-fixing plants, which decreases
N,O emissions. Forage-based ruminant systems also provide
many other ecological benefits, such as conserving biodiver-
sity, improving soil health, enhancing water quality and pro-
viding wildlife habitat (Guyader et al., 2016b). Mitigation of
CH,4 from forage-based diets can be achieved to some extent
by improving forage quality and availability through grazing
management, timing of harvest, use of forage species with
superior digestibility, use of condensed tannin-containing
plants (see the ‘Phytocompounds’ section) and storage of
forages to conserve digestible nutrient content. However,
differences in forage quality may not always alter absolute
CH4 emissions (g/day) (Beauchemin et al, 2009). On the
one hand, high-quality forage has a greater ratio of non-fibre
carbohydrates to NDF and less lignified NDF, which promotes
organic matter degradation in the rumen. Therefore, more [H]
is available for methanogenesis and absolute CH, production
is increased due to greater DM ingested and digested in the
rumen. On the other hand, high-quality forage promotes
greater DMI in animals, which is associated with greater rate
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of passage from the rumen, and decreased CH,4 per gram of
DMI. Also, animals fed high-quality forages are more produc-
tive and thus have lower CH4 emission intensity. As a result,
the net effects of forage quality on daily CH4 emissions can be
variable, but improved forage quality typically lowers emis-
sions intensity as a result of enhanced animal productivity.

Rumen fermentation and microbiome manipulation
Vaccines. Vaccination against rumen methanogens has
been promoted as a means of decreasing CH,; emissions
and would be particularly useful for pasture-based systems
for which many other mitigation approaches cannot be easily
implemented. The concept is based on the vaccine inducing
the animal’s immune system to produce antibodies in saliva,
which upon entry into the rumen would suppress the growth
of methanogens (Subharat et al, 2016). Current vaccine
development by AgResearch (Hamilton, New Zealand) tar-
gets cell surface proteins that are conserved among rumen
methanogens (https://www.nzagrc.org.nz/vaccine.html). So
far, research has demonstrated production of antibodies in
vivo in response to a vaccine (Wedlock et al,, 2010; Zhang
et al,, 2015); however, changes in rumen methanogen pop-
ulation or CH, emissions have been nominal (Eckard and
Clark, 2018). Although a challenging undertaking, a vaccine,
if successful, could make substantial contribution to CH, mit-
igation, although effects on animal health and productivity
will need to be established.

Early life programming. Recent studies have focused on
decreasing CH, formation through programming the rumen
microbial community early in the animal’s life, as reviewed by
Yanez-Ruiz et al. (2015). The central idea is that the devel-
oping microbial community of the newborn ruminant is more
malleable so that its manipulation is more likely to have long-
lasting effects compared to the established microbiome of
the adult animal. There are reports of colonization of the
rumen by methanogens as early as birth (Guzman et al,
2015). Research with gnotobiotic animals also provides
important insights about the potential of rumen manipula-
tion in early life and the potential alternative [H] sinks to
CH,4 that could be enhanced in the developing rumen.
Abecia et al. (2013) observed that treating both does and
their kids with the methanogenesis inhibitor bromochloro-
methane (BCM) resulted in less CH4 emissions and greater
rumen propionate concentration in kids when measured
3 months after BCM treatment of does and kids had ceased.
The archaeal community composition also differed between
treatments, but only if the mothers had also been treated
with BCM, indicating that treating the mothers may be an
additional means of influencing the early development of
the rumen microbial community (Abecia et al, 2018).
Other studies showed no long-lasting effects on CH, produc-
tion when anti-methanogenic (garlic essential oil and linseed
oil) treatments were given to neonatal lambs (Saro et al,
2018). It remains to be determined how the persistence of
early life methanogenesis intervention is affected by the
treatment applied, the animal and the diet, among other
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variables. Although some early life studies have reported
decreased methanogenesis in the short-term post-treatment,
it will be necessary to assess whether mitigation is main-
tained throughout adulthood, the mechanisms involved
and implications for animal health and performance. As
the research is at an early stage, the feasibility of implemen-
tation on commercial farms where animals are in constant
contact with each other is unknown.

Chemical inhibitors. The search for compounds that
decrease CH, production when fed to ruminants is an impor-
tant area of research, although challenging. In addition to
CH,4 abatement, research in this area may theoretically lead
to improved production efficiency through redirection of [H]
from CH, towards compounds such as propionate or acetate
formed through reductive acetogenesis that can be used by
the animal (Janssen, 2010; Ungerfeld, 2013). The most
common approach has been to use compounds that directly
inhibit methanogenesis. Such compounds need to persist-
ently lower emissions without toxic effects for animals,
humans and the environment, and in order to be adopted
by producers, they may need to be low cost and increase pro-
ductivity and profitability. Furthermore, such compounds
need to undergo thorough and costly regulatory processes
before being commercially available. While the enormous
cost and complexity of developing new compounds that
are not already deemed safe for feeding to animals is daunt-
ing, this area of research should be a high priority.

Use of chemically synthesized inhibitors is one of the most
promising strategies to decrease CH, emissions from rumi-
nants (Liu et al, 2011; Veneman et al, 2016; Henderson
et al, 2018). Most inhibitors evaluated can be classified as
analogues of CH, or analogues of methyl-coenzyme M, a
co-factor involved in methyl transfer during methanogenesis.
Some inhibitors that have been evaluated in vivo are trichlor-
oacetamide, hemiacetal of chloral and starch, BCM, chloral
hydrate, 9, 10-anthraquinone, nitroethane, 3-nitrooxypropanol
(3-NOP) and chloroform (Ungerfeld, 2018). Some inhibitors
are toxic, cause undesirable side effects or decrease methano-
genesis only transiently, yet their study has generated useful
proof of concept knowledge about the consequences of
inhibiting rumen methanogenesis.

3-Nitrooxypropanol is a promising experimental CH,4
inhibitor currently under evaluation in large-scale dairy
and beef cattle studies to support licencing by government
authorities. Consistent CH, yield decreases of 20% to 40%
have been reported depending upon animal, diet composi-
tion, dose and method of supplementing 3-NOP (Hristov
et al, 2015; Dijkstra et al, 2018; Vyas et al, 2018). No
negative effects on diet digestibility (Romero-Perez et al,
2014) and sustained decrease of CH4 production over several
months have been reported for lactating dairy cows (25% to
32%, 12-week study; Hristov et al., 2015) and growing beef
cattle (high-forage diet for 105 days, 37% decrease; high-
grain diet for 105 days, 42% decrease; Vyas et al., 2018).
However, a study by McGinn et al. (2019) suggests that there
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may be an adaptation to inhibitors over time, which is an
area of research that needs to be pursued.

3-Nitrooxypropanol is a small molecule with a molecular
shape similar to that of methyl-coenzyme M (Duin et al,
2016). The methylated forms of coenzymes M and B are uti-
lized as substrates by the nickel enzyme methyl-coenzyme
M reductase in the last step of methanogenesis.
3-Nitrooxypropanol preferably binds into the active site of
the reductase and then inactivates the reductase by oxidation
of its active site Ni(l) (i.e. the nickel containing co-factor F430
of the reductase has to be in Ni(l) state for it to be active; Duin
et al,, 2016). The effective dose of 3-NOP is relatively low
(1-2 g/day), has high specificity towards methanogens, is
degraded in the rumen to very low concentrations of nitrate,
nitrite and 1,3-propanediol, residues in milk and meat are
minute or non-existent and the safety risks of 3-NOP are
reportedly low (Thiel et al, 2019a and 2019b), although it
waits to be seen whether the compound is approved by
the regulatory authorities. Thus, 3-NOP has tremendous
potential for CH, mitigation if commercially available, but
product cost and consumer acceptance will factor into the
acceptance of such a compound.

Algae. Algae can be classified by size (micro or macro) with
macroalgae (seaweed) further classified based on pigmenta-
tion (green, red or brown) and habitat (freshwater, marine).
Some types of algae concentrate phlorotannin and bromo-
forms, halogenated compounds that inhibit cobamide-
dependent coenzyme M during methanogenesis. Machado
et al. (2014) screened 20 species of tropical marine macro-
algae in vitro and concluded that Dictyota (brown) and
Asparagopsis (red) had the most potential for CH4 production
decrease. Kinley et al. (2016) further showed in vitro that
Asparagopsis taxiformis supplemented at 20 g/kg of forage
almost eliminated CH,4 production without negative effects
on forage digestibility. Recently, Li et al. (2018) reported that
feeding diets supplemented with up to 3% A. taxiformis to
sheep decreased CHy4 production in a dose-dependent man-
ner over a 72-day period, with 80% mitigation at the greatest
dose and no changes in body mass gain. For algae to be
adopted by farmers, a decrease in methanogenesis without
negative side effects would have to be persistent. The safety
of feeding bromoform-containing macroalgae to livestock
will also need to be investigated, as bromoform can be toxic
to the environment (i.e. ozone depletion) and can impair
human health. Furthermore, a life cycle assessment will need
to examine the CO, emissions from producing, harvesting,
drying and transporting algae, which may offset potential
decreases in CH, emissions from ruminants.

Alternative [H] sinks. Nitrate is a competitive [H] acceptor in
the rumen that uses [H] at the expense of methanogenesis
during its reduction to nitrite and subsequently ammonia.
Additionally, nitrate can exert direct toxic effects on metha-
nogens through its reduction intermediate nitrite (Lee and
Beauchemin, 2014). Stoichiometrically, reduction of 1 mol
(62 g) of nitrate to ammonia in the rumen should lower
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CH,4 production by 1 mol (16 g). However, in feeding studies
this potential is never reached because both nitrate and
nitrite can be absorbed from or passed out of the rumen,
increasing the risk of toxicity, and nitrite may be undesirably
metabolized to other end-products such as N,O, another
potent GHG. A number of feeding studies have examined
the short- and long-term effects of nitrate supplementation
of diets (mainly as calcium nitrate). In studies lasting several
montbhs, dietary inclusion of nitrate (about 20 g/kg DM) per-
sistently lowered CH4 by up to 12% in beef cattle (Lee et al.,
2017) and 16% in dairy cows (van Zijderveld et al., 2011).
Nitrate is a source of non-protein N and can help supply
the N requirements of the rumen microorganisms, which
can be beneficial for low-protein diets, but the addition of
nitrate to a diet already sufficient in N would result in
increased N voided to the environment. Feeding nitrate to
animals slightly increases nitrate residues in tissues
(Doreau et al., 2018) and milk (Guyader et al., 2016a), but
the levels are very low and not considered harmful to
humans. However, increased nitrate concentrations in the
rumen cause nitrate and methemoglobin levels to increase
potentially causing nitrate poisoning of animals. Although
risk of poisoning can be reduced by gradual adaptation of
animals (Lee and Beauchemin, 2014), nitrate supplements
are not approved for livestock in many countries (USA,
Canada). Overall, the cost of calcium nitrate relative to urea
(more than double) and the potential safety risks to animals
fed nitrate are major impediments to using nitrate for CH,
mitigation.

Phytocompounds. Secondary plant compounds such as
essential oils, tannins, saponins, flavonoids and organosul-
phur compounds have been investigated for their potential
anti-methanogenic properties. One of the most comprehen-
sive studies of this kind is the EU project ‘Rumen-up’ that
evaluated 500 plants and plant extracts for their effects on
in vitro fermentation and identified at least 25 as having
potential value as feed additives (https://www.abdn.ac.uk).
Numerous essential oils (e.g. derived from garlic, thyme,
eucalyptus, oregano, cinnamon and rhubarb) have been
shown to decrease CH4 production in vitro, but very few
compounds have been shown to have long-term anti-
methanogenic effects in vivo (Cobellis et al,, 2016). Garlic
oil, which contains the organosulphur compounds alliin,
diallylsulphides and allicin, appears to be one of the most
effective phytocompounds for CH, decrease in vitro; thus,
this effect needs to be evaluated in future animal studies.
Condensed and hydrolysable tannins also offer promise
for CH4 mitigation. Tannins are polyphenolic compounds
found in various plants with complex and diverse chemical
structure that have an affinity to bind to proteins and other
compounds. The CH,4 response to feeding tannins is highly
variable depending upon the source, type and molecular
weight of the tannins, and the methanogenic community
present in the animal. A meta-analysis of 30 in vitro and
in vivo experiments showed that increasing levels of tannins
decreased CH,4 production expressed relative to digestible
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organic matter (Jayanegara et al., 2012). Furthermore, the
in vitro batch culture studies appeared to predict the in vivo
responses reasonably well up to a level of 100 g tannins/kg
DM. Meta-analysis of the in vivo studies indicated a decrease
of 0.109L CHykg DMI per g tanninkg DMI (7 = 0.47).
However, a major limitation with tannins is that at low con-
centrations (<20 g/kg DMI), typical of many forages and feed
supplements, CH; responses are highly variable.
Furthermore, part of the CH, decrease due to tannins can
be caused by a concomitant decline in DMI and nutrient
digestibility. Nevertheless, the use of tannins as a potential
CH, mitigation strategy warrants further investigation to
identify the types and doses of tannins that reduce CH,4
without adverse effects on animal performance. Use of
tannin-containing forages is particularly relevant for grazing
ruminants as many forage legumes contain tannins, con-
densed tannins have been shown to aid in the control of
gastrointestinal parasites (Min and Hart, 2003), and tannins
can improve N utilization (Jayanegara et al.,, 2012).

Reducing net emissions v. emissions intensity

In discussing CH4 mitigation, it is important to consider the
implications of the different metrics used (Eckard and Clark,
2018). Agricultural supply chain markets increasingly require
certification of the carbon footprint of products, an emission
intensity metric based on GHG emissions per unit of product
produced. However, under the UN Framework Convention on
Climate Change (UNFCCC, 2015), signatories have made
commitments towards absolute reductions in their national
GHG emissions. Fifty-four countries specifically mention a
goal of decreasing livestock emissions (Richards et al,
2015). A net reduction in GHG emissions will require net
reductions in CH, emissions, yet cost-effective options for
decreasing livestock CHy4 are limited at present.

A focus on emissions intensity still allows the livestock
industries to grow with increasing efficiency of production,
while decreasing CH, emissions relative to a ‘business as
usual’ scenario. However, if the rate of growth of meat
and milk production as a result of increasing demand for ani-
mal products is greater than the decrease in CH, emissions
intensity, absolute CH,4 emissions from the livestock sector
will continue to increase in the future. Thus, an approach tar-
geting increases in animal productivity and decreases in
absolute CH4 emissions of individual animals, possibly com-
bined with a decrease in consumption of livestock products,
is needed (Garnett, 2009). Providing livestock producers with
cost-effective options for decreasing CH4 emissions is there-
fore imperative to lower carbon footprint of livestock prod-
ucts while also meeting international targets for net
reductions in livestock emissions. There are few examples
where both emissions intensity and net decreases in CHy
emissions can be achieved, and this is an area requiring fur-
ther research.

For increased milk and meat production to fill the increas-
ing demands for food from animal origin to occur, along with
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a decrease of absolute CH, emissions from the livestock
industry, the decrease in GHG emissions intensity (i.e. includ-
ing N,0 and CO, emissions) of the livestock industry would
have to be proportionally greater than the increase in produc-
tion. We can envision three possible, non-excluding avenues
to achieve substantial decreases in absolute CH,4 production.
A first possibility is to increase individual animal productivity
and efficiency, thus requiring fewer animals and thus gener-
ating less total CHy, for the same total production from the
industry (Capper et al, 2009; Legesse et al, 2016).
Decreasing CH, intensity through improvements in animal
productivity involves intensification and consequences on
the emissions of GHG other than CH, would also need to
be considered. While this option is attractive in that it allows
the industry to continue growing, net GHG emissions will
continue to increase if not accompanied by measures to curb
the growth of the industry (e.g. reduced consumption of
animal products) or decrease GHG emissions per animal.
Furthermore, intensification can lead to greater vulnerability
under a changing climate (Henry et al., 2018). Thus, improv-
ing individual animal productivity as a GHG mitigation
approach will likely be insufficient if not accompanied by
measures to decrease CH4 emissions per animal. A second
possibility is to explore the combination of various anti-
methanogenic strategies (Table 1) that when applied
together have substantial additive effects (e.g. linseed
oil + nitrate; Guyader et al, 2015). A third possibility is
the development and use of specific chemical inhibitors of
methanogenesis, such as 3-NOP. However, regulatory appro-
val and consumer acceptance will be required, and improve-
ments in animal performance or government incentives may
be necessary to offset the added cost to producers. It is not
clear whether greater decrease of CH,; production may
be achieved by combining inhibitors with other anti-
methanogenic strategies, an area that needs further
examination.

Unresolved issues and future direction

Mitigating emissions from extensive ruminant systems

A major constraint for decreasing global enteric CH, emis-
sions from ruminants is the difficulty of applying mitigation
strategies to grazing ruminants. It is estimated that
about 60% of global agricultural land is grazed, supporting
360 million cattle and more than 600 million sheep and goats
(FAO, 1999). Low-CH, diet formulations and feed additives
are limited to animals fed total or partial mixed rations
and very few mitigation approaches are available for
pasture-based systems. Hence, most mitigation strategies
for pastured ruminants focus on reducing emission intensity
through animal breeding, supplementation to improve ani-
mal performance, grazing management and forage species
selection (i.e. legumes, tannin-containing forages). There is
an urgent need to develop additional mitigation strategies
for grazing ruminants. Inhibitors (e.g. 3-NOP) offer great
potential for CH4 reduction but the challenge is administering
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these compounds to grazing ruminants. It may be possible to
develop a slow release formulation or delivery mechanism
such as a pasture mineral block, liquid feed or water contain-
ing dissolved inhibitors or other mitigation agent to provide
the required daily dose. The potential of self-regulated intake
of such compounds needs further investigation, with atten-
tion to possible effects on animal health and residues in meat
and milk.

Methane, animal productivity and incentives to lower
emissions

Some CH,4 mitigation approaches increase the cost of feed-
ing, thus a production benefit from decreasing methanogen-
esis may be needed to encourage widespread adoption by
farmers. Theoretically, inhibiting CH, production increases
the efficiency of conversion of digestible energy to metabo-
lizable energy (ME) by decreasing energy losses in gases
(Johnson and Johnson, 1995). In diets with 70% energy
digestibility, energy losses as CH4 range between 3% and
17% of digestible energy consumed. Thus, a moderate
decrease in CH4 production (e.g. 25%) may only increase
ME by 0.75% to 4.25%, and given the efficiency of conver-
sion of ME to net energy for production (i.e. <65%), it might
be difficult to quantify a change in productivity. More severe
inhibition of CH,4 production (e.g. >50%), without a decrease
in DMI or digestibility, may be necessary to cause noticeable
increases in animal productivity. Furthermore, the increase in
ME resulting from a decrease in CH4 might be smaller than
estimated because unusable [H] sinks can accumulate in the
methanogenesis-inhibited rumen (e.g. formate; Ungerfeld,
2015). Also, the additional ME may not contribute to greater
animal productivity if increased flow of absorbed VFA does
not match the animal’s requirements or there are limitations
in the supply of other nutrients. Thus, the decrease in CH,
production may have to be substantial to obtain noticeable
gains in production.

A second equally important consideration is how much
CH, production can be effectively decreased in a production
setting. A meta-analysis on the use of chemical inhibitors of
methanogenesis reported average maximal decreases in CH,
in vivo for individual experiments of 28% and 48% for milk
and growth studies, respectively (Ungerfeld, 2018). The ques-
tion of why methanogenesis inhibition by chemical com-
pounds has been incomplete and variable is an important
one. Compounds like CH4 halogenated analogues, BES and
3-NOP universally target methanogens by inhibiting the last
step of methanogenesis (Duin et al., 2016). It is possible that
some rumen methanogens less affected by chemical inhibi-
tors occupy niches left by the most inhibited methanogens,
resulting in incomplete inhibition. Metabolism of such com-
pounds also occurs (Duin et al., 2016) and may partly explain
incomplete inhibition. Areas of interest for future research
are the differences in the archaeal community and gene
expression of methanogenesis pathways induced by anti-
methanogenic compounds, the metabolism of these com-
pounds in the rumen and long-term effects of combinations
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and rotations of chemical inhibitors and other additives and
dietary ingredients.

It is often said that decreasing CH4 production is a win—
win situation for the environment and livestock producers.
However, increased animal performance due to CH, decrease
is still highly speculative, as few studies have been conducted
where a substantial decrease in CH4 production was achieved
over a long enough period to monitor effects on animal pro-
duction (Ungerfeld, 2018). In the dairy study by Hristov et al.
(2015) where 32% reduction in CH, was achieved by supple-
menting diets with 3-NOP, no improvement in milk produc-
tion occurred although BW gain tended to increase possibly
indicating enhanced body reserves. In the beef study by Vyas
et al. (2018) where approximately 40% decrease in CH, was
achieved using 3-NOP, a 3% to 5% improvement in gain : feed
was reported. While there can be potentially promising
improvements in animal performance coupled with decreases
in CH,4 production, further long-term studies are needed.

Biomarkers to estimate methane emissions

While significant progress has been made in methods to mea-
sure CH,4 production (Hammond et al.,, 2016), these tech-
niques are expensive and technically challenging, and
thus limited to research. The development of accurate,
inexpensive and easy to use proxies for CH, production of
individual animals may enable implementation of low-CH,4
management and breeding systems on farms. As reviewed
by Negussie et al. (2017), a range of proxies have been
explored including feed intake and behaviour, rumen fermen-
tation metabolites, rumen microbiome, milk composition,
membrane lipids (archaeol) of methanogens in faeces and
lasers/sniffers that measure CH, concentration. For dairy
cows, use of milk mid-IR spectroscopy to detect fatty acid
composition and predict CH4 emissions is based on the prin-
ciple that the precursors for CH, and de novo synthesis of
milk fatty acids both arise in the rumen. Mid-IR spectroscopy
analysis of milk fatty acids has good potential to predict CH4
production of individual cows on commercial dairy farms
(van Gastelen and Dijkstra, 2016; Vanlierde et al., 2018),
especially when combined with additional information such
as feed intake, nutrient composition of the feed, parity and
lactation stage. This approach could allow CH,4 production
to be incorporated in dairy cow breeding programs. Auffret
et al. (2018) investigated the microbial communities and
genetic markers associated with high/low CH4 emitting cattle
varying in breed and diet. They found the methanotrophic
Methylomonas genus to be negatively correlated with CH,
production. However, rumen microbiome profiling appears
to be a poor to moderately accurate predictor of CHy, and
it is also costly and difficult for routine on-farm implementa-
tion. Nevertheless, the development of biomarkers for CH,
production is at a relatively early stage and should be a prior-
ity area for future research.

Conclusions
A tremendous amount of research has been published in the
past 50 years that has improved the understanding of the
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complex processes of rumen fermentation and methanogen-
esis in ruminants, and the means by which enteric CH, pro-
duction can be mitigated. While significant scientific
advances have been made, arguably few cost-effective
mitigation strategies are currently available to producers.
Individually, most mitigation strategies are likely to have
low to moderate (<20%) impact on decreasing CH, emis-
sions, with the exception of chemical inhibitors, where
long-term reductions of 20% to 40% may be feasible in com-
mercial feeding operations. Thus, combining strategies may
be necessary to achieve the substantial decreases in CH,4
production needed by the ruminant livestock industries
and should receive research priority in the near future.
Furthermore, there is a paucity of information on the mech-
anisms and effects of these mitigation strategies on animal
performance, animal health and whether they will be
accepted by consumers. Continued investment in research
is critical because breakthrough technologies based on an
understanding of rumen fermentation, microbiome and host
animal are needed to achieve the decrease in CH, required.
While substantial decreases in emission intensity (g CH4/
animal product) have been attained over the past decades
due to production efficiency gains, increasing demand for
animal protein, coupled with demands for lower emissions
food, will require decreases in both emission intensity and
absolute emissions (g CHs/animal per day). Studies are
needed to develop strategies to achieve both CH,4 mitigation
and improvements in animal performance to benefit society
and livestock producers. A major constraint for decreasing
global enteric CH, emissions is the difficulty of applying
mitigation strategies to grazing ruminants, a challenge that
needs further investigation.

Acknowledgements

The authors thank the organising committee of the
International Symposium on Ruminant Physiology (ISRP)
for their invitation and encouragement to prepare this
review. We thank the anonymous reviewers whose critiques
and comments greatly improved the manuscript. Dr Min
Wang thanks National Natural Science Foundation of
China (Grant No. 31561143009), and Dr Emilio Ungerfeld
thanks Comision Nacional de Investigacion Cientifica y
Tecnologica, Santiago, Chile, for financial support (project
Fondecyt 1160764).
K. A. Beauchemin 0000-0002-5070-4554

Declaration of interest
These authors are unaware of any potential conflict of interest.

Ethics statement
Conducting this review involved no animal handling or

procedures.

Software and data repository resources
No data were deposited in an official repository.

s13


https://orcid.org/0000-0002-5070-4554
https://doi.org/10.1017/S1751731119003100

Beauchemin, Ungerfeld, Eckard and Wang

References

Abecia L, Martin-Garcia Al, Martinez G, Newbold CJ and Yafez-Ruiz DR 2013.
Nutritional intervention in early life to manipulate rumen microbial colonization
and methane output by kid goats postweaning. Journal of Animal Science 91,
4832-4840. https://doi.org//10.2527/jas.2012-6142

Abecia L, Martinez-Fernandez G, Waddams K, Martin-Garcia Al, Pinloche E,
Creevey CJ, Denman SE, Newbold CJ and Yanez-Ruiz DR 2018. Analysis of
the rumen microbiome and metabolome to study the effect of an antimethano-
genic treatment applied in early life of kid goats. Frontiers in Microbiology 9,
2227. https://doi.org//10.3389/fmich.2018.02227

Auffret MD, Stewart R, Dewhurst RJ, Duthie C-A, Rooke JA, Wallace RJ,
Freeman TC, Snelling TJ, Watson M and Roehe R 2018. Identification, compari-
son, and validation of robust rumen microbial biomarkers for methane emissions
using diverse Bos Taurus breeds and basal diets. Frontiers in Microbiology 9,
2642. https://doi.org//10.3389/fmich.2017.02642

Basarab JA, Beauchemin KA, Baron VS, Ominski KH, Guan LL, Miller SP and
Crowley JJ 2013. Reducing GHG emissions through genetic improvement for
feed efficiency: effects on economically important traits and enteric methane
production. Animal 7, 303-315.

Bauchop T 1967. Inhibition of rumen methanogenesis by methane analogues.
Journal of Bacteriology 94, 171-175.

Beauchemin KA, McAllister TA and McGinn SM 2009. Dietary mitigation of
enteric methane from cattle. CAB Reviews: Perspectives in Agriculture,
Veterinary Science, Nutrition and Natural Resources 4 (No. 035), 18.

Breider IS, Mall E and Garnsworthy PC 2019. Short communication: Heritability
of methane production and genetic correlations with milk yield and body weight
in Holstein-Friesian dairy cows. Journal of Dairy Science 102, 7277-7281.
https://doi.org//10.3168/jds.2018-15909

Browne PD and Cadillo-Quiroz H 2013. Contribution of transcriptomics to
systems-level understanding of methanogenic Archaea. Archaea, 2013, 11.
https://doi.org//10.1155/2013/586369

Capper JL, Cady RA and Bauman DE 2009. The environmental impact of
dairy production: 1944 compared with 2007. Journal of Animal Science 87,
2160-2167. https://doi.org//10.2527/jas.2009-1781

Chalupa W, Corbett W and Brethour JR 1980. Effects of monensin and amicloral
on rumen fermentation. Journal of Animal Science 51, 170-179. https://doi.org//
10.2527/jas1980.511170x

Clapperton JL 1974. The effect of trichloroacetamide, chloroform and linseed oil
given into the rumen of sheep on some of the end-products of rumen digestion.
British Journal of Nutrition 32, 155-161.

Cobellis G, Trabalza-Marinucci M and Yu Z 2016. Critical evaluation of essential
oils as rumen modifiers in ruminant nutrition: a review. Science of the Total
Environment 545-546, 556-568. https://doi.org//10.1016/j.scitotenv.2015.12.103

Danielsson R, Dicksved J, Sun L, Gonda H, Milller B, Schnurer A and Bertilsson J
2017. Methane production in dairy cows correlates with rumen methanogenic
and bacterial community structure. Frontiers in Microbiology 8, 226. https:/
doi.org//10.3389/fmicb.2017.00226

Difford GF, Olijhoek DW, Hellwing ALF, Lund P, Bjerring MA, de Haas Y, Lassen J
and Levendahl P 2019. Ranking cows' methane emissions under commercial
conditions with sniffers versus respiration chambers. Acta Agriculturae
Scandinavica, Section A — Animal Science. https://doi.org//10.1080/09064702.
2019.1572784, Published online 8 February.

Dijkstra J, Bannink A, France J, Kebreab E and van Gastelen S 2018. Short com-
munication: Antimethanogenic effects of 3-nitrooxypropanol depend on supple-
mentation dose, dietary fiber content, and cattle type. Journal of Dairy Science
101, 9041-9047. https://doi.org//10.3168/jds.2018-14456

Doreau M, Arbre M, Popova M, Rochette Y and Martin C 2018. Linseed plus
nitrate in the diet for fattening bulls: effects on methane emission, animal health
and residues in offal. Animal 12, 501-507. https://doi.org//doi:10.1017/
$1751731117002014

Duin EC, Wagner T, Shima S, Prakash D, Cronin B, Yafiez-Ruiz DR, Duval S,
Riimbeli R, Stemmler RT, Thauer RK and Kindermann M 2016. Mode of action
uncovered for the specific reduction of methane emissions from ruminants by the
small molecule 3-nitrooxypropanol. Proceedings of the National Academy of
Sciences 113, 6172-6177. https://doi.org//10.1073/pnas.1600298113

Eckard RJ and Clark H 2018. Potential solutions to the major greenhouse-gas
issues facing Australasian dairy farming. Animal Production Science. https://
doi.org//10.1071/AN18574, Published online by CSIRO Publishing 21
December 2018.

s14

https://doi.org/10.1017/51751731119003100 Published online by Cambridge University Press

Food and Agriculture Organization of the United Nations 1999. Livestock and the
environment. Meeting the challenge. Retrieved on 12 October 2018 from http://
www.fao.org/docrep/x5304e/x5304e00.htm

Garnett T 2009. Livestock-related greenhouse gas emissions: impacts and
options for policy makers. Environmental Science & Policy 12, 491-503.
https://doi.org//10.1016/j.envsci.2009.01.006

Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, Dijkman J, Falcucci A and
Tempio G 2013. Tackling climate change through livestock: a global assessment
of emissions and mitigation opportunities. Food and Agriculture Organization of
the United Nations (FAO), Rome, Italy. Retrieved on 10 July 2019 from http://
www.fao.org/3/a-i3437e.pdf

Grainger C and Beauchemin KA 2011. Can enteric methane emissions from
ruminants be lowered without lowering their production? Animal Feed
Science and Technology 166-167, 308-320. https://doi.org//10.1016/
j-anifeedsci.2011.04.021

Guyader J, Doreau M, Morgavi DP, Gérard C, Loncke C and Martin C 2016a.
Long-term effect of linseed plus nitrate fed to dairy cows on enteric methane
emission and nitrate and nitrite residuals in milk. Animal 10, 1173-1181.
https://doi.org//10.1017/51751731115002852

Guyader J, Eugéne M, Meunier B, Doreau M, Morgavi DP, Silberberg M, Rochette
Y, Gerard C, Loncke C, and Martin C 2015. Additive methane-mitigating
effect between linseed oil and nitrate fed to cattle. Journal of Animal Science
93, 3564-3577. https://doi.org//10.2527/jas2014-8196

Guyader J, Janzen HH, Kroebel R, and Beauchemin KA 2016b. Invited Review:
Forage utilization to improve environmental sustainability of ruminant produc-
tion. Journal of Animal Science 94, 3147-3158. https://doi.org//10.2527/
jas.2015-0141

Guzman CE, Bereza-Malcolm LT, De Groef B and Franks AE 2015. Presence of
selected methanogens, fibrolytic bacteria, and proteobacteria in the gastrointes-
tinal tract of neonatal dairy calves from birth to 72 hours. PLoS ONE 10,
€0133048. https://doi.org//10.1371/journal.pone.0133048

Hammond KJ, Crompton LA, Bannik A, Dijkstra J, Yanez-Ruiz DR, O'Kiely P,
Kebreab E, Eugéne MA, Yu Z, Shingfield KJ, Schwarm A, Hristov AN and
Reynolds CK 2016. Review of current in vivo measurement techniques for quan-
tifying enteric methane emission from ruminants. Animal Feed Science and
Technology 219, 13-30.

Henderson C 1980. The influence of extracellular hydrogen on the metabolism of
Bacteroides ruminicola, Anaerovibrio lipolytica and Selenomonas ruminantium.
Journal of General Microbiology 119, 485-491.

Henderson G, Cook GM and Ronimus RS 2018. Enzyme- and gene-based
approaches for developing methanogen-specific compounds to control ruminant
methane emissions: a review. Animal Production Science 58, 1017-1026.
https://doi.org//10.1071/AN15757

Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global Rumen Census
Collaborators and Janssen PH 2015. Rumen microbial community composition
varies with diet and host, but a core microbiome is found across a wide
geographical range. Scientific Reports, 5, 14567. https://doi.org//10.1038/
srep14567. Retrieved from  https://www.nature.com/articles/srep14567#
supplementary-information

Henry BK, Eckard RJ and Beauchemin KA 2018. Review: Adaptation of ruminant
livestock production systems to climate changes. Animal 12 (suppl. 2), s445—
s456. https://doi.org//10.1017/51751731118001301

Hristov AN, Oh J, Giallongo F, Frederick TW, Harper MT, Weeks HL, Branco AF,
Moate PJ, Deighton MH, Williams RO, Kindermann M and Duval S 2015. An
inhibitor persistently decreased enteric methane emission from dairy cows with
no negative effect on milk production. Proceedings of the National Academy of
Sciences of the United States 112, 10663-10668. https://doi.org//10.1073/
pnas.1504124112

Hristov AN, Oh J, Lee C, Meinen R, Montes F, Ott T, Firkins J, Rotz A, Dell C,
Adesogan A, Yang W, Tricarico J, Kebreab E, Waghorn G, Dijkstra J and
Oosting S 2013. Mitigation of greenhouse gas emissions in livestock production:
a review of technical options for non-CO2 emissions. In FAO Animal Production
and Health Paper No. 177 (ed. PJ Gerber, B Henderson and HPS Makkar), pp. 1-
226. FAO, Rome, Italy. Retrieved on 10 July 2019 from www.fao.org/3/i3288e/
i3288e.pdf

Hobson PN and Stewart CS 1997. The rumen microbial ecosystem, 2nd edition.
Blackie Academic & Professional, New York. https://doi.org//10.1007/978-94-
009-1453-7

Huws SA, Creevey CJ, Oyama LB, Mizrahi I, Denman SE, Popova M,
Mufioz-Tamayo R, Forano E, Waters SM, Hess M, Tapio I, Smidt H,


https://doi.org//10.2527/jas.2012-6142
https://doi.org//10.3389/fmicb.2018.02227
https://doi.org//10.3389/fmicb.2017.02642
https://doi.org//10.3168/jds.2018-15909
https://doi.org//10.1155/2013/586369
https://doi.org//10.2527/jas.2009-1781
https://doi.org//10.2527/jas1980.511170x
https://doi.org//10.2527/jas1980.511170x
https://doi.org//10.1016/j.scitotenv.2015.12.103
https://doi.org//10.3389/fmicb.2017.00226
https://doi.org//10.3389/fmicb.2017.00226
https://doi.org//10.1080/09064702.2019.1572784
https://doi.org//10.1080/09064702.2019.1572784
https://doi.org//10.3168/jds.2018-14456
https://doi.org//doi:10.1017/S1751731117002014
https://doi.org//doi:10.1017/S1751731117002014
https://doi.org//10.1073/pnas.1600298113
https://doi.org//10.1071/AN18574
https://doi.org//10.1071/AN18574
http://www.fao.org/docrep/x5304e/x5304e00.htm
http://www.fao.org/docrep/x5304e/x5304e00.htm
https://doi.org//10.1016/j.envsci.2009.01.006
http://www.fao.org/3/a-i3437e.pdf
http://www.fao.org/3/a-i3437e.pdf
https://doi.org//10.1016/j.anifeedsci.2011.04.021
https://doi.org//10.1016/j.anifeedsci.2011.04.021
https://doi.org//10.1017/S1751731115002852
https://doi.org//10.2527/jas2014-8196
https://doi.org//10.2527/jas.2015-0141
https://doi.org//10.2527/jas.2015-0141
https://doi.org//10.1371/journal.pone.0133048
https://doi.org//10.1071/AN15757
https://doi.org//10.1038/srep14567
https://doi.org//10.1038/srep14567
https://www.nature.com/articles/srep14567#supplementary-information
https://www.nature.com/articles/srep14567#supplementary-information
https://doi.org//10.1017/S1751731118001301
https://doi.org//10.1073/pnas.1504124112
https://doi.org//10.1073/pnas.1504124112
www.fao.org/3/i3288e/i3288e.pdf
www.fao.org/3/i3288e/i3288e.pdf
https://doi.org//10.1007/978-94-009-1453-7
https://doi.org//10.1007/978-94-009-1453-7
https://doi.org/10.1017/S1751731119003100

Krizsan SJ, Yéafiez-Ruiz DR, Belanche A, Guan L, Gruninger RJ, McAllister TA,
Newbold CJ, Roehe R, Dewhurst RJ, Snelling TJ, Watson M, Suen G, Hart EH,
Kingston-Smith AH, Scollan ND, do Prado RM, Pilau EJ, Mantovani HC,
Attwood GT, Edwards JE, McEwan NR, Morrisson S, Mayorga OL, Elliott C
and Morgavi DP 2018. Addressing global ruminant agricultural challenges
through understanding the rumen microbiome: past, present, and future.
Frontiers in Microbiology 9, 2161. https://doi.org//10.3389/fmich.2018.02161

Janssen PH 2010. Influence of hydrogen on rumen methane formation and fer-
mentation balances through microbial growth kinetics and fermentation
thermodynamics. Animal Feed Science and Technology 160, 1-22. https:/
doi.org//10.1016/j.anifeedsci.2010.07.002

Jayanegara A, Leiber F and Kreuzer M 2012. Meta-analysis of the relationship
between dietary tannin level and methane formation in ruminants from in vivo
and in vitro experiments. Journal of Animal Physiology and Animal Nutrition 96,
365-375. https://doi.org//10.1111/j.1439-0396.2011.01172.x

Johnson KA and Johnson DE 1995. Methane emissions from cattle. Journal of
Animal Science 73, 2483-2492.

Kenny DA, Fitzsimons C, Waters SM and McGee M 2018. Invited Review:
Improving feed efficiency of beef cattle: the current state of the art and
future challenges. Animal 12, 1815-1826. https:/doi.org//10.1017/
$1751731118000976

Kinley RD, de Nys R, Vucko MJ, Machado L and Tomkins NW 2016. The red mac-
roalgae Asparagopsis taxiformis is a potent natural antimethanogenic that
reduces methane production during in vitro fermentation with rumen fluid.
Animal Production Science 56, 282-289. https://doi.org//10.1071/AN15576

Knapp JR, Laur GL, Vadas PA, Weiss WP and Tricarico JM 2014. Invited Review:
Enteric methane in dairy cattle production: quantifying the opportunities and
impact of reducing emissions. Journal of Dairy Science 97, 3231-3261.
https://doi.org//10.3168/jds.2013-7234

Kohn RA and Boston RC 2000. The role of thermodynamics in controlling
rumen metabolism. In Modelling nutrient utilization in farm animals
(ed. JP McNamara, J France and DE Beever), pp. 11-24. CAB International,
Cape Town, South Africa.

Leahy SC, Kelly WJ, Ronimus RS, Wedlock N, Altermann E and Attwood GT 2013.
Genome sequencing of rumen bacteria and archaea and its application to
methane mitigation strategies. Animal 7, 235-243. https://doi.org//10.1017/
$1751731113000700

Lee C, Araujo RC, Koenig KM, and Beauchemin KA 2017. Effects of encapsulated
nitrate on growth performance, nitrate toxicity, and enteric methane emissions
in beef steers: backgrounding phase. Journal of Animal Science 95, 3700-3711.
https://doi.org//10.2527/jas.2017.1460

Lee C and Beauchemin KA 2014. A review of feeding supplementary nitrate to
ruminant animals: nitrate toxicity, methane emissions, and production perfor-
mance. Canadian Journal of Animal Science 94, 557-570.

Legesse G, Beauchemin KA, Ominski KH, McGeough EJ, Kroebel R, MacDonald
D, Little SM and McAllister TA 2016. Greenhouse gas emissions of Canadian
beef production in 1981 as compared with 2011. Animal Production Science
56, 153-168 https://doi.org//10.1071/AN15386

Li X, Norman HC, Kinley RD, Laurence M, Wilmot M, Bender H, de Nys R and
Tomkins N 2018. Asparagopsis taxiformis decreases enteric methane production
from sheep. Animal Production Science 58, 681-688. https://doi.org//10.1071/
AN15883

Li'Y, Leahy SC, Jeyanathan J, Henderson G, Cox F, Altermann E, Kelly WJ, Lambie
SC, Janssen PH, Rakonjac J and Attwood GT 2016. The complete genome
sequence of the methanogenic archaeon 1S04-H5 provides insights into
the methylotrophic lifestyle of a ruminal representative of the
Methanomassiliicoccales. Standards in Genomic Sciences 11, 5 https://doi.org//
10.1186/s40793-016-0183-5

Liu H, Wang J, Wang A and Chen J 2011. Chemical inhibitors of methanogenesis
and putative applications. Applied Microbiology and Biotechnology 89, 1333-
1340. https://doi.org//10.1007/500253-010-3066-5

Levendahl P, Difford GF, Li B, Chagunda MGG, Huhtanen P, Lidauer MH, Lassen J
and Lund P 2018. Review: Selecting for improved feed efficiency and reduced
methane emissions in dairy cattle. Animal 12, 336-349. https:/doi.org//
10.1017/51751731118002276

Machado L, Magnusson M, Paul NA, de Nys R and Tomkins N 2014. Effects of
marine and freshwater macroalgae on in vitro total gas and methane production.
PLoS ONE 9, e85289. https://doi.org//10.1371/journal.pone.0085289

McGinn SM, Flesch TK, Beauchemin KA and Shreck A 2019. Micrometeorological
methods for measuring methane emission reduction at beef cattle feedlots:

https://doi.org/10.1017/51751731119003100 Published online by Cambridge University Press

Mitigation of rumen methanogenesis

evaluation of 3-nitrooxypropanol feed additive. Journal of Environmental
Quality 48, 454-461. https://doi.org//10.2134/jeq2018.11.0412

Min BR and Hart SP 2003. Tannins for suppression of internal parasites. Journal
of Animal Science 81(E Suppl. 2), E102—E109.

Muller RA and Muller EA 2017. Fugitive methane and the role of atmospheric
half-life. Geo Geoinformatics & Geostatistics: An Overview 5, 3. https://doi.org//
10.4172/2327-4581.1000162

Nagaraja TG, Newbold CJ, Van Nevel CJ and Demeyer DI 1997. Chapter 13.
Manipulation of ruminal fermentation. In The rumen microbial ecosystem,
2nd edition (ed. PN Hobson and CS Steward), pp. 523-632. Chapman and
Hall, London, UK.

Negussie E, de Haas Y, Dehareng F, Dewhurst RJ, Dijkstra J, Gengler N, Morgavi
DP, Soyeurt H, van Gastelen S, Yan T and Biscarin F 2017. Invited Review: Large-
scale indirect measurements for enteric methane emissions in dairy cattle: a
review of proxies and their potential for use in management and breeding deci-
sions. Journal of Dairy Science 100, 2433-2453. https://doi.org//10.3168/
jds.2016-12030

Patra AK 2013. The effect of dietary fats on methane emissions, and its other
effects on digestibility, rumen fermentation and lactation performance in cattle:
a meta-analysis. Livestock Science 155, 244-254.

Pinares-Patifio CS, Ebrahimi SH, McEwan JC, Dodds KG, Clark H and Luo D 2011.
Is rumen retention time implicated in sheep differences in methane emissions?
Proceedings of the New Zealand Society of Animal Production 71, 219-222.

Pickering NK, Oddy VH, Basarab J, Cammack K, Hayes B, Hegarty RS, Lassen J,
McEwan JC, Miller S, Pinares-Patifio CS and de Haas Y 2015. Animal board
invited review: genetic possibilities to reduce enteric methane emissions from
ruminants. Animal 9, 1431-1440.

Richards M, Bruun TB, Campbell B, Gregersen LE, Huyer S, Kuntze V, Madsen
STN, Oldvig MB and Vasileiou | 2015. How countries plan to address agricultural
adaptation and mitigation: an analysis of intended nationally determined con-
tributions. CCAFS Info Note. CGIAR Research Program on Climate Change,
Agriculture and Food Security (CCAFS), Copenhagen, Denmark. Retrieved on
13 February 2019 from https://hdl.handle.net/10568/69115

Romero-Perez A, Okine EK, McGinn SM, Guan LL, Oba M, Duval SM and
Beauchemin KA 2014. The potential of 3-nitrooxypropanol to lower enteric
methane emissions from beef cattle. Journal of Animal Science 92, 4682—
4693. https://doi.org//10.2527/jas.2014-7573

Saro C, Hohenester UM, Bernard M, Lagree M, Martin C, Doreau M, Boudra H,
Popova M and Morgavi DP 2018. Effectiveness of interventions to modulate the
rumen microbiota composition and function in pre-ruminant and
ruminant lambs. Frontiers in Microbiology 9, 1273. https://doi.org//10.3389/
fmicb.2018.01273

Schauer NL and Ferry JG 1980. Metabolism of formate in Methanobacterium
formicicum. Journal of Bacteriology 142, 800-807.

Seshadri R, Leahy SC, Attwood GT, Teh KH, Lambie SC, Cookson AL,
Eloe-Fadrosh EA, Pavlopoulos GA, Hadjithomas M, Varghese NJ, Paez-Espino D,
Perry R, Henderson G, Creevey CJ, Terrapon N, Lapebie P, Drula E, Lombard V,
Rubin E, Kyrpides NC, Henrissat B, Woyke T, Ivanova NN and Kelly W) 2018.
Cultivation and sequencing of rumen microbiome members from the
Hungate1000 Collection. Nature Biotechnology 36, 359-367. https://doi.org//
10.1038/nbt.4110

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg Miller
ME, White BA, Shterzer N and Mizrahi | 2016. Specific microbiome-dependent
mechanisms underlie the energy harvest efficiency of ruminants. The ISME
Journal 10, 2958-2972. https://doi.org//10.1038/ismej.2016.62

Shi W, Moon CD, Leahy SC, Kang D, Froula J, Kittelmann S, Fan C, Deutsch S,
Gagic D, Seedorf H, Kelly WJ, Atua R, Sang C, Soni P, Li D, Pinares-Patino CS,
McEwan JC, Janssen PH, Chen F, Visel A, Wang Z, Attwood GT and Rubin EM
2014. Methane yield phenotypes linked to differential gene expression in the
sheep rumen microbiome. Genome Research 24, 1517-1525 https://doi.org//
10.1101/9r.168245.113

Subharat S, Shu D, Zheng T, Buddle BM, Kanek K, Hook S, Janssen PH and
Wedlock DN 2016. Vaccination of sheep with a methanogen protein provides

insight into levels of antibody in saliva needed to target ruminal methanogens.
PLoS One 11, e0159861. https://doi.org//10.1371/journal.pone.0159861

Tapio |, Snelling T, Strozzi F and Wallace RJ 2017. The ruminal microbiome asso-
ciated with methane emissions from ruminant livestock. Journal of Animal
Science and Biotechnology 8, 7. https://doi.org//10.1186/s40104-017-0141-0

Thiel A, Riimbeli R, Mair P, Yeman H and Beilstein P 2019a. 3-NOP: ADME stud-
ies in rats and ruminating animals. Feed and Chemical Toxicology 125, 528-539.

s15


https://doi.org//10.3389/fmicb.2018.02161
https://doi.org//10.1016/j.anifeedsci.2010.07.002
https://doi.org//10.1016/j.anifeedsci.2010.07.002
https://doi.org//10.1111/j.1439-0396.2011.01172.x
https://doi.org//10.1017/S1751731118000976
https://doi.org//10.1017/S1751731118000976
https://doi.org//10.1071/AN15576
https://doi.org//10.3168/jds.2013-7234
https://doi.org//10.1017/S1751731113000700
https://doi.org//10.1017/S1751731113000700
https://doi.org//10.2527/jas.2017.1460
https://doi.org//10.1071/AN15386
https://doi.org//10.1071/AN15883
https://doi.org//10.1071/AN15883
https://doi.org//10.1186/s40793-016-0183-5
https://doi.org//10.1186/s40793-016-0183-5
https://doi.org//10.1007/s00253-010-3066-5
https://doi.org//10.1017/S1751731118002276
https://doi.org//10.1017/S1751731118002276
https://doi.org//10.1371/journal.pone.0085289
https://doi.org//10.2134/jeq2018.11.0412
https://doi.org//10.4172/2327-4581.1000162
https://doi.org//10.4172/2327-4581.1000162
https://doi.org//10.3168/jds.2016-12030
https://doi.org//10.3168/jds.2016-12030
https://hdl.handle.net/10568/69115
https://doi.org//10.2527/jas.2014-7573
https://doi.org//10.3389/fmicb.2018.01273
https://doi.org//10.3389/fmicb.2018.01273
https://doi.org//10.1038/nbt.4110
https://doi.org//10.1038/nbt.4110
https://doi.org//10.1038/ismej.2016.62
https://doi.org//10.1101/gr.168245.113
https://doi.org//10.1101/gr.168245.113
https://doi.org//10.1371/journal.pone.0159861
https://doi.org//10.1186/s40104-017-0141-0
https://doi.org/10.1017/S1751731119003100

Beauchemin, Ungerfeld, Eckard and Wang

Thiel A, Schoenmakers ACM, Verbaan IAJ, Chenal E, Etheve S and Beilstein P
2019b. 3-NOP: mutagenicity and genotoxicity assessment. Food and
Chemical Toxicology 123, 566-573. https://doi.org//10.1016/j.fct.2018.11.010

United Nations/Framework Convention on Climate Change 2015. Adoption of
the Paris agreement. United Nations/Framework Convention on Climate
Change, 21st Conference of the Parties FCCC/CP/2015/L.9/Rev.1, Retrieved on
10 July 2019 from https:/unfccc.int/resource/docs/2015/cop21/eng/l09r01 . pdf

Ungerfeld EM 2013. A theoretical comparison between two ruminal electron
sinks. Frontiers in Microbiology 4, 319. https://doi.org//10.3389/fmicb.2014.
00235

Ungerfeld EM 2015. Shifts in metabolic hydrogen sinks in the methanogenesis-
inhibited ruminal fermentation: a meta-analysis. Frontiers in Microbiology 6, 37.
https://doi.org//10.3389/fmicb.2015.00037

Ungerfeld EM 2018. Inhibition of rumen methanogenesis and ruminant produc-
tivity: a meta-analysis. Frontiers in Veterinary Science 5, 1-13. https://doi.org//
10.3389/fvets.2018.00113

Ungerfeld EM and Kohn RA 2006. The role of thermodynamics in control of rumi-
nal fermentation. In Ruminant physiology. Digestion, metabolism and impact of
nutrition on gene expression, immunology and stress (ed. K Sejrsen, T Hvelpund
and MO Nielsen), pp. 55-85. Wageningen Academic Publishers, Wageningen,
The Netherlands.

van Gastelen S and Dijkstra J 2016. Prediction of methane emission from lactat-
ing dairy cows using milk fatty acids and midinfrared spectroscopy. Journal of
the Science of Food and Agriculture 96, 3963-3968.

Vanlierde A, Soyeurt H, Gengler N, Colinet FG, Froidmont E, Kreuzer M, Grand| F,
Bell M, Lund P, Olijhoek DW, Eugéne M, Martin C, Kuhla B and Dehareng F 2018.
Short communication: Development of an equation for estimating methane
emissions of dairy cows from milk Fourier transform mid-infrared spectra by
using reference data obtained exclusively from respiration chambers Journal
of Dairy Science 101, 7618-7624. https://doi.org//10.3168/jds.2018-14472

van Lingen HJ, Edwards JE, Vaidya JD, van Gastelen S, Saccenti E, van den Bogert B,
Bannink A, Smidt H, Plugge CM and Dijkstra J 2017. Diurnal dynamics of
gaseous and dissolved metabolites and microbiota composition in the
bovine rumen. Frontiers in Microbiology 8, 425. https://doi.org//10.3389/
fmich.2017.00425

van Zijderveld SM, Gerrits W), Dijkstra J, Newbold JR, Hulshof RBA and Perdok
HB 2011. Persistency of methane mitigation by dietary nitrate supplementation
in dairy cows. Journal of Dairy Science 94, 4028-4038. https://doi.org//10.3168/
jds.2011-4236

Veneman JB, Saetnan ER, Clare AJ and Newbold CJ 2016. MitiGate; an online
meta-analysis database for quantification of mitigation strategies for enteric

s16

https://doi.org/10.1017/51751731119003100 Published online by Cambridge University Press

methane emissions. Science of the Total Environment 572, 1166-1174.
https://doi.org//10.1016/j.scitotenv.2016.08.029

Vyas D, Alemu AW, McGinn SM, Duval SM, Kindermann M, and Beauchemin KA
2018. The combined effects of supplementing monensin and 3-nitrooxypropanol
on methane emissions, growth rate, and feed conversion efficiency in beef cattle
fed high forage and high grain diets. Journal of Animal Science 96, 2923-2938.
https://doi.org//10.1093/jas/sky174

Wallace RJ, Rooke JA, McKain N, Duthie CA, Hyslop JJ, Ross DW, Waterhouse A,
Watson M and Roehe R 2015. The rumen microbial metagenome associated with
high methane production in cattle. BMC Genomics 16, 839. https://doi.org//10.
1186/s12864-015-2032-0

Wallace RJ, Snelling TJ, McCartney CA, Tapio | and Strozzi F 2017. Application of
meta-omics techniques to understand greenhouse gas emissions originating
from ruminal metabolism. Genetic Selection Evolution 49, 9. https:/doi.org//
10.1186/512711-017-0285-6

Wang M, Sun XZ, Janssen PH, Tang SX and Tan ZL 2014. Responses of methane
production and fermentation pathways to the increased dissolved hydrogen con-
centration generated by eight substrates in in vitro ruminal cultures. Animal Feed
Science and Technology 194, 1-11.

Wang M, Wang R, Xie TY, Janssen PH, Sun XZ, Beauchemin KA, Tan ZL and Gao
M 2016. Shifts in rumen fermentation and microbiota are associated with dis-
solved ruminal hydrogen concentrations in lactating dairy cows fed different
types of carbohydrates. Journal of Nutrition 146, 1714-1721. https://doi.org//
10.3945/jn.116.232462

Wedlock DN, Pedersen G, Denis M, Dey D, Janssen PH and Buddle BM 2010.
Development of a vaccine to mitigate greenhouse gas emissions in agriculture:
vaccination of sheep with methanogen fractions induces antibodies that block
methane production in vitro. New Zealand Veterinary Journal 58, 29-36. https://
doi.org//10.1080/00480169.2010.65058

Wu L, Groot Koerkamp PWG and Ogink N 2018. Uncertainty assessment of the
breath methane concentration method to determine methane production of
dairy cows. Journal of Dairy Science 101, 554-1564. https://doi.org//10.3168/
jds.2017-12710

Yafiez-Ruiz DR, Abecia L and Newbold CJ 2015. Manipulating rumen micro-
biome and fermentation through interventions during early life: a review.
Frontiers in Microbiology 6, 1133, 25-36 https://doi.org//10.3389/fmich.2015.
01133

Zhang L, Huang X, Xue B, Peng Q, Wang Z, Yan T and Wang L 2015.
Immunization against rumen methanogenesis by vaccination with a new
recombinant protein. PLoS ONE 10, e0140086. https://doi.org//10.1371/
journal.pone.0140086


https://doi.org//10.1016/j.fct.2018.11.010
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://doi.org//10.3389/fmicb.2014.00235
https://doi.org//10.3389/fmicb.2014.00235
https://doi.org//10.3389/fmicb.2015.00037
https://doi.org//10.3389/fvets.2018.00113
https://doi.org//10.3389/fvets.2018.00113
https://doi.org//10.3168/jds.2018-14472
https://doi.org//10.3389/fmicb.2017.00425
https://doi.org//10.3389/fmicb.2017.00425
https://doi.org//10.3168/jds.2011-4236
https://doi.org//10.3168/jds.2011-4236
https://doi.org//10.1016/j.scitotenv.2016.08.029
https://doi.org//10.1093/jas/sky174
https://doi.org//10.1186/s12864-015-2032-0
https://doi.org//10.1186/s12864-015-2032-0
https://doi.org//10.1186/s12711-017-0285-6
https://doi.org//10.1186/s12711-017-0285-6
https://doi.org//10.3945/jn.116.232462
https://doi.org//10.3945/jn.116.232462
https://doi.org//10.1080/00480169.2010.65058
https://doi.org//10.1080/00480169.2010.65058
https://doi.org//10.3168/jds.2017-12710
https://doi.org//10.3168/jds.2017-12710
https://doi.org//10.3389/fmicb.2015.01133
https://doi.org//10.3389/fmicb.2015.01133
https://doi.org//10.1371/journal.pone.0140086
https://doi.org//10.1371/journal.pone.0140086
https://doi.org/10.1017/S1751731119003100

	Review: Fifty years of research on rumen methanogenesis: lessons learned and future challenges for mitigation
	Implications
	Introduction
	Historical perspective
	Rumen fermentation and microbiome associated with methanogenesis
	The rumen microbiome associated with methane emissions
	Strategies for mitigating methane emissions
	Increasing animal productivity
	Animal breeding
	Nutrition
	Lipids
	Concentrates
	Forages

	Rumen fermentation and microbiome manipulation
	Vaccines
	Early life programming
	Chemical inhibitors
	Algae
	Alternative [H] sinks
	Phytocompounds


	Reducing net emissions v. emissions intensity
	Unresolved issues and future direction
	Mitigating emissions from extensive ruminant systems
	Methane, animal productivity and incentives to lower emissions
	Biomarkers to estimate methane emissions
	Conclusions

	Acknowledgements
	Declaration of interest
	Ethics statement
	Software and data repository resources
	References


