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Simple Summary: Methane emission from enteric fermentation in ruminants is the single most
relevant greenhouse gas source in agriculture, and it is amongst the largest anthropogenic ones. As
ruminants are needed globally for meat, milk and other goods production on a huge scale, feed
additives could offer an interesting solution to reduce CH4 emissions. Methane emission strategies are
investigated to maintaining productivity and the overall health of the animal. Some strategies have
shown to reduce the propagation and/or eliminate ruminal flora affecting the health and productivity
of the animal. Therefore, identifying beneficial strategies leads to improving productivity and the
health of the animal and environment.

Abstract: In ruminants’ metabolism, a surplus of hydrogen is removed from the reduction reaction of
NAD+ (nicotinamide adenine dinucleotide) by the formation of methane by methanogenic bacteria
and archaea methanogens. The balance of calculations between VFA (volatile fatty acids), CO2, and
CH4 indicates that acetate and butyrate play a role in methane production, while the formation
of propionate maintains hydrogen and therefore reduces methane production. CH4 formation in
ruminant livestock is not desired because it reduces feed efficiency and contributes to global warming.
Therefore, numerous strategies have been investigated to mitigate methane production in ruminants.
This review focuses on feed additives which have the capability of reducing methane emissions in
ruminants. Due to the environmental importance of methane emissions, such studies are needed
to make milk and meat production more sustainable. Additionally, the additives which have no
adverse effects on rumen microbial population and where the reduction effects are a result of their
hydrogen sink property, are the best reduction methods. Methane inhibitors have shown such a
property in most cases. More work is needed to bring methane-reducing agents in ruminant diets
to full market maturity, so that farmers can reap feed cost savings and simultaneously achieve
environmental benefits.

Keywords: greenhouse gas; methane emission; ruminants; feed additives

1. Introduction

Grazing animals such as sheep, cattle and goats worldwide emit a huge amount
of polluting gases, of which methane is first and foremost. An amount of approxi-
mately 86 million metric tons (Tg) of methane is produced by domesticated ruminants
per year [1,2]. Saunois et al. [3] estimated total emissions of 111 (106–116) Tg CH4 yr−1

for enteric fermentation and manure management, about one-third of total global anthro-
pogenic emissions (for the period 2008–2017).

The emissions shown in Figure 1, for agriculture and waste amount to 191–240 Tg of
CH4 per year, which translates into roughly 24–30 kg per capita, at a world population of
8 billion people. With a GWP (greenhouse warming potential) of 24 [4,5], that corresponds
to 572–720 kg of CO2 (CO2 equivalents, CO2e) per person per year.
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Figure 1. Methane flows on a global level per year for the period between 2008 and 2017. Numbers
for sources and sinks are in Tg CH4 yr−1). Agriculture and waste are the largest anthropogenic
sources with 191–240 Tg of CH4 per year. Reproduced with permission from Saunois et al. [3].

Figure 2, reproduced with permission from FAO [6], shows the trend in agricultural
GHG (greenhouse gas) emissions where ruminants account for the single largest contribu-
tion with 39% globally within the sector. In some countries, that figure is even higher, e.g.,
in Australia at 70% [7].
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and share of the sector in global GHG emissions (black). Reproduced with permission from FAO [6].
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In the metabolic pathway of ruminants, production of acetate and butyrate releases
pure hydrogen, while propionate formation creates a competitive pathway for H+ use
in the rumen [8]. Methane is a greenhouse gas that leads to energy loss in ruminants
and plays a vital role in global warming [9]. Hence, actions to minimize enteric CH4
production and emission from ruminants not only limit the emission of GHG, but can
also enhance production performance of the operations. Over the past few years, re-
view papers and meta-analyses have been published on how different mitigation strate-
gies influence CH4 production in ruminants, e.g., Eckard et al. [10], Cottle et al. [11],
Hristov et al. [12], Broucek [13], Jeyanathan et al. [14], Yáñez-Ruiz et al. [15],
McCauley et al. [16], Min et al. [17], Cardoso-Gutierrez et al. [18], and Palangi et al. [19].
Diet modification can be a good strategy for methane mitigation in ruminants. Granted,
some additives may have adverse effects on the ruminal microbial flora. Additives such
as nitrate and nitrite which have alternative hydrogen sink ability, might be the best for
reduction methods. Furthermore, with the advent of genomic selection, including CH4
emissions as a breeding objective is attainable. However, in most cases, genetic selection
has led to reduced rumen volume, which in reality has reduced the amount of fermentation.

However, given the importance of the topic and the fast pace of growing knowledge in
the area, this article has tried to focus on bringing together and discussing the most recent
findings, as well as feed additives that can be used as methane inhibitors in ruminants.

2. Use of Methane Inhibitors

Various methane inhibitors are added to the ration in order to prevent energy losses
in the form of methane emission in ruminants, thus providing economic and ecological
gains. One of these agents, bromomethane (CH3Br, CAS no. 74-83-9), was found to in-
hibit methane production by reacting with Coenzyme M, which is involved in the last
step of methane formation [20]. Kim et al. [21] stated that 3-nitrooxypropanol (3NOP,
HOCH2CH2CH2ONO2, CAS no. 100502-66-7) is a potential candidate as feed additive due
to its methane mitigation effects, with no adverse effects on animal performance. Nitrate
(NO3

−), nitrite (NO2
−) and 2-bromoethanesulfonic acid (C2H5BrSO3, CAS no. 26978-65-4)

have similarly shown to decrease in vitro and in vivo methane production [22–24]. Ni-
trate and nitrite are alternative hydrogen sinks that draw hydrogen ions (H+) away from
methanogenesis [25], while 2-bromoethanesulfonic acid inhibits the activity of methyl coen-
zyme M reductase [26]. Nitrate, propionic acid (CH3CH2COOH, CAS no. 79-09-4), 3-nitro-
1-propionic acid (NO2CH2CH2COOH, CAS no. 7417-34-7), sulphate (SO4

2−) and saponins
(a group of secondary plant metabolites) have also been evaluated for their methanogenic
inhibition effects alone and/or in combination showing promising results [27]. Some
statins (HMG-CoA reductase inhibitors, a class of lipid-lowering medications) such as lo-
vastatin (also called mevinolin), are formed by reduction of hydroxymethylglutaryl-SCoA
(HMG-CoA). They have the potential to specifically inhibit methanogenic bacteria of the
rumen [28]. Kim et al. [21] and Nkemka et al. [29], also observed a significant methane re-
duction, with 3-nitrooxypropanol (3NOP) supplementation. According to Rebelo et al. [30],
the animals fed non-protein nitrogen had lower daily methane emission compared to
soybean meal diets. In the study of Ramin et al. [31] with increasing levels of Alaria es-
culenta (seaweeds) fractions in the ration, methane production showed a linear decrease,
indicating the inhibition of methane producing microbes by the treatments. Similarly,
Alvarez-Hess et al. [32] noted that the addition of nitrate, fat and 3-nitrooxypropanol
decreased in vitro methane production by 21, 19 and 44%, respectively. Natel et al. [33]
demonstrated that the replacement of soybean meal by encapsulated nitrate products
inhibited methane production via reducing the ruminal methanogens community.

3. Use of Herbal Extracts

In recent years, plant and herbal extracts have been successfully used as substitutes to
antibiotics and feed additives in the livestock industry. Among plant-extracted material [34],
essential oils (etheric oils) [35], saponins [36], tannins [37] and organosulfides [30] have shown
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promising results in improving rumen microbial population and nitrogen metabolism, reduc-
ing methane production and enhancing overall animal health and performance. According to
Pérez-Barbería et al. [38], the ericaceae (calcifuges, plants that dislike alkaline (chalky)) soils,
(e.g., heather, European blueberry, Vaccinium myrtillus) resulted in decreased methane emis-
sions in red deer and sheep. Fandiño et al. [39] reported that the doses above 200 mg/d of anise
(Pimpinella anisum, aniseed) and capsicum (Chilli pepper) oils mixture decreased the acetate
to propionate ratio and increased the butyrate proportion while the doses above 375 mg/d
increased dry matter intake. Hart et al. [40] noted the beneficial effects of essential oils on dairy
cows’ performance, as well as reducing methane emission. In a study investigating the effects
of thyme (Thymus vulgaris), mint (Mentha piperita) and orange (Citrus sinensis) oils on rumen
fermentation, a significant decrease in methane and CO2 production was reported with increas-
ing levels of essential oils added to the ration [41]. In agreement, Santalum spicatum essential
oil treatment led to 50% methane production reduction [42]. Pedraza-Hernandez et al. [43]
observed a decrease in methane and carbon dioxide emission from goats that were fed with
the addition of M. oleifera (moringa) extract and S. cerevisiae (Saccharomyces cerevisiae, brewer’s
yeast or baker’s yeast) in their diets. As previously discussed by Sinz et al. [44], the combina-
tion of certain plant extracts such as (acacia (Acacia mearnsii), grape (Vitis vinifera L.) seed and
green tea (Camellia sinensis) extracts) led to a decrease in methane production. Furthermore,
Wann et al. [45] noticed that inclusion of bamboo grass (Tiliacora triandra, Diels) pellets could
lead to a reduction in methane production. The study by Abdelrahman et al. [46] investigated
the influence of herbal extracts on methane production and reported that using eucalyptus
(Eucalyptus globulus) oil could decrease methane production. Agarwal et al. [47] investigated
the effects of mint oil on in vitro methanogenesis and fermentation parameters of buffalo
rumen fluid. Roca-Fernández et al. [48] concluded that legumes containing condensed tannin
concentrations also decreased methane production compared with the alfalfa diet. Inhibitory
effects of some extracts and or essential oils may be due to their toxicity thus reducing rumen
microorganism population, microbial fermentation and methanogenesis.

4. Use of Bee Propolis Extract

Propolis is a plant-origin bee product collected by honeybees from exudates and buds
of various plant species. It can be utilized in animal nutrition as a dietary additive [49].
Propolis stimulates the rumen microorganisms for the consumption of hydrogen by chang-
ing in total volatile fatty acids (VFA), and it was suggested that there is a need to study
the effect of propolis for the mitigation of methane-based emissions with regard to phy-
togeography, botanical origin, climatic conditions, and collection methods for further
effective applications of propolis in the mitigation of methane in vivo [50]. Propolis phe-
nolic compounds are known to cause the improvement of rumen fermentation, reduction
of NH3-N [51] and methane emission [49]. Morsy et al. [52] illustrated that bee propolis
extract possesses anti-methanogenic activity and reduces methane emission. Kara et al. [53]
noted that propolis could reduce methane production in the rumen.

5. Use of Saponins

Saponins (AKA triterpene glycosides), as one of the biggest classes of phytochemicals,
are found in many plants including Yucca schidigera and Quillaja saponaria which have been
deployed as feed additives for years. These compounds not only are potential rumen modi-
fiers but could also act as enteric methane production reducing material. A meta-analysis
of the effects of saponin-rich sources on methane production and ruminal fermentation
parameters examined through in vitro experiments found that adding saponin-rich sources
not only reduced ruminal methane emission, but also reduced acetate proportion and
increased propionate [54]. In vivo experiments on sheep showed that methane production
was reduced as a result of adding Sapindus saponaria fruits [55] or Yucca schidigera [56].
However, other experiments on sheep reported no significant reduction in methane pro-
duction compared to control groups by adding saponin-rich extracts of alfalfa (Medicago
sativa L.) root [57], Yucca schidigera and Quillaja saponaria [58,59], and tea saponin [60].
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Correspondingly, the addition of Yucca schidigera powder [61] and powder from the whole-
plant Quillaja saponaria had insignificant effects on dairy cattle [62]. Similar results were
reported by others where adding saponin-rich extracts of Yucca schidigera and Quillaja
Saponaria, as well as tea saponin did not reduce CH4 production, and subsequently its ratio
to DMI [58], tea saponin [63] and Yucca schidigera powder [64]. However, Mao et al. [65]
found a significant reduction in CH4/DMI in the group that received tea saponin compared
with the control group. It has been suggested that the effects of saponin in reducing CH4
are due to the reduction of protozoa (single-celled eukaryotes) or methanogenic archaea
(a domain of single-celled organisms without cell nucleus = prokaryotes) counts [66]. In
the same vein, a meta-analysis by Jayanegara et al. [54] reported a significant reduction
in protozoa count at higher levels of saponin. Since dihydrogen (H2) is a key element
involved in ruminal CH4 production, a lower number of protozoa, as hydrogen producers,
can reduce CH4 production [67]. In other words, defaunation reduces the population of
methanogens, resulting in lower CH4 production [54]. Wina et al. [68] suggested that a
significant effect of saponin on acetate and propionate concentrations is how it changes
these concentrations in a way that increased the corporation of propionate and decreased
the acetate/propionate ratio. They also argued that this increase in propionate could be
due to the lower levels of acetate and butyrate since those are among the main products of
fermentation by protozoa. Correspondingly, saponin would lower protozoa count, thereby
increasing propionate concentrations [68]. Tan et al. [69] concluded that different genera
of rumen protozoa ciliates appear to be selectively inhibited by tea saponin. Saponins
have shown potential as antiprotozoal agents to increase microbial supply to the host and
decrease CH4 emissions [70]. This effect has been reported to be transitory due to the
deglycosylation of saponins to sapogenins by rumen bacteria [71].

6. Use of Yeast

Recently, yeasts have found wide applications as an additive for ruminants to en-
hance their health, production performance and ruminal fermentation. A meta-analysis
of 110 studies on the effects of Saccharomyces cerevisiae on ruminants indicated that yeast
supplementation increased dry matter intake (DMI), milk yield, rumen pH, and VFA
concentration while decreasing lactic acid concentration with no impact on the acetate-
to-propionate ratio [72]. (S. cerevisiae is a species of yeast that is a single-celled fungal
microorganism that has been instrumental in fermentation for making wine, beer and
bread for several 1000 years). Relatively few in vivo experiments have been conducted
thus far to examine the effects of (live or cultured) yeasts on CH4 production in ruminants.
However, in vitro experiments demonstrated a positive effect of yeast culture and live
yeast on mitigating CH4 production [73]. The investigation of the effect of live yeast on
hydrogen consumption by two hydrogen-friendly bacteria in the rumen (one producing
acetate and the other producing methane) showed that in the presence of yeast, acetogenic
bacteria and their production of acetate increased up to five times. In the absence of yeast
(in an environment where both of the above bacteria are present), hydrogen is primarily
used to produce methane. Still, the presence of yeast stimulates the use of hydrogen by
acetogenic bacteria and increases acetate production [74]. However, the degree of miti-
gation of CH4 output may vary from one experiment to another depending on the type
of substrate, media components and yeast dosage. Results from in vivo experiments on
effects of S. cerevisiae in CH4 production in dairy and beef cattle showed that yeast supple-
mentation did not significantly affect the CH4 production and or CH4/DMI. In agreement,
Muñoz et al. [75] and Bayat et al. [76] found no significant decrease in CH4 output or
CH4/DMI in dairy cattle using active dry yeast supplementation at the dosage of 0.5 g
per day. Studies on supplementation with yeast culture showed no mitigation in CH4
production and CH4/DMI [77]. In line with these findings, a meta-analysis also reported
that yeast supplementation for the diets of dairy and beef cattle had no impact in terms of
mitigating CH4 production [78], which can partially and/or completely be attributed to
inappropriate dosage, yeast variety, and/or the duration of administration. By contrast,
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studies on the effects of yeast culture on CH4 production in sheep and goats demonstrated
its positive impact in mitigating CH4 production. The addition of yeast culture to wethers’
(castrated male goats or sheep) diet at a concentration of 4 g/day resulted in a 10.19%
and 6.85% reduction in CH4 production and CH4/DMI, respectively, compared with the
control group [79]. The potency of yeast culture is dose-dependent since supplementation
of 12 g/day to the diet of growing goats reduced CH4/DMI by 15% which is higher than
the reported value by Mwenya et al. [79] and Lu et al. [80]. Dai et al. [81] meta-analyzed
the effects of ruminal protozoa on CH4 emissions.

Although the exact mechanism through which yeast mitigates CH4 production is
unknown, it has been suggested that reduced CH4 production due to yeast supplementation
in rations is attributable to greater propionate production requiring the use of metabolic
hydrogen and therefore reducing methanogenesis [82]. It has also been suggested by
Shibata and Terada [83] that the molar proportions of VFAs are changed as a result of
using probiotics (live microorganisms) for ruminants in a way that the ratio of acetate is
decreased whereas that of propionate increases. However, the results reported by in vivo
studies on ruminal fermentation patterns show that the same pattern does not hold for
CH4 production and acetate and propionate concentrations. However, further experiments
are needed to establish the effects of yeast in mitigating CH4 production in ruminants as
responses may vary depending on yeast dosage, basal diets and forage/concentrate ratio.
At this point, the reader is also referred to Palangi et al. [19].

7. Use of Ionophores

Ionophores are antibiotics. With a broad range of structures, they commonly have oxy-
gen atoms that could create a cavity position for cations’ entrapment. Mc Guffey et al. [84]
stated that these compounds bind to the membrane of the rumen microorganisms, thus
changing the passage of cations passing through the membrane. Monensin (CAS no.
17090-79-8) is one of the ionophores that inhibits methanogens’ access to hydrogen ions by
disrupting the transfer of hydrogen ions from the protozoa cell membrane. Guan et al. [85]
reported that supplementation of ionophores to the ruminant diet was related to the transi-
tory decline in ruminal ciliate protozoal populations. It can decrease the ruminal methane
emission. Gupta et al. [86] indicates that monensin supplementation (about 0.6 mg/kg
body weight (BW)) in growing heifers reduced enteric methane production (a heifer is a
young cow before she has had her first calf).

8. Use of Organic Acids

Organic acids are used in farm animal rations for various purposes. Organic acids
increase the acidity of the diet and prevent its deterioration (compare silage). The reduced
pH improves the digestion and absorption of nutrients by maintaining the balance between
pathogens and beneficial microorganisms in the digestive system [87]. Low doses of formic
acid have significantly reduced the in vitro total gas production, yet at higher doses had an
inverse effect on gas production Kara et al. [88]. Partanen and Jalava [89] stated that formic
acid has a large inhibitory effect on total gas production. Palangi and Macit [9] reported
that fumaric acid might be used sustainably by reducing the amount of methane emitted
from ruminants and improving the environmental conditions.

9. Use of Exogenous Enzymes

Another additive used in the ruminant diet consists of enzymes with fibrolytic or
proteolytic activities, which can improve plant cell walls’ digestibility, thereby enhancing
production performance [90]. In vitro experiments on how using enzymes may mitigate
CH4 production have produced mixed results. For example, adding cellulase led to a
linear, quadratic decrease in CH4 production per unit of degraded DM [91], or supplemen-
tation with xylanase (enzymes that degrade the linear polysaccharide xylan into xylose,
thus breaking down hemicellulose) increased CH4 in rice straw and grass substrates [92].
Contrarily, a mixture of cellulase (enzymes that decompose cellulose and related polysac-
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charides), xylanase, and beta-gluconase (glucanases are enzymes that break down large
polysaccharides via hydrolysis). Beta-Glucanase hydrolyzes 1, 3 and 1, 4 glycosidic bonds
as found in cereal endosperm cell walls and had no impact on CH4 production [93]. A
handful of in vivo studies have been conducted to examine the effects of enzymes on CH4
production in ruminants. Proteolytic enzyme (enzymes which break down proteins) supple-
mentation of beef cattle diets did not lead to any considerable influence on CH4 production,
CH4/DMI, percent CH4 energy/GE intake (GE = gross energy), and ruminal fermentation
pattern. However, the dry matter’s digestibility was enhanced by 8% compared with the
control group [94]. Another notable finding concerning dairy cattle showed that CH4 pro-
duction and CH4/DMI increased linearly with a higher dosage of fibrolytic enzyme (0, 0.5,
1 mL of enzyme/kg of TMR, total mixed ration, %DM), with no impact on methanogens or
protozoa and bacteria communities or acetate, propionate and butyrate concentrations [95].
In other words, adding a high level of an enzyme to the diet resulted in a 16% increase
in CH4 production (g/day), and 12% increase in CH4/DMI and a 16% increase in milk
production. These findings suggest that a greater amount of energy was lost in the form
of CH4 during ruminal fermentation [95]. Likewise, other studies reported no effects for
cellulase and xylanase on CH4 production and ruminal methanogen community activity in
growing goats [80], or exogenous enzymes derived from Aspergillus oryzae and Aspergillus
niger on CH4 production or concentrations of ruminal acetate, propionate and butyrate
in dairy cattle [77]. In contrast, by estimating CH4 through ruminal fermentation pattern
in dairy cattle, Arriola et al. [96] reported that adding fibrolytic enzymes (enzymes that
increase nutrient availability from cell walls) could potentially mitigate CH4 production
and reduce acetate/propionate ratio. Although enzymes can improve the degradation of
fibers and lessen the acetate/propionate ratio, further experiments are needed in this area
as different observed responses could depend on the type of enzyme activity, dosage, diet
composition and kind of substrate.

10. Use of Nanoparticles

Another effective strategy for enteric methane mitigation is functional nanoparticles
with stronger absorption ability, and high specific surface area. Such materials have shown
to increase the bioavailability of feeds. The ability of nanoparticles to penetrate cell mem-
branes is the main feature of interaction with biological systems. In this way, interaction
with the immune system, uptake, absorption, distribution, and metabolism is facilitated
biologically [97]. The particle size conversion to a nanoscale (below 100 nanometers in
at least one dimension, 1 nm = 10−9 m) increases the surface/volume ratio, and changes
in other properties also occur. Increasing the contact surface in nanoparticles allows the
interaction of such materials with different organic and inorganic molecules [98]. Moreover,
Fujinawa et al. [99] showed that carbon nanoparticles specifically inhibit methanogens in
an anaerobic environment.

Similarly, Jiang et al. [100] reported that granular activated carbon has an inhibitory
effect against CH4 under anaerobic conditions.

On the one hand, Wang et al. [101] reported that magnesium oxide addition reduced
the in vitro gas production volume and acetate molar percentage while increasing the pro-
pionate molar percentage. Magnesium oxide improves the rumen fermentation model by in-
creasing the efficiency of microbial mass synthesis. Moreover, Kazemi and Vatandoost [102]
demonstrated magnesium oxide increases organic matter degradability by decreasing the
methane yield. On the other hand, zinc intake of the microbial population in ruminants
causes changes in ruminal digestion and fermentation [103]. The use of zinc oxide nanopar-
ticles in the ration increases in vitro rumen bacterial growth and increases energy intake
efficiency [104]. Chanzanagh et al. [105] found that in the 24th hour of incubation, the
total amount of in vitro gas production was the least in the group containing 60 ppm ZnO
nanoparticles. Chen et al. [104] investigated the effect of different levels of nanoscale zinc
oxide (nZnO) (at levels of 0, 50, 100, 200, and 400 mg/kg) on rumen fermentation, and the
use of nanoparticles enabled the growth of rumen microorganisms and improved microbial
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protein synthesis and energy efficiency. In accordance, Maorong et al. [106] stated that
copper supplementation increases rumen microorganisms’ growth and the concentration
of essential fatty acids (EFA; EFA are polyunsaturated fatty acids (PUFA, omega-3 (ω-3)
and omega-6 (ω-6)) that must be provided by foods because they cannot be synthesized by
animals; however, they are needed.

Nonetheless, Hernández-Sánchez et al. [107] reported that the inclusion of different
doses of elemental copper could reduce methane production.

11. Use of Algae

Micro- and macroalgae have been tested successfully as feedd additives, e.g.,
Anele et al. [108] and Brooke et al. [109], or the reviews by McCauley et al. [16] and
Makkar et al. [110]. Machado et al. [111] first identified red algae reducing methanogenesis.

As shown in Figure 3, most emissions of methane stem from eruction (95%); flatulence
only accounts for 5%.
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Bromoform (CHBr3) was found to be the strongest active compound in algae for
the inhibition of methanogenesis. It needs to be understood what the effects are of that
compound on the animal, and on atmospheric chemistry [112]. As stated by Min et al. [113],
there are also some concerns as to the sustainable production of seaweeds, and their
potential negative impacts on the rumen digestibility and health impacts of bromoform.

12. Discussion

Despite the huge potential to realize cuts in CH4 emissions from enteric fermentation,
there has been little commercialization so far. An example of a successful commercial
product is Bovaer™. The manufacturer states on its website: “A quarter teaspoon of
Bovaer® per cow per day suppresses the enzyme that triggers methane production in a
cow’s rumen and consistently reduces enteric methane emission by approximately 30% for
dairy cows and even higher percentages (up to 90%) for beef cows . . . in September 2021,
DSM received its first full regulatory approval to commercialize Bovaer® from the Brazilian
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and Chilean authorities, for application in beef, dairy, sheep and goats. In February 2022,
DSM received EU market approval for Bovaer® for dairy cows, following a positive EFSA
Opinion which confirms that Bovaer® reduces enteric methane emissions from dairy cows
and is safe for the animal and the consumer. It is the first time a feed additive authorised in
the EU for environmental benefits can be marketed” [114].

The active ingredient in Bovaer™ is 3NOP [115].
The Department of Primary Industries and Regional Development, Government of

Western Australia [116] writes:
“There is potential for natural compounds and materials to reduce methane production

in livestock, though these products have not been widely commercialised. Feeding one
type of seaweed at 3% of the diet has resulted in up to 80% reduction in methane emissions
from cattle.

Fats and oils show the most potential for practical application to farming systems and
have shown methane emission reductions of 15–20%”.

It can be expected that the global meat and milk demand will continue to increase,
triggered by a growing population and increased economic development and a concurrent
surge in demand. To which extent, and over what time frame alternative protein products
such as insect-based protein, single-cell protein (SCP), soy- and pea-based proteins, lab
grown meat and other solutions will replace farm-grown meat from cattle, remains to be
answered. In any case, one can assume a rising pressure on the livestock industry to reduce
its climate impact, not only from land use change, but also from enteric fermentation where
the largest lever resides. Given the high amount of CH4 emissions from enteric fermentation,
particularly cattle but also other species, the commercialization of feed additives alongside
farmer training, can be a very good approach to curb emissions. One can compare reduced
enteric methane emissions to energy efficiency gains in other sectors. Energy which is not
consumed is the cheapest and most effective way to avoid CO2 emissions. The same holds
true for ruminants because CH4 that is not emitted in the first place is the best measure
to combat climate change. It seems elusive to obtain a complete avoidance of enteric CH4
emissions, but even a small reduction on the order of 10–30% would have a strong impact.
Based on the numbers provided above, 20–70 Tg of avoided CH4 emissions per year could
be achieved, which equals ~0.5 to 1.7 billion tons of CO2e per year. For an assessment on
the mitigation potential for Australia, see Black et al. [117].

Despite the negative effects of ruminant livestock on the climate, Gill et al. report that
the safeguarding of food security needs to be mentioned [118]. The alternative protein
which is most likely to close a gap in protein supply in case of a sudden, global food/feed
catastrophe is considered to be bacterial single cell protein [119].

It will be necessary to convince farmers of different herd sizes to adopt low methane
strategies. Since lower methane emissions equates with higher feed efficiency and, hence,
improved economics, it should be possible to get buy-in from the entire ruminant value
chain. The economic gains are immediate, and the climate benefits are more mid- and long-
term. One must not forget that climate change exerts a negative feedback loop in livestock
production (e.g., Palangi et al. [19], and Lackner et al. [5]), so reducing methane emissions is
in the best interests of those who produce meat and milk with ruminant animals. It is also
possible to claim carbon credits for enteric methane reduction. For instance, in Australia
there are currently two approved methodologies for using feed additives or supplements to
reduce methane emissions according to the Department of Primary Industries and Regional
Development, Government of Western Australia [116]:

• feeding nitrates (for beef cattle)
• feeding dietary additives (for milking cows)

In addition, carbon credits may be claimed from these measures (Department of
Primary Industries and Regional Development, Government of Western Australia [116].

Therefore, there exists technical solutions to reduce ruminants’ CH4 emissions, and
economic models that show how to benefit from such measures that have been developed.
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In this review, we have summarized more than 40 different agents used in reducing
enteric methane formation and emission. When choosing the feed additive, the following
aspects, apart from effectiveness & efficiency, should be taken into account:

• possible toxicity to the ruminant
• potential environmental impacts/undesired side effects

These two aspects are related to clarity of use, as the risks are strongly associated with
non-optimum deployment by the farmer where, for example, the ruminants consume a
high dose of the additive.

For instance, essential oils and tannins were found to exert their methane-depressing
effect due to toxicity. Antibiotics clearly can have detrimental effects on the environment,
such as the formation of multi-resistant bacteria which can also harm humans, so care
needs to be taken. The same holds true for non-natural compounds being administered,
such as chemicals (e.g., bromomethane) and certain nanoparticles, as well as products that
do not occur in the natural environment of the ruminants such as seaweeds.

The literature offers limited clues to whether the mentioned feed additives alter host
digestive performance or metabolic function, affect gene expression of the host ruminants,
or alter gut flora abundance, as the studies are typically limited to showing a principal
effect observed in the lab, and not a full explanation of the mechanism. The technology
readiness level (TRL) of most of the (promising) feed additives can hence be considered
low, i.e., too low for large scale deployment.

The safest way for a farmer who aims to reduce feed losses and the environmental
impact of their herd is the use of a commercial, i.e., fully tested, verified, and approved
product, with clear dosing and application rules. Unfortunately, the offers available on the
market are limited.

The authors encourage further tests and deployment to reduce the sectors’ GHG
emissions in an effective and efficient way.

13. Conclusions

Ruminant-emitted methane greatly contributes to greenhouse gas (GHG) emissions,
thus strategies are being developed and investigated to mitigate methane production while
maintaining productivity and the overall health of the animals. Some strategies have been
shown to reduce the propagation and/or eliminate ruminal flora affecting the health and
productivity of the animal. Therefore, summarizing these strategies as well as presenting
their strengths and weaknesses can pave the way for further and purposeful research.
In conclusion, all of the strategies mentioned above have the potential to efficiently and
effectively reduce methane production; however, the question of the “best” approach has
not yet been answered. This remains a serious challenge requiring further research and
attention, and a need for several strategies, which may emerge depending on geographic
region and other factors.
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