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A b s t r a c t  
 

 Methane is a powerful greenhouse gas with a higher global warming potential than carbon 

dioxide. Agriculture, especially animal husbandry, is considered the largest sector of anthropogenic 

methane production. Of farm animals, ruminants are the main producers of methane. Its world pro-

duction and emissions are increasing due to abundant population of ruminants. The hydrogenotrophic 

scenario of methanogenesis from hydrogen and carbon dioxide, carried out by ruminal archaea, pre-

vails. Over the past 50 years, numerous research papers have substantially improved our understanding of 

rumen fermentation and methanogenesis to develope strategies for assessing and reducing methan emis-

sion (K.A. Beauchemin et al., 2020). One of the proposed strategies is dietary intervention, i.e. im-

proved dietes and the use of nutritional factors that affect the ruminal microbiota. The quality, feed 

preparation, the ratio of concentrated and roughage feeds affect methane emissions. Some feeds may 

increase propionate production or decrease acetate production by reducing the level of ruminal hydro-

gen converted to methane. Another strategy is the use of modifiers, the feed additives that directly or 

indirectly inhibit methanogenesis, and biocontrol manipulation using defaunization agents, bacterioc-

ins, bacteriophages, and immunization aimed at reducing the counts of methanogens. The strategy 

may be also based on genetically or technologically improved productivity performance. With higher 

productivity, the relative methane emission per unit of meat or dairy product is reduced (M. Islam et 

al., 2019). Fat additives, organic acids, probiotics, ionophores, phytogenics can serve as strategies to 

reduce methane formation in ruminants (M. Wanapat et al., 2021; R.D. Marques et al., 2021; 

S.H. Kim et al., 2020). Feeding manipulation is a simplistic and pragmatic approach to improve animal 

productivity with a reduced CH4 emission (M.D. Najmul et al., 2018). In the review, along with a 

description of methanogenesis, we also summaraized modern research data on the influence of various 

alimentary factors (i.e., special diets, phytogenic saponins, tannins, flavonoids and essential oils) on 

CH4 emission. The type of diet, the quality of bulky and concentrated feeds, their chemical composi-

tion, ratio, pre-feeding preparation affect methane emission in ruminants. However, a promising ap-

proach to mitigate methane emissions is adding a small amount of grain to roughage and feeding high 

quality forages with less fiber and higher levels of soluble carbohydrates. Phytogenics made from various 

botanical parts of plants is a cheap and environmentally friendly agents to reduce greenhouse gas 

emissions. Phytogenics also positively affect animal resistance. There are few studies on the in vitro 

efficacy of flavonoids and other secondary plant metabolites as agents for reducing methane emissions. 

The data obtained are variable and depend on the type of herbal preparations, their characteristics and 

the diet fed to the animals. Further in vivo studies should establish the optimal dosages of phytogenics 

that provide a positive effect. The combination of various phytogenics seems to be relevant and prom-

ising. An integrated approach should provide high fragmentation activity, effective digestion and as-

similation of feed nutrients.  
 

Keywords: ruminants, greenhouse gases, methanogenesis, diet quality, diet composition, phy-
togenics, saponins, tannins, flavonoids, essential oils 
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The impact of greenhouse gas (GHG) emissions on climate change has 

become a global and publicly discussed environmental and health problem both 

in the world and in Russia. Agriculture is one of the largest sources of greenhouse 

gases, and wise use of the potential of the industry can limit the rate of global 

warming to 2 С by the end of the century [1]. 

The efforts of the global community to prevent climate change are pre-

dominantly focused on reducing carbon dioxide (CO2) emissions. At the same 

time, methane (CH4), nitrous oxide (N2O) and other CO2-free greenhouse gases 

emitted during the production of crop and livestock products also contribute to 

global warming. Methane (CH4) is one of the three major greenhouse gases 

(GHGs), in addition to carbon dioxide (CO2) and nitrous oxide (N2O), with a 

global warming potential 28 times greater than that of carbon dioxide (CO2) [1- 

3]. Agriculture, due to the increase in land use and the reduction of CO2 absorp-

tion spaces (forests, organic soils), is involved in increasing the production of 

carbon dioxide. Livestock and especially ruminants are the largest source of direct 

emissions; synthetic fertilizers also contribute heavily to direct emissions; livestock 

and fish farms account for 31% of greenhouse gases [4]. The livestock sector ac-

counts for approximately 18% of global anthropogenic GHG emissions. 

Among livestock, ruminants produce about 81% of greenhouse gases [5] 

due to massive methanogenesis by rumen microbes, which produce 90% of the 

total CH4 emitted by ruminants [6]. Ruminants emit about 115 million tons of 

CH4 annually, which is formed as a result of fermentation carried out in the rumen 

by a complex of bacteria, archaea, protozoa and fungi [7]. Globally, CH4 emis-

sions from dairy and beef production account for 30% and 35% of livestock emis-

sions, respectively. Buffaloes and small ruminants contribute less, accounting for 

8.7% and 6.7% of industry emissions, respectively [8]. Cows and other ruminants 

hold the record for methane emissions. In their multi-chambered stomachs, bac-

teria help digest food by synthesizing methane as a by-product. It is released into 

the atmosphere through belching, although a small part of it is also produced in 

the intestines. The digestive system of other farm animals differs from that of 

ruminants. Chickens and pigs emit less greenhouse gases, but their amount is many 

times greater than that produced by plants of nuts or peas. Fish reared in fresh 

water also serve as a source of greenhouse gases: excrement and unused food are 

deposited on the bottom of ponds, where there is almost no oxygen, that is, con-

ditions ideal for the appearance of methane are created. 

The harmful effect of methane on the state of the atmosphere is confirmed 

by the fact that with a conventionally accepted global warming potential (GWP) 

of carbon dioxide equal to 1, for methane GWP = 21, the half-life of methane is 

11 years, and the duration of stay in the Earth atmosphere exceeds 100 years. It 

follows that methane as a greenhouse gas is no less dangerous than carbon dioxide. 

Ruminants can produce between 250 and 500 liters of methane per day, 

and the contribution of cattle to global warming, which may occur in the next 50-

100 years, is estimated at just under 2%. While emissions per unit of livestock 

production have decreased, global emissions have risen due to an increase in ani-

mal populations [8]. By 2050, total CH4 emissions from ruminants are expected 

to increase significantly due to increased demand for milk and meat, given the 

growing world population [9]. This determines the importance of the problem of 

reducing CH4 emissions in animal husbandry and the attention to environmental 

issues in general on the part of government structures [10]. 

It is possible to reduce the formation of methane in the digestive system 

of animals through the use of various feed additives, antibiotics and vaccines, as 

well as through the inclusion of high-quality roughage in the diets of cattle. In 

addition, a reduction in the volume and intensity of emissions can be achieved 
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through the use of modern methods to increase the productivity of animals. This 

strategy is very attractive as it increases farm profits at the same time [11]. 

Methane emissions from animals вdepends on the amount of feed con-

sumed, the type of carbohydrates in the diet, the methods of preparing feed for 

feeding, feed additives of various nature that regulate the state of microbial pro-

cesses. Management of these processes can reduce methane formation in the ru-

men of ruminants and, as a result, methane emissions into the atmosphere. The 

study of biochemical, microbiological and genetic aspects of methane formation 

in the rumen of ruminants is necessary for the use of nutritional factors to reduce 

CH4 emissions in animal husbandry. 

In recent years, the results of a huge number of studies have been pub-

lished that have improved understanding of the complex processes of rumen fer-

mentation and methanogenesis in ruminants, as well as ideas about means and 

methods for reducing methane production in ruminants [12]. 

The purpose of this review is to summarize current data on the effect of 

alimentary factors, in particular, the structure and composition of diets, phyto-

genics of various nature (saponins, tannins, flavonoids, and essential oils), on the 

formation of methane in ruminants. 

Mechan i sms  o f  me thane  fo rma t ion  in  ruminan t s. The mi-

crobial ecosystem of the rumen is very stable and optimized due to the natural 

selection of microorganisms, but not completely efficient. One reason for this is 

the loss of energy due to methane emissions [13]. For the host animal, the for-

mation of CH4 means a loss of 2 to 12% of the total energy intake that could be 

available for growth or production [14]. 

Carbohydrates are the main source of energy for ruminants. In the rumen, 

polysaccharides (mainly cellulose, hemicellulose and starch) are hydrolyzed to 

glucose and other hexoses and pentoses. Further, monosaccharides are metabo-

lized into volatile fatty acids (VFA) and CO2. Metabolic hydrogen is released 

during the conversion of monosaccharides to VFAs, restoring intracellular cofac-

tors, and cofactors must be reoxidized to continue fermentation. This is largely 

due to hydrogenase activity and the formation of dihydrogen (H2, that is, molec-

ular hydrogen). Dihydrogen does not accumulate in the rumen because it is trans-

ferred from the fermenting consortium of bacteria, protozoa, and fungi to meth-

anogenic archaea, which use H2 to reduce CO2 and other one-carbon compounds 

to CH4 [15, 16]. 

Methanogens can be divided into three groups depending on the substrate 

used: methane derivatives: methylotrophic, hydrogenotrophic, and acetate (aceto-

clastic) [17, 18]. H2 and CO2 serve as the main substrates of methanogens, and 

hydrogenotrophic methanogenesis is considered to be the predominant route of 

CH4 formation in the rumen [19]. There is a wide variety of methanogenic archaea 

in shape (cocci, spirilla, rods of various shapes), mobility (mobile and immobile) 

and other properties, but the general physiological characteristics of methanogens 

are the need for anaerobiosis and the use of energy, the formation of which is 

associated with methane bosynthesis, as its only source [20]. According to a meta-

analysis of global data, 90% of rumen methanogens belong to the genera [21] 

Methanobrevibacter (63.2% of the methanogen population), Methanomicrobium 

(7.7% of the methanogen population), Methanosphaera (9.8%), “rumen cluster 

C”, currently called Thermoplasma (7.4%), and Methanobacterium (1.2%). The 

production of methane from H2 and CO2 lowers the partial pressure of H2, thus 

allowing the fermentation to continue. Without H2 removal, H2 accumulation will 

inhibit further reoxidation of reduced cofactors which, in turn, will consequently 

inhibit VFA production [16, 22]. In addition, the functional group of methanogens 

also uses formate (up to 18% of the total amount of methane in the rumen), 
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acetate, methanol, methylamines (mono-, di- and trimethylamine) and alcohol, 

but due to the biological characteristics of these microorganisms, this plays a small 

role in formation of this gas [23]. For example, Methanosphaera stadtmanae pro-

duces methane only through the reduction of methanol with the participation of 

hydrogen, having one of the most stringent energy exchanges of all methanogenic 

archaea [21]. 

The formation of methane consumes the maximum amount of hydrogen 

in the rumen. A smaller part of it is used for the production of propionate. A 

strong positive relationship between hydrogen and propionate concentrations in-

dicates that elevated H2 levels in the rumen may activate reactions that involve 

hydrogen in propionate production [24]. Propionate (an alternative hydrogen scav-

enger for CH4) is the main glucose precursor in ruminants, so it is desirable to 

increase its levels in animals with a high demand for glucogen precursors [25]. 

Reductive acetogenesis (formation of acetate from CO2 and H2) is also desirable 

as a process for incorporating hydrogen into metabolism, since acetate serves as 

an energy source and building block in the synthesis of long chain fatty acids. 

However, reductive acetogenesis is thermodynamically inferior to methanogen-

esis in the normal rumen, but can be a useful hydrogen sink to enhance meth-

anogenesis-inhibited rumen fermentation. Theoretically, the redirection of hy-

drogen from methanogenesis to fermentation end products that can be taken up 

and used by the host animal, as well as to the synthesis of microbial biomass, 

not only helps to reduce CH4 emissions, but also has the potential to increase 

the productivity of the animal. However, this potential has not been consistently 

realized so far [26]. 

The rumen microbiota plays an important role in the production of bio-

genic methane. Information on how the hereditary factors of the host influence 

on the variability of the rumen microbiota and their combined effect on methane 

emissions are limited. Q. Zhang et al. [27], using a Bayesian model, in a sample 

of 750 dairy cows, the joint contribution of the host genotype and microbiota to 

the host's methane emission was estimated. The study showed that host genotype 

and microbiota accounted for 24% and 7% of variations in host methanogenesis 

activity, respectively. In addition, it appeared that certain host genes were signifi-

cantly associated with the composition of the rumen microbiota [27]. 

S t r a t eg i e s  to  r educe  me thane  emi s s ion s. According to various 

authors, methane emissions from dairy cows range from 151 to 497 g/day [28]. 

This value depends on climatic conditions [29], genotype [30], type of productiv-

ity, age [31], as well as the quality and composition of the diet [32, 33] and the 

provision of food needs of animals [34, 35]. Thus, lactating cows produce more 

CH4 (354 g/day) than dry cows (269 g/day) and heifers (223 g/day). Dairy sheep 

emite 8.4 kg of CH4 per animal per year. Holstein cows produce more CH4 

(299 g/day) than crossbreeds (264 g/day). Methane emissions from heifers grazing 

on fertilized pastures are higher (223 g/day) than their counterparts on unculti-

vated pastures (179 g/day). In beef cattle, average CH4 emissions range from 161 

to 323 g/day. Adult beef cows produce 240-396 g CH4 daily, Suffolk sheep 22-

25 g daily. Annual CH4 emissions per bison are 72 kg [28]. In a 10-year follow-

up in New Zealand, S.J. Rowe et al. [36] noted that sheep with low CH4 emission 

had higher wool shearing, were leaner, and differed from their high CH4 counter-

parts in fatty acid muscle tissue profile [36]. 

The development of strategies to reduce the release of methane in the body 

of ruminants during the fermentation process is of scientific and practical interest. 

The proposed approaches fall into several categories. For example, there are strat-

egies that affect methanogenesis through nutritional factors. In particular, some 
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feeds increase the production of propionic acid or reduce the production of ace-

tate, reducing the concentration of H2, which can potentially serve as a source of 

methane. Feeding strategies also use so-called modifiers that change processes in 

the rumen, the substances that directly or indirectly inhibit methanogenesis or 

provide biological control (defaunation, bacteriocins, bacteriophages, and immun-

ization) of the rumen biota, aimed at reducing the content of methanogens. In-

creasing animal productivity at the genetic level and by optimizing housing con-

ditions for better use of nutrients in the body, which increases feeding efficiency 

and reduces gas emissions per unit of product (meat or milk). If the annual milk 

yield remains constant but comes from fewer cows, overall CH4 emissions will be 

reduced. 

A number of proposed strategies to reduce methane production in rumi-

nants have been reviewed previously, including many that have been revised [2, 

37, 38]. Reviews on methods for measuring methane emissions and their applica-

tion [39-41], including in dairy cattle [42, 43] are of particular interest, as well as 

the study of methanogens and their role in methanogenesis [44]. 

Changing feeding patterns is a simplistic and pragmatic approach that can 

lead to higher animal performance and lower CH4 emissions [4]. Changing diets 

is the most common example of such a strategy. Among the ways to control meth-

anogenesis using nutritional factors, two main categories can be distinguished - 

improving the quality of food and changing the amount consumed per feeding, as 

well as the use of feed additives that either directly inhibit methanogens or change 

metabolic pathways, leading to a decrease in the production of substrate for me-

thane synthesis. 

Feed  qua l i t y. Considerable attention is paid to the study of the effect 

of feed quality and diet structure on methane production in ruminants (Table 1). 

The rate of methane production in the rumen depends on the composition of the 

diet, the type of carbohydrates (cellulose or starch), proteins and lipids, which 

make the biggest impact on methanogenesis [21, 35], as well as physiological fac-

tors, e.g., the time of digestion in the rumen. 

Feed quality is known to affect CH4 production in the rumen [32, 45]. 

High-quality feed (e.g., young plants) can reduce CH4 emission by altering the 

metabolic pathway, as this feed contains more easily fermentable carbohydrates 

and less neutral detergent fiber (NDF), which improves digestibility and in-

creases the rate of passage of the feed through the gastrointestinal tract [46]. 

Feeding corn silage was reported to linearly decrease CH4 output (21.7; 23.0; 21.0 

and 20.1 g/kg DM) and CH4 emissions as a share of total energy intake (6.3, 6.7, 

6.3 and 6.0%) when using plants of later stages of maturity [47]. However, other 

authors have not noted differences in methane emissions when changing the 

stage of maturation of the grass used for haymaking [48]. Methane release during 

fermentation differs between grazing ruminants on natural and artificial pastures 

[49, 50] and also depends on the quality of grass stand [46]. Different feed types 

can also contribute differently to CH4 emissions due to differences in chemical 

composition [51]. So, when replacing a fibrous concentrate with a starchy con-

centrate, methane production decreased by 22%, and when using the so-called 

protected starch, by 17%. Methane production was lower for legumes than for 

cereals (by 28%) and for silage compared to hay (by 20%) (51, 52). Legume 

feeds have lower CH4 yields due to the presence of condensed tannins, low fiber 

content, high dry matter intake, and high transit rate [53]. Increasing consump-

tion of alfalfa as a concentrate replacement can significantly reduce CH4 emis-

sions [54].  
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1. Methane emission in animals, as Influenced by feed quality and diets  

Factor Animsals, n Method for methane measurement   Effect on methane peoduction  Reference 
Feed quality 

(high, medium 

and low) 

12 heifers (6 of Holstein breed and 6 of 

Charolais ½ Simmental breed, 12 months, 

BW 310 kg) 

Sulfur hexafluoride (SF6) tracer gas  The amount of methane per 1 kg of digested organic matter was highest on low-

quality diets 

[32] 

Animal age, con-

tent of concen-

trates  

45 heifers aged 9, 12 and 15 months, ra-

tions with different levels of  

concentrates (30, 40, 50%) 

Sulfur hexafluoride (SF6) tracer gas Heifers aged 9, 12 and 15 months with an average weight of 267.7; 342.1 and 

418.6 kg produced 105.2; 137.4 and 209.4 g CH4/day. Average ratio of CH4 to 

gross energy consumption 0.054; 0.064; 0.0667. With an increase in the level of 

concentrates, the release of methane decreased 

[31] 

Diet composition 40 Continental ½ British bulls (6 months, 

BW 252 kg) 

Sulfur hexafluoride (SF6) tracer gas Methane production per day with high roughage or bulky feed (83.5% si-

lage:11.5% grain) was 42% higher than high grain diets (41.8% silage:41.7% 

grain)  

[150] 

Feed quality 

(poor quality hay 

+ protein supple-

ments: .CF  at 

0.29% BW or DS 

at 0.41% of BW) 

23 crossbred British bulls (BW 344 kg) Open cycle gas quantification chamber 

(GreenFee emission monitoring system 

GEM; C-Lock Inc., Rapid City, SD) 

Animals treated with .CF  had higher CH4 emissions (211 g/day) than those 

who received DS (197 g/day). With protein supplements, the emissions were 

higher than in the control (175 g/day). Methane emissions as a percentage of 

GE consumption were the lowest when animals consumed DS (7.66%), inter-

mediate when .CF  was consumed (8.46%), and the highest in control (10.53%) 

[33] 

Diet composition, 

animal genotype, 

age 

Rumen contents of crossbred cows Limou-

sin ½ Swiss (meat) and Limousin ½ Hol-

stein (milk-meat) 

in vitro The first factor is diet: flaxseed reduced methane yield (by 6.5%), total gas pro-

duction (by 3.6%), and methane/total gas ratio (by 2.7%) 

The second factor is the genotype: a lower methane output (by 15%) was noted 

in the Limousin ½ Swiss crossbreed cows compared to the Limousin ½ Holstein 

crossbreed cows. 

The third factor is age. In meat animals, methane emissions increased with age; 

in dairy and meat animals, the highest values were in young and old animals. 

[30] 

Feed quality 16 lambs received a diet of ryegrass (before 

flowering and at a late flowering phase) 

Sulfur hexafluoride (SF6) tracer gas No difference observed [48] 
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Continued Tabel 1 
Feed quality and 

diet composition 

9 heifers (BW 329 kg) zebu Brahman re-

ceived one of three diets: hay GQ, hay LQ 

and low quality hay + molasses + urea 

(LQ + A) 

Sulfur hexafluoride (SF6) tracer gas Methane emission (g/day) was the same in the LQ (110.4) and LQ + A (125.8) 

groups and lower than in the GQ group (181.5). The values of CH4/kg of DM 

consumed were maximum in the LQ (31.0) and LQ + A (29.8) groups and 

lower in the GQ diet (23.0) (30% reduction in emissions compared to the LQ 

group)  

{45] 

Feed quality Natural grassland and sorghum, natural 

grassland and alfalfa 

Sulfur hexafluoride (SF6) tracer gas Methane emissions were lower in cows grazing on sorghum than those grazing on 

natural grass pastures; in cows on natural pastures and fed with alfalfa hay, me-

thane emission was the same. Poor quality diets increase methane output 

{49] 

Feed quality and 

consumption 

56 lactating dairy Holstein-Friesian cows, 

ration of grass silage, corn silage and com-

pound feed (70:10:20). Animals are divided 

into 2 groups, with high (day 96 of lacta-

tion) and low (day 217 of lactation) con-

sumption of DM  

Open circuit gas quantification chamber  The total amount of methane released per day did not differ between the groups. 

Relative methane emissions (12.8±0.56 g/kg of milk) were lower (by 12%) with 

high feed intake and higher milk yield. Methane emissions increased as grass 

quality deteriorated, regardless of consumption level  

[35] 

Forage quality 

(cultivated and 

natural pastures) 

11 Swiss lactating cows Sulfur hexafluoride (SF6) tracer gas When grazing cows on cultivated pastures, methane emissions per unit of both 

consumed and digested organic matter were lower than when grazing on natural 

pastures  

[50] 

Feed quality 12 crossbred (Hu ½ Han) dry ewes (aged  

3 years, BW 32 kg) received corn stover, 

alfalfa and concentrates (60:0:40, 60:15:25, 

or 60:30:10) 

Respiratory chamber (open circuit) Increasing the share of alfalfa in the diet reduced methane emission per day, in-

cluding in relation to the consumed DM and OM  

[54] 

Feed quality Different grazing systems consisted in 

changing the density of animals per ha 

(1 cow/ha and 2.5 cows/ha) that alters the 

quality of the grass stand  

Sulfur hexafluoride (SF6) tracer gas Methane emissions per unit GE consumption (4.6%) was low for grazing ani-

mals  

[46] 
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Continued Table 1 

Consumption 

level 

290-302 beef cattle (420 kg) and 1105-

1251 beef cattle (430 kg), ad libitum/lim-

ited feeding  

Automatic sampling systems In CH4 emissions from the feedlot, one peak was observed during the day with 

ad libitum feeding, and several peaks with limited feeding. Total emissions did 

not change  

[34] 

Diet nutritional 

value and climatic 

conditions 

30 Simmental dry cows and Gelbfi beef 

cows (663 kg BW)  

Sulfur hexafluoride (SF6) tracer gas The use of protein supplements in low-protein diets and prolonged exposure to 

cold reduced CH4 emissions  

[29] 

Diet composition  8 lactating Holstein-Friesian cows, silage 

based rations or silage + hay 

Respiratory chamber (open circuit) Cows fed a diet based on silage and hay had higher daily methane emissions. 

There were no differences in methane emissions per 1 kg DM consumed or per 

1 kg of milk  

[52] 

Diet composition  16 lactating cows Respiratory chamber Adding treated oilseeds as a source of fatty acids reduced methane production 

by an average of 13% 

[62] 

Consumption 

level and quality 

of ryegrass silage 

56 Holstein-Friesian lactating cows Respiratory chamber (open circuit) Improving the quality of grass silage by harvesting feed at an earlier stage of 

plant growth significantly reduces intestinal CH4 emissions regardless of DMC 

[35] 

N o t е. BW — bodyweight, DM — dry matter, CF — cotton flour, DS — dry stillage, GQ — good quality, LQ — low quality, A — additives, GE — gross energy, OM — organic matter, DMC — dry 

matter consumption. 
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Feed handling and storage also affect CH4 emissions [55, 56]. For example, 

milling or granulating can reduce CH4 emissions per kg of dry matter ingested, as 

their smaller particle size accelerates their degradation in the rumen. Methanogen-

esis is generally lower with ensiled feed [52] (presumably, because ensiled feed is 

already partially fermented during ensiling). Another study [35] showed that in-

testinal CH4 emissions from dairy cows at different levels of feed intake depended 

on the nutritional value and chemical composition of grass silage. Feed based on 

young plants with less fiber and increased soluble carbohydrates has improved 

quality, and the addition of a small amount of grain to the forage also gives a 

favorable result. 

The formation of methane in the rumen of ruminants also depends on the 

amount and composition of concentrates in the diet [54]. With fewer cell walls 

and easily fermentable carbohydrates (starch and sugar), concentrates promote 

propionic acid production, reducing CH4 release [55]. It was noted that the re-

duction of CH4 emissions occurred at the addition of concentrates to diets in 

amounts of 80 and 90%, while no effect was observed at their proportion equal to 

35 or 60% [57]. Increasing the proportion of concentrates in the diet of ruminants 

is not a good strategy for reducing methane production, as diets high in concen-

trates are low in structural fiber and will compromise rumen function in the long 

term, leading to subacute or acute acidosis. Probably, it is necessary to select the 

optimal ratios of roughage and concentrates in the structure of the diet. 

The composition of concentrates also influences rumen gas formation, as 

different ingredients have different carbohydrate compositions. Among non-struc-

tural components, sugar is more methanogenic than starch. All carbohydrate frac-

tions contribute to the formation of CH4, of which starch is the least (probably 

due to the formation of VFAs with a predominance of propionate). A large 

amount of starch in the diet reduces intestinal energy loss compared to diets 

dominated by roughage [58]. Starch fermentation promotes propionate produc-

tion in the rumen by creating an alternative H2 sink [59], lower rumen pH, in-

hibiting methanogen growth, reducing protozoa in the rumen, and limiting inter-

specific H2 transfer between methanogens and protozoa. In addition, feeding 

starch, which can avoid rumen fermentation, potentially provides energy to host 

animals while ruminal methanogenesis is inhibited. Up to 30% of corn starch may 

not be fermented in the rumen and digested in the small intestine [60]. Data on 

the effect of protected starch on the reduction of methane emissions is still very 

limited, which requires further study of the problem. Sugar, on the other hand, is 

rapidly and completely degraded in the rumen, increasing butyrate production at 

the expense of propionate, thereby making sugar concentrates more methanogenic 

than starch [61]. Sugars increase butyric acid production at higher H2 partial pres-

sure and higher rumen pH, as confirmed by I.K. Hindrichsen and M. Kreuzer 

[61] who reported a 40% increase in CH4 production with sucrose (compared to 

starch) at high rumen pH, while methane production decreased at low pH. 

Replenishing protein deficiency with protein supplements [29] and adding 

processed oilseeds (as a source of fatty acids) [62] to diets can significantly reduce 

CH4 emissions. 

Thus, the type of diet of ruminants, the quality of bulky and concentrated 

feeds and their chemical composition, the ratio of roughage and concentrated 

feeds, and the preliminary preparation of feeds affect methane emissions into the 

atmosphere. A promising approach to reduce methane emissions is to add a small 

amount of grain to forage and feed high quality feed, feed with less fiber and a 

higher content of soluble carbohydrates. 

Feed  add i t i v e s  a f f e c t ing  me thane  p roduc t io n. Fat supplements 
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[63]. The mechanism of suppression of methanogenesis by fat is induced by re-

ducing the fermentation of organic substances, the digestibility of fiber, as well as 

by direct inhibition of methanogens in the rumen [64]. Data on the methane 

production in ruminants when fed fat supplements are quite contradictory. For 

example, the additional inclusion of linseed oil in the diet of cattle contributed to 

an increase in the species diversity of the rumen microbiota, the number of bac-

teria of the phylum Bacteroidetes (64.2%), as well as a significant increase in rep-

resentatives of the rumen archaea domain involved in methanogenesis [65]. 

Organic acids. It is likely that organic acids stimulate the production of 
propionic acid in the rumen by acting as hydrogen scavengers, thereby reducing 
the amount of CH4 [66]. Malate, acrylate, oxaloacetate, and fumarate are carbo-
hydrate fermentation intermediates that are converted to propionate or used in 
anabolism to synthesize amino acids or other molecules. They can react with hy-
drogen, which reduces the amount of hydrogen available to form methane [21]. 
Organic acid supplements have mainly been tested for effects on methane synthesis 
in vitro with conflicting results. The use of organic acids in diets to reduce gas 
formation in vivo requires further study. In addition, the use of organic acids may 
be limited by the risk of rumen acidification causing acidosis in animals. 

Ionophores. Ionophores, which can change the movement of cations (in 
particular, calcium, potassium, sodium) through cell membranes, are classified as 
antibiotics and are synthesized by soil microorganisms. Among the inophores, 
monensin and lasalocide are most commonly used to reduce methane emissions. 
The mechanism of their influence on methanogenesis is associated with the impact 
on the number of protozoa and bacteria in the rumen. Ionophores act as antimi-
crobial agents that can disrupt the concentration gradient of calcium, potassium, 
hydrogen, and sodium ions across certain microbial membranes, initiating an in-
efficient ion cycle and providing a competitive advantage for some microorganisms 
at the expense of others. These compounds preferentially inhibit the growth of 
Gram-positive bacteria that produce lactate, acetate, butyrate, formate, and hy-
drogen as end products, thereby reducing the availability of hydrogen for meth-
anogens [67]. Although ionophores can reduce methane production, they also ap-
pear to impair dry matter intake in both dairy cows and beef steers (68). It has 
also been shown that the effect of ionophores weakens over time due to the adap-
tation of protozoa and the development of resistance in succinate- and propionate-
producing bacteria [21]. The temporary effect of ionophores and increasing public 
pressure to reduce the use of antimicrobial feed additives in agricultural production 
limit the long-term solution to CH4 emissions with inonophores. 

Probiotics. The effect of probiotics on the formation of gases in the rumen 
may be based, firstly, on an increase in the number of bacteria due to the separa-
tion of degraded carbohydrates between microbial cells and fermented products, 
and secondly, on a shift in the processes of hydrogen utilization from methano-
genesis to reductive acetogenesis. Homoacetogenic bacteria produce acetate from 
CO2 and H2 and play an important role in the recycling of enzymatic hydrogen 
in the colon in monogastrics. For example, co-feeding of moringa extract and a 
live culture of yeast (Saccharomyces cerevisiae) in in vitro experiments performed 
with goat ruminal contents reduced methane production [69]. 

S.H. Kim et al. [70] indicate that most probiotics reduce CH4 production 
by affecting the activity of ruminal microorganisms without adversely affecting 
animals. In addition, probiotics enhance rumen fermentation [70]. Other studies 
have shown that the effect of probiotics on gas exchange depends on their com-
position. Thus, in vitro results in ruminants showed that conventional and encap-
sulated probiotics from the group of lactic acid bacteria reduced the production of 
methane by 6.1 and 33.1%, respectively, compared with the control. In addition, 
the authors noted an increase in total gas formation by 15.7 and 23.3% when using 
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the same probiotics [71]. In the work of G. Guo et al. [72] lactic acid bacteria 
contributed not only to the reduction of CH4 emission per unit of VFA yield, but 
also improved the quality of fermentation and digestibility of silage fiber. A de-
crease in the formation of methane in the rumen of dairy cows was noted when 
using a mixture of propionic acid and lactobacilli in the diet with a high content 
of starch and fiber in the diets [73]. However, the mechanism of inhibition of 
methane synthesis by lactic acid bacteria has not yet been fully studied, therefore, 
in the future, additional study of their effect on microorganisms is necessary. In a 
study on Holstein heifers, the use of the denitrifying ruminal bacterium Paeni-
bacillus 79R4 (79R4) in the diet contributed to a decrease in the formation of 
methane in the rumen with intramuscular injection of nitrate and a decrease in 
nitrite toxicity (a decrease in the concentration of methemoglobin in blood plasma 
was noted) [74]. Feed additives containing B. licheniformis were effective in re-
ducing methane emissions in sheep in vivo, with concomitant improvements in 
energy and protein utilization [75]. 

Summing up, we note that studies on the effectiveness of the use of pro-
biotics to reduce the emission of methane and other gases are controversial, and 
in vivo experiments are few. Due to the availability and wide use of probiotics in 
animal husbandry, it is of interest to study their effectiveness and find the best 
products and their complexes to reduce methane formation. 

Phytogenics. The term phytogenic feed additives or phytogenics was intro-
duced in the 1980s by Delacon Biotechnik GmbH (Austria) and combines a wide 
group of natural substances obtained from herbs, spices and their extracts, for 
example, essential oils, saponins, tannins, flavonoids. Such supplements contain 
many active ingredients. In addition to improving the palatability and, as a result, 
increasing the attractiveness of the feed, they increase the enzymatic activity in 
the gastrointestinal tract of animals, the absorption of nutrients, exhibit antiox-
idant properties, improve the condition of the gastric mucosa and reproductive 
function [76]. 

We would like to dwell on this part of our review in more detail. Table 2 
presents the results of in vivo studies on the use of saponins, tannins, flavonoids 
and essential oils to reduce methane emissions in ruminants. 

Seconda ry  p roduc t s  o f  phy tob iocenose s. Plant secondary me-
tabolites have long been considered toxic to animals and have been referred to as 
anti-nutritional factors [77, 78]. However, in the past few decades, interest in these 
components in animal nutrition has been growing due to their effect on parasite 
control, rumen fermentation, and methane synthesis [79]. 

Saponins and tannins. Recently, the potential impact of plant secondary 
metabolites (PSMs) in reducing methane production has been recognized. The ef-
fect of suppressing the release of this gas due to PSMs is associated mainly with the 
antimicrobial properties of PSMs [80]. Plants produce many secondary compounds, 
among which much attention has been given to condensed tannins [81, 82] and 
saponins [83]. The three main plant compounds effective in reducing methane emis-
sions in vitro are condensed tannins, saponins, and essential oils [84]. 

Tannins are naturally occurring polyphenolic biomolecules found in the 

bark, wood, fruits, leaves, flowers, and roots of most plant species. Tannins are a 

subclass of plant polyphenols [78]. Several studies have evaluated the relationship be-

tween tannin-rich diets and CH4 formation in ruminants both in vivo and in vitro 

[62, 85-87]. Tannins, depending on the chemical structure, can be divided into hy-

drolysable and condensed tannins [88, 89]. It should be noted that condensed tan-

nins have been more studied with respect to their effect on methane production 

than hydrolysable tannins. Tannins have the ability to reduce methane synthesis in the 

rumen directly or indirectly by inhibiting the growth of methanogens or protozoan 

populations, respectively [78], which has been confirmed in in vitro studies [90, 91]. 
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2. In vivo experiments to study the effect of saponins, tannins, flavonoids and essential oils on methane emission in ruminants  

Factor 
Animal species, 

breed 
Diet  Effect on methane production References  

Condensed tannins from Lotus pedunculatus Sheep aged 3-4 years and 

Friesian cows in the final 

stages of lactation 

Pasture based on ryegrass, then alfalfa and then 

Lotus pedunculatus 
Reducing methane emissions by the amount of CDM [96] 

Tannin extract (hydrolyzable tannins; Castanea 
sativa wood extract) and saponins (sarsaponin; 

Yucca schidigera extract) 

Lambs  Hay: concentrates (1:1) and additionally wheat 

starch; tannins were added (1 and 2 g/kg DM or 

2 and 30 mg/kg DM) 

Methane emission increased at low tannin dose com-

pared to control without additives 

[119] 

Concentrated tannin fodder (Sericea lespedeza) 24 female angora goats 

(BW 41.5 kg) 

Pasture with Sericea lespedeza and cane fescue Reducing methane emissions by 30% (g/day) and 50% 

(g/kg CDM) 

[97] 

Acacia mearnsii extract  Sheep (75 g fodder DM 

per kg metabolic body 

weight) 

Partial replacement of ryegrass (Lolium perenne) 
with red clover (Trifolium pratense) or alfalfa 

(Medicago sativa) with the addition of 0 or 41 g 

of Acacia mearnsii extract containing 0.615 g/g 

КТ per 1 kg DM 

Reducing methane emissions by 15, 13 and 11% 

(kJ/MJ GE) 

[98] 

Condensed tannins from the plant  

Lespedeza striata 

24 1 year old Boer ½ 

Spanish (7/8 Boer) cross-

breeds goat kids  

Sudanese sorghum + 33; 67 and 100 g tannins Reducing the absolute emission of methane by 32.8, 

47.3 and 58.4% 

[99] 

Foliage of two tannin-rich shrub legumes  

Calliandra calothyrsus 
6 Swiss White Hill lambs  Replacement of 1/3 or 2/3 high quality herba-

ceous legume forage with shrub legume Callian-
dra calothyrsus  

Reducing methane emissions by 24% per day per unit 

of feed and energy 

[100] 

Tannins extracted from the bark of black locust 

(Acacia mearnsi, KT 60.3%)  

60 lactating cows Pasture with ryegrass, crushed triticale grain  

(5 kg/day), tannin (163 and 326 g/day with  

a decrease to 244 g/day by day 17) 

Reduction of methane emissions by 14 and 29% in ac-

cordance with the dose (about 10 and 22% of CDM) 

[102] 
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Continued Table 2 

Pulp of pumpkin seeds (Terminalia chebula), gar-

lic (Allium sativum) and their mixture  

16 sheep (age 22 months, 

BW 29.96±1.69 kg) 

Feed:concentrate (50:50) + phytonutrients (1% 

dietary DM, alone or mixed) 

Reducing methane emissions up to 24% of digested 

DM and consumed DM 

[103] 

Yucca schidigera (YS) extract Sheep for fattening Grass silage:concentrate (70:30) + 120 mg YS ex-

tract/kg DM 

Reducing methane emissions per body weight [104] 

Acacia mearnsii tannin extract 12 Holstein dairy cows Pasture grass millet + 6 kg concentrates + 120 g 

tannin extract 

Reducing methane emissions by 32% [146] 

Chestnut tannins or chestnut tannins + querbajo 

tannins 

75 crossbred steers (BW 

292±4.1 kg) 

Alfalfa:barley (50:50) + chestnut tannins (0.25% 

DM) or chestnut tannins (0.125 or 0.75% DM) + 

querbacho tannins (0.125 or 0.75% DM)  

No reduction in methane emissions was observed [80] 

Tea saponins alone and in combination with  

soybean oil 

32 Huzhou weaned lambs 

(age 50 days, BW 

14.2±1.38 kg) 

60% Chinese wild rye (Aneurolepidium chinese 
Kitagawa) and 40% concentrate blend +  

saponins 3 g/day (or saponins 3 g/day + soybean 

oil 3% CDM) 

Daily methane production decreased by 27.7% and 

18.9% respectively 

[117] 

Tea saponins 12 Hu sheep (aged 7 

months, BW 21.5±1.80 kg) 

600 g/kg Chinese wild rye and 400 g/kg concen-

trate mix, 3 g/d tea saponins 

Reduced CH4 production in the rumen, effect similar 

to that of defaunization 

[118] 

Condensed tannin of tannic acacia species Bapedi sheep (aged  

1 year, BW 25±1.6 kg) 

80% grass hay and 20% concentrates, refined 

condensed tannin (0, 30, 40, 50 g/kg DM)  

Reducing methane emissions by 51-60% [81] 

Condensed tannins and saponins, obtained from 

Enterolobium cyclocarpum (Jacq.) Griseb. crushed 

pods mixed with foliage of Gliricidia sepium 

(Jacq.) Steud. 

4 crossbred heifers (Bos 
taurus ½ Bos indicus) 
(aged 12 months, BW 

218±18 kg) 

79.9% hay of Brachiaria brizantha (Hochst.  

ex A. Rich.) and 20.1% balanced mix based on 

soybean meal, bran, cane molasses and minerals, 

15, 30 and 45% DM based on dry and crushed 

leaves of G. sepium and pods of E. cyclocarpum in 

equal proportions 

Methane emissions decreased by 0.16 times (calculated 

on DCP)  

[120] 

Dried leaves of Leucaena leucocephala (DLL) 4 crossbred heifers (Bos 
taurus ½ Bos indicus) 
(BW 310±9.6 kg) 

Hay and concentrates + dried leaves of Leucaena 
leucocephala (DLL) (0, 12, 24 and 36% DM) 

Reducing the formation of methane (on average by 25% 

(per 1 kg of DP)  

[121] 

Levcaena Leucaena leucocephala (Lam.) De Wit 

Cunningham variety, fresh 

8 Lucerne heifers (aged 

19±3 months, BW 

218±18 kg) 

100% chickweed Cynodon plectostachyus K. 

Schum) and 76% chickweed with 24% levcaena 

Leucaena leucocephala (Lam.) De Wit  Cunning-

ham variety fresh 

No increase observed in methane emissions with an in-

crease in productivity, which reduced methane emis-

sions by 1 kg of production 

[122] 
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Continued Table 2 

Flour from the pods of Samanea saman 4 crossbred heifers (Bos 
taurus ½ B. indicus) (BW 

261.5±1.29 kg) 

Ground green grass feed, soy flour, wheat bran 

and sugar cane molasses, minerals with the addi-

tion of ground S. saman pods were 0, 10, 20 and 

30% DM 

At a dosage of ground S. saman pods of 30% DM, me-

thane emissions per animal decreased by 50.9% (in ab-

solute units) and by 56.9% (calculated per 1 kg CDM)  

[123] 

Tannins from tropical legumes Desmanthus lepto-
phyllus and D. bicornutus 

14 Droughtmaster bulls 

(aged 12 months, BW 

296±5 kg) 

Rhodes grass hay (Chloris gayana) with fresh des-

manthus (0, 15, 31 and 22% DM) 

Linear reduction of methane emissions without reduc-

tion of DM consumption 

[82] 

Mulberry leaf extracts and resveratrol from Polyg-
onum cuspidatum 

10 crossbred first-lamb 

ewes (Dorper ½ Han,  

BW 60.0±1.73 kg) 

Basal diet without additives, supplemented with 

flavonoids from mulberry leaves (2 g/day per 

sheep) and supplemented with resveratrol  

(0.25 g/day per sheep) 

Reducing the formation of CH4 by 10.64% per 1 kg of 

CDM 

[147] 

Blend of essential oils containing coriander seed 

oil, eugenol and geranyl acetate 

4 Holstein cows (BW 

603±70 kg, day 296 of 

lactation) and 4 Belgian 

blue beef heifers (BW 

484±111 kg) 

Dairy cattle — grass silage (460 g/kg DM), corn 

silage (370 g/kg DM) and soybean meal (50 g/kg 

DM), concentrates, 0.2 g/day of a mixture of es-

sential oils (120 g/kg DM); beef cattle — corn si-

lage ad libitum and supplementary feeding with 

concentrates, 0.2 g/day of essential oils 

After 6 weeks of supplementation in dairy cattle, CH4 

emissions decreased (g/day) by 15%, re-calculated for 

DM consumed by 14% (p = 0.07), in beef cattle, these 

indicators tended to increase by 10 and 11 % and de-

creased by 20% when calculated based on body weight  

[142] 

Coriander seed oil blend, geranyl acetate and  

eugenol 

149 early lactating Hol-

stein-Friesian cows  

Grass feed, whole grain wheat, corn silage, 1 g of 

a mixture of essential oils with drinking water 

Decreased methane production from 438 to 411 g/day [143] 

Essential oil blend (0.17 g/kg DM), lauric acid 

(65 g/kg DM), essential oil blend with lauric acid 

8 cows (BW 610±59 kg) Feed mix of 40% corn silage, 30% grass silage 

and 30% concentrates 

The reduction in methane emissions was more pro-

nounced when using a mixture of additives 

[144] 

A mixture of phytogenic supplements from dried 

and crushed leaves of Populus deltoides and Euca-
lyptus citriodora (50:50 by weight) 

12 lactating Murra buffa-

loes (Bubalus bubalis) 
(BW 510.50±32.12 kg) at 

an early stage of lactation 

Chopped young sorghum plants, wheat straw and 

mixtures of concentrates with phytogenic addi-

tives (15 g/kg DM) 

Reducing the concentration of methane in exhaled air 

by 37.3% 

[148] 

N o t е. BW — bodyweight, DM — dry matter, CDM — consumed dry matter, GE — gross energy, DCP — digested crude protein, DP — digestible protein. 
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There are several possible hypotheses explaining the mechanisms of action 

of tannins on the reduction of methane formation in the animal body [89]. One 

of them suggests a direct effect of condensed tannins on the methanogenic archaea 

of the rumen due to the binding of protein adhesin or parts of the cell membrane, 

which disrupts the formation of the methanogen-protozoal complex, reduces the 

interspecies transfer of hydrogen, and inhibits the growth of methanogen. The high 

molecular weight and polyphenolic nature of tannins lead to the formation of 

complexes with microbial enzymes or cell walls. The activity shown can cause 

inhibition of cellulolytic or proteolytic bacteria or methanogens [92]. The mech-

anism of action of tannins strictly depends on their chemical structure, as well as 

on the type of bacteria [78]. Another possible explanation is indirect inhibition by 

reducing the availability of nutrients (carbohydrates, amino acids) for rumen mi-

croorganisms and the formation of tannin-protein complexes in the rumen [93], 

which reduces feed digestibility and disrupts the structure of the rumen microbiota. 

The latter theory suggests that the condensed tannins themselves act as hydrogen 

scavengers, reducing its availability for carbon dioxide reduction to methane [89]. 

Condensed tannins have been found to be more nutrient-binding than hydrolyzed 

tannins, mainly due to their higher degree of polymerization, making them more 

difficult to degrade in the rumen [91]. In another work, the same authors note 

that, on the contrary, hydrolyzed tannins had a greater ability to precipitate pro-

tein, which is associated with increased biological activity and a higher ability to 

suppress the formation of methane compared to condensed tannins [91]. 

An in vivo study in fistula sheep examined the direct inhibition of certain 

Gram-positive specialized ruminal fibrolytic bacteria (Fibrobacter succinogenes, 
Ruminococcus albus, Ruminococcus flavefaciens, Butyrivrio proteoclasticus) by con-

densed tannins [94]. G.C. Waghorn and S.L. Woodward [95] report that con-

densed lotus tannins reduce methane production on a dry matter basis by about 

15% in sheep and dairy cows. A similar effect has been noted in other studies [96]. 

Feeding goats with the perennial Lespedeza cuneata, which contains condensed 

tannins, showed a 57% reduction in methane production per kg of dry matter 

ingested compared to that observed in goats fed a mixture of Digitaria ischaemum 

and Festuca arundinacea [97]. It has been found that methanogenesis is reduced 

by 13% in sheep eating Acacia mearnsii with a tannin content of 41 g/kg dry matter 

[98]. A decrease in methanogenesis with the use of tannins from the plant 

Lespedeza striata in the diet of goats was noted by G. Animut et al. [99]. Tannin-

containing Callinada calothyrsus and Fleminga macrophylla reduced methane pro-

duction in lambs by 24% [100], but condensed tannin extract from Schinopsis 
quebrachocolorado [62] and tannin-containing sorghum silage [101] fed to cattle 

did not suppress methanogenesis. A decrease in methanogenesis in in vivo exper-

iments on cows and sheep using tannin from various sources has been noted in a 

number of studies [102-104]. 

Saponins are natural detergents chemically defined as high molecular 

weight glycosides in which sugars are linked to a triterpene or steroidal aglycone 

moiety. As secondary plant metabolites, saponins have the ability to modulate 

rumen fermentation while reducing methane production and ammonia concen-

tration [105]. Saponins mainly affect the population of protozoa [106-108], dis-

rupting their cell membrane integrity [109, 110]. The symbiosis of protozoa with 

methanogenic bacteria in the rumen is well known and it has been suggested that 

selective suppression of protozoa may be a promising approach to reduce methane 

production. Plants rich in saponins have the potential to increase microbial protein 

flux from the rumen, increase feed efficiency, and reduce methanogenesis. 

R. Wallace et al. [111] suggested that saponins can destroy protozoan cells 

by forming complexes with sterols on the membrane surface, which are then 



1040 

destroyed and disintegrated. In addition, some saponins affect various types of 

membrane proteins, such as Ca2+ channel proteins and Na+/K+ ATPase [112]. 

E. Ramos-Morales et al. [113] suggest that the effect of saponins on protozoa is 

temporary beause the bacteria can break down saponins into sapogenins, com-

pounds that cannot affect protozoa. 

Saponins have been shown to inhibit protozoa in vitro and also limit the 

availability of hydrogen for methanogenesis [114]. An in vitro study showed that 

liquid extracts of Yucca schidigera and Quillaja saponaria added in amounts from 

2 to 6 ml/l of rumen fluid, reduce the number of protozoa in the rumen and can 

potentially change the ammonia content, propionate concentration and the ratio 

of acetate to propionate. In the same study, the effect of Y. schidigera was mani-

fested in a decrease in the rate and formation and volume of methane, depending 

on the dose, by 42 and 32%, respectively, while in Q. saponaria, the effect of 

inhibition of methanogenesis was not manifested [115]. 

In an in vivo study, dietary extract of Y. schidigera (120 mg) reduced me-

thane production in fattening sheep (104). In a study by L. Holtshausen et al. 

[116], cows received whole Y. schidigera plant powder (10 g/kg dry matter) or 

whole Q. saponaria plant powder (10 g/kg dry matter), both powders containing 

saponin. The authors stated that previous in vitro studies have shown a reduction 

in methane production at higher doses of saponins (15 g/kg DM or more), but 

these values were avoided in vivo to minimize the impact on feed digestibility 

[114]. Under natural conditions, no effect of the herbal supplement was found, 

and the authors concluded that the decrease in in vitro methane content was 

probably due to a decrease in digestibility and fermentation of the feed (116). Tea 

saponins, alone or in combination with fat supplements, have been shown to re-

duce methane emissions in sheep in vivo [117, 118]. 

Combinations of tannins and saponins in ruminant diets have proven to 

be effective in terms of methane emissions [119, 120]. In a number of in vivo 

experiments on ruminants, a decrease in methane emission in animals was also 

noted when saponins and tannins were included in the diet [121-123]. 

F l avono id s  and  e s s en t i a l  o i l s . Flavonoids are C6-C3-C6 polyphe-

nols found in seeds and vegetables that exhibit anti-inflammatory, antioxidant, 

and antimicrobial properties [124]. Flavonoids are highly biologically active, re-

ducing or preventing cellular damage caused by free radicals [125]. Flavonoids act 

on gram-positive microorganisms by inhibiting the functions of the cytoplasmic 

membrane, inhibiting the synthesis of the bacterial cell wall or nucleic acids. Fla-

vonoids included in the diet of ruminants have been shown to increase productivity 

by increasing the production of propionate compared to acetate [126]. The influ-

ence of various flavonoids (flavones, myricetin, naringin, catechin, rutin, quercetin 

and kaempferol) at a concentration of 4.5% of the DM on the microbial activity 

of the rumen in vitro was evaluated [127]. The results showed that all flavonoids, 

except for naringin and quercetin, reduced the ability of the microbiota to degrade 

dry matter. Gas production decreased under the influence of flavone, myricetin 

and kaempferol, while naringin, rutin and quercetin markedly increased its pro-

duction. Flavonoids significantly suppressed methane production. The total con-

centration of VFAs decreased in the presence of flavone, myricetin and 

kaempferol. All flavonoids, except for naringin and quercetin, significantly reduced 

the activity of carboxymethyl cellulase, cellulase, xylanase, and β-glucosidase, pu-

rine content, and microbial protein synthesis. Under the influence of flavones, 

myricetin, catechin, rutin and kaempferol, the microbial population of the rumen 

was reduced. The growth of the population of protozoa and methanogens was sup-

pressed by naringin and quercetin. The results of this study showed that naringin 
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and quercetin at 4.5% DM are potentially suitable for suppressing methane pro-

duction without any negative effect on microbial fermentation in the rumen. 

A commercial citrus extract of a mixture of flavonoids reduced methane 

production, the abundance of hydrogenotrophic methanogenic archaea, while in-

creasing propionate concentration and population of Megasphaera elsdenii in vitro 

[128]. In Holstein cows, when an extract of alfalfa flavonoids (60 mg/kg of body 

weight) was added to the diet, the ratio of valeric acid and the total amount of 

VFAs in the rumen increased, the composition of milk and the digestibility of 

nutrients improved, and there was a trend towards an increase in the ruminal 

population of Butyrivibrio fibrisolvens [129]. In an in vitro experiment, the flavo-

noid luteolin-7-glucoside was found to reduce methane [130]. Based on available 

data, flavonoids have the ability to reduce methane emissions, but further in vivo 

studies are needed. 

In vitro experiments have examined the effect of the combination of garlic 

powder and bitter orange extract on methane production, rumen fermentation, 

and feed digestibility in various diet structures (ratios of roughage grasses to con-

centrates) [131]. The results showed a strong suppression of methane production 

in all variants. For a diet consisting only of grass, the effectiveness of the additive 

was 44.0%, when the diet was supplemented with concentrates in a ratio of 20:80, 

it was 69.2%. The use of flavonoids significantly increased the concentration of 

ammonia nitrogen and lowered pH, while the digestibility of organic matter and 

fiber did not decrease. When using these nutritional factors, regardless of diets, 

there was a change in rumen fermentation with less acetate and more propionate 

and butyrate, with an increase in total VFAs. 

There is a known method for reducing the concentration of methane in 

the rumen of ruminants through the use of medicinal plants — wormwood herb 

(10.0 g/kg DM diet), elecampane rhizomes and roots (6.0 g/kg DM diet) [132]. 

It has also been proposed to orally administer a food composition containing fla-

vanones from a citrus plant. The authors used compositions with different combi-

nations of components: neohesperidin, poncirin, and naringin [133]. 

Essential oils are volatile plant-derived secondary metabolites with very 

strong antimicrobial properties that inhibit the growth and viability of most mi-

croorganisms in the rumen [134]. The mechanism of action of essential oils varies 

depending on their type [135]. All essential oils contain chemical components 

(terpenoids, phenols and phenols) and functional groups that have strong antimi-

crobial properties. Due to their lipophilic nature, essential oils have a high affinity 

for microbial cell membranes [136]. When essential oil is used, methanogenesis in 

the rumen is reduced, especially due to the reduction of microbial populations. 

Nevertheless, the mechanisms of the influence of essential oils on the processes of 

fermentation in the rumen of ruminants require more in-depth study. 

The effect of plant secondary metabolites on methane production has been 

studied in vitro [137]. Nine concentrations of the following metabolites were com-

pared: 8-hydroxyquinoline, -terpineol, camphor, bornyl acetate, -pinene, thy-

moquinone, and thymol. All compounds can alter rumen fermentation and reduce 

CH4 production. The minimum concentrations that reduce the production of CH4 

were as follows: 8-hydroxyquinoline 8 mg/l, thymoquinone 120 mg/l, thymol 

240 mg/l, -terpineol + camphor + bornylacetate + -pinene 480 mg/l. The au-

thors attribute these effects to changes in the structure of the rumen bacterial 

community [137]. As shown by ion semiconductor sequencing, the influence of 

secondary plant metabolites was most pronounced in the predominance of the 

relative abundance of the families Lachnospiraceae, Succinivibrionaceae, Prevotel-
laceae, unclassified Clostridiales and Ruminococcaceae. CH4 production correlated 

negatively with the relative abundance of Succinivibrionaceae and positively with 
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the relative abundance of Ruminococcaceae. 
In other in vitro experiments, the effect of Macleaya cordata extract at six 

concentrations (0.01, 0.11, 0.21, 0.31, 0.41 and 0.51%) was studied when incu-

bated for 12 and 24 h for methane formation [138]. Methane emission decreased 

depending on the dose of Macleaya extract after 3, 6, 9, and 12 h of incubation, 

but increased after 24 h. The addition of 0.11% M. cordata extract effectively 

reduced methane production without affecting in vitro digestion of DM. 

Research by D. Petrič et al. [139] showed in vitro that a substrate contain-

ing a mixture of medicinal plants (wormwood, chamomile, fumitory and mallow) 

had a strong antioxidant capacity in the rumen content and had the potential to 

reduce methane production. Thymol at a dose of 200 mg/l, when incubated in the 

cicatricial contents for 24 h, contributed to a decrease in methane formation, 

which the authors attribute to changes in the quantitative composition of bacteria, 

archaea, and protozoa [140]. 

The use of a mixture of essential oils, bioflavonoids and tannins in animal 

diets significantly reduced the total gas emission, which was noted for methane in 

an in vitro experiment after 16, 20 and 24 h of incubation. In addition, a decrease 

in the concentration of acetic acid and an increase in the concentration of propi-

onic acid were observed in the rumen after 16 and 24 h. The group of animals 

receiving the mixture showed an increase in milk yield and DM consumption 

while maintaining the milk quality [141]. 

In general, it should be emphasized that the number of studies on the 

effect of flavonoids and other secondary plant metabolites on methane production 

in vivo is very limited. In addition to the examples above, the effectiveness of the 

methane synthesis suppression in the cattle rumen with dietary mixture of essential 

oils are reported [142-146]. Other in vivo experiments have examined sheep and 

buffalo gassing during fermentation as influendes by a mixture of phytogenic sup-

plements in diets [147, 148]. Thus, the number of in vivo studies on the use of 

flavonoids and other secondary plant metabolites to reduce methane emissions is 

very limited. The results obtained are variable and depend on the type of metab-

olite, its characteristics and the diet of the animals. In addition to continuing 

research to assess the potential of phytogenics for animal husbandry practice, long-

term observations are needed in connection with the possible adaptation of rumi-

nal microorganisms to a bioactive metabolite, as well as identifying differences be-

tween its effects in vitro and in vivo. A promising way to reduce methane emissions 

into the atmosphere is the integrated use of various phytogenics in animal diets. 

Summing up, we note several important, in our opinion, aspects. Although 

the efforts of geneticists, breeders, and animal nutrition specialists have signifi-

cantly reduced methane emissions per unit of livestock production, the growing 

demand for food requires further reduction in both the intensity of emissions per 

unit of production and absolute emissions per animal. However, the available ev-

idence on the effectiveness of various strategies to reduce methane emissions in 

ruminant species is conflicting [149]. Modern methods make it possible to more 

accurately assess the formation of greenhouse gases in the animal body, but remain 

expensive and technically complex, so their application is mainly limited to sci-

entific research. The development of biomarkers for methane production is at a 

relatively early stage and should become a priority in the future. It also requires 

additional study of probiotics, phytogenics, other feed factors and their complexes 

as potential means of reducing methane emissions, taking into account the struc-

ture of diets, dosage, animal species and other factors. In addition, it is important 

to understand that researchers do not yet have sufficient information about the 

impact of strategies to reduce methane emissions into the atmosphere on produc-

tivity, animal health, the state of the antioxidant and hormonal systems, and the 
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structure of the rumen microbiome. 

In summary, over the past 50 years, a significant amount of research has 

been carried out that has deepened the understanding of the complex processes of 

fermentation and methanogenesis in the rumen in ruminants and made it possible 

to gain an understanding of the means by which methane production can be re-

duced. However, sustainable strategies for dealing with the problem have not yet 

been adopted. As the results of studies show, the use of feed factors of various 

nature (ionophores, probiotics, plant secondary metabolites) can serve as a cheap 

and environmentally friendly strategy to reduce methane formation in ruminants 

with a positive effect on animal tolerance. A combination of various phytogenics 

seems to be an actual and promising approach. In numerous in vitro studies, the 

effectiveness of reducing methane emissions depends on many factors. Therefore, 

an integrated approach is needed to reduce gas formation in ruminants while 

maintaining the state of enzymatic processes, digestibility and assimilation of nu-

trients in feed rations. 
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