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Review on Methanogenesis and its Role
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Abstract
Methane (CH4) is the second major gas, next to CO2, responsible for the warming of environment and ozone layer depletion. It is a potent 

greenhouse gas with a global warming potential 25 times more than carbon dioxide. Methanogenesis is the biological production of methane 
mediated by anaerobic microorganisms from the domain Archaea commonly called methanogens. These methanogens are different from bacteria 
and eukarya as they lack peptidoglycan in their cell wall, which is present in bacteria and eukarya. Methane is produced by three major pathways 
on the basis of substrate utilized for methane production: hydrogenotropic, acetoclastic and methylotropic. Out of these, hydrogenotropic and 
acetoclastic are the two predominant pathways. There are two major sources of methane; namely, natural and anthropogenic. The natural sources 
include wetlands, termites and oceans, whereas, the common anthropogenic sources are fossil fuel transport and distribution, livestock, rice fields, 
and landfills. Among anthropogenic sources of methanogenesis, livestock which is ruminal methanogenesis is the major and it contribute to global 
warming and gross energy feed intake loss about 10-12%. The role of methanogenesis to ruminant animals is to remove hydrogen (H2) from the 
rumen. Methanogenesis can also beneficially exploit to treat organic wastes to produce useful compounds and methane that can be collected as biogas.
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Introduction
Methanogenesis is a multi-step process involving different 

group of microorganisms like hydrolytic, fermentative, acetogenic 
and above all methanogenic micro-organisms. It is the biological 
production of methane mediated by anaerobic microorganisms 
from the domain Archaea commonly called methanogens. These 
methanogens are organism carrying out methanogenesis, requiring 
completely anaerobic conditions for growth. These methanogens 
are different from bacteria and eukarya as they lack peptidoglycan 
in their cell wall, which is present in bacteria and eukarya [1]. 
Methane is produced by three major pathways on the basis of 
substrate utilized for methane production: (1) hydrogenotropic (2) 
acetoclastic and (3) methylotropic. Out of these, hydrogenotropic 
and acetoclastic is the predominant pathway. Hydrogenotrophic  

 
methanogens, which reduce CO2 to CH4, are responsible for the 
major part of rumen methanogenesis [2].

Methane is one of the three main greenhouse gases, together 
with CO2 and nitrous oxide (N2O), its global warming potential is 25-
fold than that of CO2. CH4 also affects the degradation of the ozone 
layer [3]. Men are responsible for about two third of the total global 
CH4 emission called total anthropogenic methane [4]. Agriculture 
accounts for 47-56% of total anthropogenic CH4 emissions [5,6]; of 
this amount may be 12-37% of enteric origin [7].

Human-related methane emissions are mainly produced 
by domestic ruminants, rice field, carbon mines, landfills, and 
fossil fuel usage [4]. On the other hand, methane also emitted 
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from natural source such as from wetland, oceans and termites 
[1]. Among animals, ruminants are the primary emitters of CH4. 
Their rumen, a large fore stomach, has a continuous fermentation 
system. The rumen occupies more than 70% of the total stomach 
capacity and its volume is 15 liters in sheep and 100-150 liters in 
cattle [5]. Methane production arises principally from microbial 
fermentation of hydrolyzed carbohydrates and is considered an 
energy loss for the animal [8]. Many factors influence ruminant 
CH4 production, including level of intake, type and quality of feeds, 
energy consumption, animal size, growth rate, level of production, 
genetics, and environmental temperature [5].

Methane emission from ruminants reduces the efficiency of 
nutrient utilization. Therefore, manipulation of rumen microbial 
ecosystem for reducing methane emission by ruminants to improve 
their performance is one of the most important goals for animal 
nutritionists. Reduction in methane emission from ruminants 
enhances the efficiency of nutrient utilization and augments 
productivity and also reduces methane impact on global warming 
[9]. There are some research reports about methanogen, and 
methanogenesis from ruminants and sources of methanogenesis; 
however, there is no organized information about methanogenesis 
and its role. Therefore, the objective of this review is to organize 
information on methanogenesis and its role as well as source of 
methanogenesis.

Methanogenesis: General Concepts 
Methanogenesis is the formation of methane performed by 

methanogenic Archaea, a specialized group of microbes present 
in several anaerobic environments including oceans, marshes 
and swamps, rice paddies, geothermal habitats, anaerobic sewage 
digestion systems and animal gastrointestinal tracts. Biological 
methanogenesis plays a major role in the carbon cycle on earth. 

Methane escaping from anaerobic habitats can serve as a carbon and 
energy source for aerobic methanotrophic bacteria or can escape 
to the atmosphere, where it is a major participant in atmospheric 
chemical reactions and is an important greenhouse gas [10].

Methanogenesis or biomethanation is the formation of 
methane by microbes known as methanogens. Organisms capable 
of producing methane have been identified only from the domain 
Archaea, a group phylogenetically distinct from both eukaryotes 
and bacteria, although many live-in close association with 
anaerobic bacteria. The production of methane is an important and 
widespread form of microbial metabolism. In anoxic environments, 
it is the final step in the decomposition of biomass. Methanogenesis 
is responsible for significant amounts of natural gas accumulations, 
the remainder being thermogenic [11-13].

Biochemistry  

Methanogenesis in microbes is a form of anaerobic respiration 
[14]. Methanogens do not use oxygen to respire; in fact, oxygen 
inhibits the growth of methanogens. The terminal electron acceptor 
in methanogenesis is not oxygen, but carbon. The carbon can occur 
in a small number of organic compounds, all with low molecular 
weights. The two best described pathways involve the use of acetic 
acid or inorganic carbon dioxide as terminal electron acceptors:

CO2 + 4H2 → CH4 + 2H2O

CH3COOH → CH4 + CO2

During anaerobic respiration of carbohydrates, H2 and acetate 
are formed in a ratio of 2:1 or lower, so H2 contributes only 33% to 
methanogenesis, with acetate contributing the greater proportion. 
In some circumstances, for instance, in the rumen, where acetate is 
largely absorbed into the bloodstream of the host, the contribution 
of H2 to methanogenesis is greater [15,16].

Figure 1: The Methanogenesis Cycle [16].
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However, depending on pH and temperature, methanogenesis 
has been shown to use carbon from other small organic compounds, 
such as formic acid (formate), methanol, methylamines, 
tetramethylammonium, dimethyl sulfide, and methanethiol. 
The catabolism of the methyl compounds is mediated by methyl 
transferases to give methyl coenzyme M [14,16] (Figure 1).

Mechanisms and coenzymes for methanogenesis

The biochemistry of methanogenesis involves the following 
coenzymes and cofactors: F420, coenzyme B, coenzyme M, 
methanofuran, and methanopterin. The mechanism for the 
conversion of CH3-S bond into methane involves a ternary complex 
of methyl coenzyme M and coenzyme B fit into a channel terminated 
by the axial site on nickel of the cofactor F430. One proposed 
mechanism invokes electron transfer from Ni (I) (to give Ni (II)), 
which initiates formation of CH4. Coupling of the coenzyme M thiyl 
radical (RS.) with HS coenzyme B releases a proton and re-reduces 
Ni (II) by one-electron, regenerating Ni (I) [17].

In other words, methanogenesis pathways utilize several 
coenzymes of which methanofuran (MF), tetrahydromethanopterin 
(H4MPT), tetrahydrosarcinapterin (H4SPT) and coenzyme M (or 
HSCoM) carry the carbon moiety destined to generate methane, 
while coenzyme F420, coenzyme B (HS-CoB), methanophenazine 
and coenzyme F430 transfer electrons that are used in carbon 
reduction [1].

Methanogenesis pathway

The production of methane is through various pathways. The 
important pathways include the followings: (1) The predominant 
pathway is the hydrogenotrophic using CO2 as the carbon source and 
H2 as the main electron donor [18]. (2) Methane is also produced 
from acetate via the acetoclastic pathway e.g. Methanosacrcina 
and Methanotrix [1]. (3) Formate is also an important electron 
donor used by many rumen hydrogenotrophic methanogens 
and may account for up to 18% of the methane produced in the 
rumen [19]. (4) Methylamines and methanol produced in the 
rumen can also be used by methylotrophic methanogens of 
the order Methanosarcinales and Methanobacteriales [1]. All 
the pathways have in common the demethylation of methyl-
coenzyme M to methane and the reduction of the heterodisulfide 
of coenzyme-M and coenzyme-B catalyzed by methyl-coenzyme-M 
and heterodisulfide reductases [1].

Reverse methanogenesis 

Some organisms can oxidize methane, functionally reversing 
the process of methanogenesis, also referred to as the anaerobic 
oxidation of methane (AOM). Organisms performing AOM have been 
found in multiple marine and freshwater environments including 
methane seeps, hydrothermal vents, coastal sediments and sulfate-
methane transition zones [20]. These organisms may accomplish 
reverse methanogenesis using a nickel-containing protein similar 
to methyl-coenzyme-M reductase used by methanogenic Archaea 

[21]. Reverse methanogenesis occurs according to the reaction:

SO4
2− + CH4 → HCO3

− + HS− + H2O [16,22].

Sources of Methanogenesis

Methanogenesis in rice fields and wetlands 

Wetlands and rice fields are characterized by water-logged soils 
and distinctive communities of plant and animal species that have 
evolved and adapted to the constant presence of water. Due to this 
high level of water saturation as well as warm weather, wetlands 
and rice fields are one of the most significant natural sources of 
atmospheric methane [1].

Anaerobic decomposition of organic material in flooded rice 
fields produces methane. Anaerobic conditions occur in rice field 
as a result of soil submergence. Water saturation of soil limits 
the transport of oxygen in soil resulting in higher activity of 
methanogens to produce methane. Under anaerobic and reduced 
conditions methanogens produce methane either by using CO2 and 
H2 or by using acetate. Under steady conditions methanogenesis 
by acetoclastic pathway predominates and accounts for 75-80% of 
total methane emitted [1].

Methanogenesis in termites

Termites have good sources of wood degrading enzymes such 
as xylanases, laccases; as their main dietary component is wood 
[23]. Along with bacterial species like Bacteroides Cellulomonas, 
Spiromusa termitida etc. termites harbour flagellate protists that 
fill up the bulk of the hindgut paunch. The gut flagellate includes 
Trichonympha, Calonympha which degrade the lignocellulosic 
feed with formation of excess hydrogen as intermediate. This large 
number of bacterial, archael and protozoal population inhabit 
the gut of termites. This partnership with a diverse community 
of bacterial, Archaeal and eukaryotic gut symbionts break down 
the plant fiber and ferment the products to acetate and variable 
amounts of methane, with hydrogen as a central intermediate [1].

The fermentation of wood polysaccharides by the gut flagellates 
yields acetate and other short-chain fatty acids, which are resorbed 
by the host. Hydrogen is an important intermediate that drives the 
reduction of CO2, which yields additional acetate and some methane. 
Although H2 may strongly accumulate at the gut center, most of it is 
consumed before it can escape from the gut. Methanogenic Archaea 
(methanogens) that inhabit the gut of termites generate enormous 
amount of methane that adds to the global atmospheric methane 
(CH4). The predominant species is Methanosarcina barkeri using 
acetate as major source of methane production. The total methane 
contribution due to termites is probably less than 15 Tg (Teragram) 
(1 Tg = 1 million tons) per year [24].

Methanogenesis in landfills

A mixture of organic and inorganic wastes is disposed 
at a landfill with varying humidity and much heterogeneity. 
Approximately 75% of municipal waste is biodegradable organic 
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material. Substances in waste have various decomposition rates. 
Food waste is most readily degraded, paper, cardboard, wood and 
textile waste decompose slowly, while plastics and rubber are not 
degraded at all. A number of factors affect the quantity of gases 
formed at landfills and their composition, such as waste type and 
age, quantity and type of organic components, waste humidity and 
temperature [1].

Methanogenesis in oceans

A large amount of methane is generated in ocean sediments 
which travel a long way to get to the surface and escape to the 
atmosphere. Nitrosopumilus maritimus the most abundant 
microorganisms in marine surface waters contribute of oceans to 
total methane production about 10 Tg [25].

Methanogenesis from fossil fuels

Methane is naturally present in fossil fuels due to long term 
decomposition of organic matter. Methane from fossil-fuel 
production is primarily emitted through: (1) The combustion 
of extracted fossil-fuels; (2) The industry practices of venting, or 
intentionally releasing excess gas, and flaring, or intentionally 
burning excess gas; (3) Fugitive emissions, which include 
unintentional leakage from the transportation, storage, and 
distribution of fossil fuels. The combustion of fossil fuels mined, 
drilled, and otherwise extracted on federal lands and waters 
contributed approximately 62,000 metric tons (U.S.A) of methane 
to the atmosphere in 2012 alone, or more than 1.5 million metric 
tons of CO2 equivalents [1].

Methanogenesis in herbivores 

Emissions from enteric fermentation of pigs and horses are 
of minor importance, but not negligible. Methane production is 
influenced in particular to diet composition and feeding practices. 
The formation of CH4 in the digestive system (enteric fermentation) 
of pig and horse is mainly centered in the hind gut (colon). Here, 
bacterial action degrades those organic species that passed the 
digestive tract undigested, mainly cellulose, hemi-cellulose and 
pectin which are summed up as bacterially fermentable substrates 
(BFS). Bacterial action converts these substrates to volatile fatty 
acids, CH4 and CO2. The fatty acids play an important role in 
the energy supply of pigs. In experiments with sows, about half 
the cellulose and about 90% of the sugar (xylose), starch 4 and 
cellulose (pectin) as well as the protein casein that were applied 
to the animals intra-caecally were degraded in the hind gut. The 
gross energy loss of feed in the form of methane is very less around 
0.1-1% gross energy of feed intake. The emission of methane from 
horse and pig is 0.14 Tg and 1.7 Tg, respectively [26].

Methanogenesis in ruminants 

Methane is produced in the rumen as a product of normal 
fermentation of feedstuffs. The major part of methanogenesis 
in ruminants occurs in the large fermentative chamber known 
as rumen [27]. In the rumen methanogens utilize hydrogen and 

carbon dioxide to produce methane but the Methanosarcina species 
are an exception because they grow slowly on these two substrates 
and therefore these species utilize methanol and methylamines 
to produce methane [28]. Although methane production can also 
occur in the lower gastro intestinal tract, as in non-ruminants 89% 
of methane emitted from ruminants is produced in the rumen and 
exhaled through the mouth and nose [1].

The methanogenesis process in the rumen is the last step 
in the anaerobic conversion of organic matter to methane. This 
entire course involves a large number of microorganisms. Bacterial 
species, fungi and protozoa hydrolyze the proteins, starch and plant 
cell wall polymers in amino acids and sugars. The amino acids and 
sugars are then fermented to volatile fatty acids (VFAs), hydrogen 
and carbon dioxide [29]. The VFA mainly acetate, propionate, and 
butyrate are used by the animal as source of energy while the 
gases are eliminated mainly through eructation. CO2 and H2 are 
using to form CH4, and thus reducing the metabolic H2 produced 
during microbial metabolism [30]. Fermentation is an oxidative 
process, during which reduced cofactors (NADH, NADPH, FADH) 
are re-oxidized (NAD-1, NADP-1, FAD-1) through dehydrogenation 
reactions releasing hydrogen in the rumen. As soon as produced, 
hydrogen is used by methanogenic Archaea, a microbial group 
distinct from Eubacteria, to reduce CO2 into CH4 [31]. Methanogens 
species use both hydrogen (80%) and formate (18%) to produce 
the methane gas [32].

Methanogenesis in humans 

Some humans produce flatus that contains methane. In one 
study of the feces of nine adults, five of the samples contained 
Archaea capable of producing methane [30]. Similar results are 
found in samples of gas obtained from within the rectum. Even 
among humans whose flatus does contain methane, the amount is 
in the range of 10% or less of the total amount of gas [16].

Methanogenesis in plants 

Many experiments have suggested that leaf tissues of living 
plants emit methane [33]. Other research has indicated that the 
plants are not actually generating methane; they are just absorbing 
methane from the soil and then emitting it through their leaf tissues 
[16].

Methanogenesis in soils 

Methanogens are observed in anoxic soil environments, 
contributing to the degradation of organic matter. This organic 
matter may be placed by humans through landfill, buried as 
sediment on the bottom of lakes or oceans as sediments, and as 
residual organic matter from sediments that have formed into 
sedimentary rocks [34].

Methanogenesis in earth’s crust 

Methanogens are a notable part of the microbial communities 
in continental and marine deep biosphere [16, 35-37].
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Rumen Methanogens

Characteristics of methanogens

Methanogens are a sub-group of the Archaea and the phylum 
Euryarchaeota. Unlike Bacteria, methanogens lack peptidoglycan in 
the cell wall, replaced by pseudomurein in Methanobrevibacter and 
Methanobacterium, heteropolysaccharide in Methanosarcina, and 
protein in Methanomicrobium [1,38]. Methanogens possess unique 
cofactors such as coenzyme M, HSHTP, F420 and lipids important for 
methanogenesis process [29]. The F420 cofactor is necessary for the 
activity of hydrogenase and formate dehydrogenase enzymes and 
allows them to fluoresce blue-green at 420 nm [39]. Coenzyme-M 
acts as terminal methyl carrier in methanogenesis process and 
represent the smallest organic factor [40].

Among methanogens, the cell shape and characteristics also 
vary as well. The most important methanogen found in rumen, 
M. ruminantium is rod shaped with pseudomurein in the cell 
envelope and requires coenzyme M, hydrogen, carbon dioxide 
and formate for methane production [38]. From the same order 
(Methanobacteriales such as M. ruminantium) M. formicicum is 
non-motile rod or filament shaped with pseudomurein in the 
cell wall. The species that belong to Methanobacteriales and 
Methanomicrobiales orders are methanogens without cytochromes 
and their energy source is represented by hydrogen and formate 
[29]. The species from Methanosarcinales order are coccoid shaped 
without motility (and they have cytochromes).  Cytochromes or 
membrane bound electron carriers, play a role in the oxidation of 
methyl group to carbon dioxide [41]. Methanosarcina spp. can use 
a large range of substrate such as H2, CO2, methanol, methylamines 
and acetate [38].

Methanoculleus olentangyi are present in the rumen in a large 
number in rumen liquor depending upon the type of diet given to 
animals, especially the fiber content in the ration. On a fiber rich 
diet, production of acetic acid is more coupled with more production 
of methane [42]. Rumen methanogens grow only in environments 
with a redox potential below 300 mV. More than sixty species were 
isolated from various anaerobic habitats like sanitary landfills, 
peat bogs, waterlogged soils, salt lakes, thermal environments, and 
intestinal tracts of animals. Only five of these species belonging to 
Methanobrevibacter and Methanosarcina genera, were isolated 
from rumen digesta. Only two of these species have been found at a 
population level greater than 106 ml-1L of rumen liquor [43].

Association of methagens with protozoa

Methanogens are known to have symbiotic relationships 
involving interspecies hydrogen transfer with rumen 
microorganisms, especially with rumen protozoa where the 
methanogens can be associated intracellularly and extracellularly. 
Common protozoa in the bovine rumen found to have such a 
relationship are from the genera Entodinium, Polyplastron, 
Epidinium, and Ophryoscolex, while the methanogens most often 

associated with protozoa are from the orders Methanobacteriales 
and Methanomicrobiales [44].

Factors affecting ruminal methanogenesis

There are ranges of factors that affect rumen methane 
emissions, such as feed intake, type of carbohydrate fermented, 
forage processing and lipid addition [45]. These factors have 
their effects by two different mechanisms. The first mechanism 
described is the amount of carbohydrate that is fermented in the 
reticulo-rumen. The second mechanism is the amount of available 
hydrogen and the consecutive methane formation through the ratio 
of Volatile Fatty Acids (VFAs) produced. The relation between the 
production of propionic and acetic acids has a relevant impact 
on methane production. The VFA’s regulate the hydrogen supply 
which controls the production of methane. If carbohydrate would 
be fermented to acetic acid only, the energy loss from methane 
formation would be 33% [46].

The Roles of Methanogenesis  

Role of methanogenesis in ruminants

One role of methanogenesis in ruminant animals is that it 
helps in the removal of excessive hydrogen (H2) production in the 
rumen. A high hydrogen level in the rumen decreases carbohydrate 
degradation, decreases rate of microbial growth and thus decreases 
microbial protein synthesis essential for the body [1].

Role of methanogenesis in global warming

Methane is the second major gas after CO2 responsible for the 
warming of environment and ozone layer depletion. It is a potent 
greenhouse gas with a global warming potential 25 times more than 
carbon dioxide and thus methanogenesis in livestock and the decay 
of organic material is a considerable contributor to global warming) 
[16,47]. It may not be a net contributor in the sense that it works 
on organic material which used up atmospheric carbon dioxide 
when it was created, but its overall effect is to convert the carbon 
dioxide into methane which is a much more potent greenhouse 
gas. Methanogenesis can also be beneficiary exploited to treat 
organic waste, to produce useful compounds. It also be beneficially 
exploited to treat organic waste, to produce useful compound and 
the methane can be collected and used as biogas, a fuel [16,48]. It is 
the primary pathway whereby most organic matter disposed of via 
landfill is broken down [49].

Role of methanogenesis in extra-terrestrial life

The presence of atmospheric methane has a role in the scientific 
search for extra-terrestrial life. The justification is that methane 
in the atmosphere will eventually dissipate, unless something is 
replenishing it. If methane is detected (by using a spectrometer for 
example) this may indicate that life is, or recently was, present. This 
was debated [50] when methane was discovered in the Martian 
atmosphere by M.J. Mumma of NASA’s Goddard Flight Center, and 
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verified by the Mars Express Orbiter (2004) [51] and in Titan’s 
atmosphere by the Huygens probe (2005) [52]. This debate was 
furthered with the discovery of ‘transient’, ‘spikes of methane’ on 
Mars by the Curiosity Rover [53].

It is also argued that atmospheric methane can come from 
volcanoes or other fissures in the planet’s crust and that without an 
isotopic signature, the origin or source may be difficult to identify 
[16,54,55].

On 13 April 2017, NASA confirmed that the dive of the Cassini 
orbiter spacecraft on 28 October 2015 discovered the Enceladus 
plume which has all the ingredients for methanogenesis-based 
life forms to feed from. Previous results, published in March 2015, 
suggested hot water is interacting with rock beneath the sea; the 
new findings support that conclusion and add that the rock appears 
to be reacting chemically. From these observations’ scientists 
have determined that nearly 98% of the gas in the plume is water, 
about 1% is hydrogen and the rest is a mixture of other molecules 
including carbon dioxide, methane and ammonia [16,56].

Conclusion
Methanogenesis is the formation of methane performed by 

methanogenic Archaea anaerobically. There are different sources of 
methanogenesis including both natural and anthropogenic (human 
sources). Among anthropogenic sources of methanogenesis, 
agriculture specially raising livestock is the main sources of 
methanogenesis. Methanogenesis in livestock production and decay 
of organic material is considerable contributor to global warming. 
It also is beneficially exploited to treat organic waste, to produce 
useful compound and methane that can be collected and used as 
biogas and a fuel. The role of methanogenesis in ruminant animal 
is to remove excessive hydrogen from the rumen as hydrogen 
accumulates excess it decrease carbohydrate degradation, decrease 
rate of microbial growth and thus decrease microbial protein 
synthesis.
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