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ABSTRACT

M ethanogenic archaea are obligate anaerobes belong to the domain archaea. Those
are a multi-potent candidate for their different physiological and metabolic
activities. It offers a great innovative thrust among researchers in place of its
challenging laboratory analysis as well as its effective microbiological practical
applications. In economic and environmental point of view, the Methanogenic
archaea covers a mgjor area like biofuel production and neutralization of global
carbon cycle. Biological sequestration process in the form of methanogenesis and
formation of methane from carbon dioxide is one of the processes whichproduce a
valuable fuel (the methane) that can be used for the generation of electricity and
forother applications. This process is eco-friendly and sustainable one. Thus, thisis
a novel approach to enlighten our knowledge about the benefits of Methanogens.
Furthermore, it involves anaerobic digestion, climate controller, model organisms
for extreme environments and nitrogen fixation. Owing to these distinct features,
the study of Methanogenic archaea creates a touch of excitement in our
environmental research world. This review covers all the applied aspects of
methanogens.

I ntroduction

Methanogens are unicellular, slow growing,
strictly anaerobic (Liu and Whitman, 2008)
and obligate methane-producing
unicarbonotrophs (Woese et a., 1990).
These are the largest, most diverse,
phylogenetically distinct, and the best-
studied group within the domain Archaea
(Balch et a., 1979; Ferry and Kastead,
2007). Those are widely distributed in
various  anoxic environments. The
methanogensitself has captured the curiosity
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of many environmental issues for decades.
Methanogenic archaeal biodiversity
represents a considerable fraction of the
Archaeal world in different ecosystems,
indicating that organisms from this domain
might have a large impact on global energy
cycles. They have increasingly attracted
research interests because of their special
metabolic characteristics and challenging
laboratory analysis.
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The nature of methanogen is of methane
makers, which is one of the peculiar
metabolisms for this group. Their unique
properties make them a potentially valuable
resource in the development of novel
biotechnological processes, industrial as
well as environmental applications such as
new alternate green energy production
(biofuel), carbon recycling, industria
processes, cellular products from novel
methanogenic communities, and
identification of new compounds with
potential  biotechnological and  other
applications. In the present review, we show
and discuss some exclusive beneficia
characteristics of Methanogenic archaea and
the current knowledge about the
biotechnol ogical and environmental
potential of the methanogens (Alquereset al.,
2007). The application of Methanogenic
archaea for our environment is more likely
in the near future.

M ethanogenic ar chaea

Methanogens are one of the potent
biologica candidates for resolving many
environmental issues by means of its
effective biosequestration system.
Methanogens are different scientifically
notable bacteria in archaeal kingdom.
Today, Methanogens have received much
attention because they catalyze the terminal
step in the anaerobic breakdown of organic
matter under sulfate-limiting conditions and
are essential for both the recycling of carbon
compounds and the maintenance of the
global carbon flux on the earth.

Commercial applications of
M ethanogenic archaea
Biofuel: a fascinating feature of

Methanogenic archaea: Awareness of
rising energy demands and the notable
environmental impacts of current energy
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sources have strongly stimulated the search
for sustainable, readily available, carbon-
neutral (environmental-neutral), or carbon-
free alternative energy resources and
innovative fuel technologies. So, currently
there is a huge global interest in finding new
sources of renewable energy. One of the
potential ways in which we can fill this
energy gap is through methanogenesis,
which leads to the formation of methane, a
natural gas produced via the breakdown of
organic materials.

Methane gasis actually produced by a group
of specialized microorganisms known as
methanogens, which are known to be
extremely sensitive to the types, to
availability of substrates, and to the
conditions surrounding them. Methanogenic
archaea is the only organism that produces
significant amounts of methane in the
aimosphere. They are responsible for
approximately 75%-85% of al methane
emissions, and 1 billion tons of biological
methane is produced by them annually,
which is paving the way to strong interest in
studying the environmental aspects of
methanogenesis (Kumar et a., 2011). In
anaerobic microorganisms, the Calvin cycle
for CO, fixation does not operate, and
acetyl-coenzyme A is the centra
intermediate in carbon dioxide metabolism.
Nonphotosynthetic pathways for carbon
dioxide fixation are those used by the
bacterial methanogens. Methanogenesis also
has an important function in the globa
carbon cycle as the termina step by
degrading organic matter as well as by
supporting many aerobic methanotrophic
communities. Economicaly, methane is a
major component of natural gas and is an
important source of heat and energy
(Hungate, 1966).

Sustainable production of methane would
serve the purpose of producing a biofuel
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while also helping to slow and possibly cap
the net accumulation of carbon dioxide in
the atmosphere. Capturing carbon dioxide
from the atmosphere (Lackner, 2009) would
alow us to remove it and recycle the
greenhouse gas to use as a plentiful carbon
source. On combustion of the methane
biofuel, the carbon dioxide released back to
the atmosphere will not cause a net increase
in the amount of carbon dioxide. This
carbon-neutral process would help to reduce
the rapid accumulation of atmospheric
carbon dioxide and greatly improve the
chances of meeting carbon emission
reduction. Methanogenic biogas is an
authentic and eco-friendly energy source
that can be used for heating and running
power plants as it requires minimal
treatment (Figure 1shows the conceptua
pictorial graph for our future biofuel
production).

Methanogenesis  (biomethanation  or
biogenic methane formation): The
formation of methane by Methanogenic
archaea is a well-known natural process
(Jones et al., 1987; Zeikus, 1977) through
methanogenesis. Methanogenesis is used for
conversion of carbon dioxide into methane
fuel. Biomethanation is the biological
production of methane mediated by
anaerobic microorganisms commonly called
methanogens. The production of methane is
due to the energy-yielding metabolism of
methanogens and it is a major catabolite
unigque of these organisms. Methanogenesis
is thought to be one of the most ancient
forms of cellular metabolism and may have
been the origina method of energy
acquisition in the evolution of life. On the
basis of the substrates, three different
catabolic pathways are found to be involved
in the conversion of methane. Three major
pathways are the following:
Hydrogenotrophic or carbon dioxide-
reducing pathway (reduction of carbon
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dioxide),Aceticlastic pathway (fermentation
of acetate), andMethylotrophic pathway
(dismutation of methanol or methylamines/
C1 compound conversion pathway.

Many coenzymes and cofactors, such as C1
unit carriers, methanofuran (MF/MFR),
coenzyme Fso (methanophenazine, MP),
and coenzyme Fg3, are involved in the
methanogenesis  pathway. All  three
pathways have the common feature of the
demethylation of methyl-coenzyme M to
methane and the reduction of the
heterodisulfide of coenzyme M as well as
coenzyme-Me B catadyzed by methyl—
coenzyme M and heterodisulfide reductases.
These vary in the carbon compound used as
the substrate, as well as the source of
reducing potential.

About two-thirds of the methane produced
in the nature derives from the reduction of
the methyl group of acetate, and about one-
third from reduction of carbon dioxide with
electrons from hydrogen or formate. Lesser
amounts of methane are produced by the
oxidative and reductive dismutation of
methanol or methylamines. Recently, it has
been described that methanogens produce
methane from dimethyl sulfide or reduce
carbon dioxide to primary, secondary, and
cyclic acohols as e€lectron donors
(Hedderich and Whitman, 2006). (Figure 2
shows overview of methanogenesis

pathway)

Methanogenic archaea: all-rounder for
anaerobic digestion: Anaerobic digestion
(AD) iswidely used in wastewater treatment
plants for stabilization of primary and waste-
activated sludge. Increasingly energy prices
as well as stringent environmental and
public health regulations ensure the
increasing popularity of anaerobic digestion.
Anaerobic digestion is amultistep biological
and chemical process that is beneficial not
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only in waste management but also energy
creation. Methanogens have a pivotal role in
the degradation of organic matter. They
form the basis of the method of waste
treatment aimed at reducing their hazardous
effects on the biosphere. The mutualistic
behaviour of various anaerobic
microorganisms results in the decomposition
of complex organic substances into simple,
chemically stabilized compounds, mainly
methane and carbon dioxide. The conversion
of complex organic compounds to methane
and carbon dioxide is possible due to
cooperation  of  four  groups  of
microorganisms, that is, fermentative,
syntrophic, acetogenic, and methanogenic
bacteria (Shah et al., 2014).

Anaerobic treatment of organic wastes has
been used in sewage treatment plants for
nearly a century. Now, there is an increased
interest in treating various industrial and
agricultural  wastes using methanogenic
mixed culture, because methanogenic waste
treatment systems can be energy efficient
and even energy-producing. Methanogenic
mixed cultures are being seriously
considered for the treatment of certain toxic
wastes, including halogenated and aromatic
organic compounds (Figure 3 shows
schematic diagram showing anaerobic
degradation of organic matter).

Methanogens holds key for fifth pathway
for carbon dioxide fixation, neutralization,
and maintenance of global warming:
Methanogens are ancient organisms that are
key players in the carbon-neutral process in
our environment. They are important actors
in the biogeochemical cycling of carbon on
the earth. They act as a carbon dioxide
scrubber in our environment. They perform
the final stage of anaerobic degradation of
organic matter with their unique ability to
produce methane (Helijuotlonen et a.,
2006). Biologica methanogenesis is crucial
in the global carbon cycle, with a significant
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impact on globa warming (Claus and
Konig, 2010; Ferry, 1993). The biological
formation of methane (methanogenesis in
our environment) is one of the direct
essential links and important actors in the
neutralization and maintenance of global
carbon cycle (biogeochemical cycling of
carbon) because if organic matters are not
reduced to gaseous methane, they will
accumulate in our environment, directly
leading to the global warming (Figure 4
showsA novel pathway of COjfixation
found by Berg et al., (2007) in Archaea.
Four other pathways are known by which
autotrophic  representatives of bacteria,
archaea, and eukaryafix carbon).

Nitrogen fixation: The Methanogenic
archaea bring an excellent perspective in the
field of nitrogen fixation. The biochemical
mechanism of nitrogen fixation in the
domain Archaea is evidently similar to that
of the well-studied mechanism and operates
on the same fundamental mechanism. In the
year 1984, nitrogen fixation was discovered
in the archaea, in both Methanosarcina
barkeri strain 227 (Murray and Zinder,
1984) and Methanococcus
thermolithotrophicus (Belay et al., 1984).
Six nifgenes (nifH, D, K, E, N, and X),
present in bacteria and also found in the
diazotrophic methanogens, are probably of
the molybdenum type. However, differences
exist in gene organization and regulation
(Leigh, 2000). The first report of nitrogen
fixation on methanogen was published by
Pine and Barker (1954) for
Methanobacterium omelianskii. However,
since this organism was later shown to be a
mixture of two species of bacteria, the report
of nitrogen fixation was discounted. After
that, Belay et a. (1988) showed that the
methanogenic component of
Methanobacterium omelianskit,
Methanobacterium bryantii strain M.O.H.,
does indeed carry out nitrogen fixation.
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Figure.1 The conceptual pictorial graph for future biofuel production
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Figure.3 Schematic diagram showing anaerobic degradation of organic matter
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Figure.4 A novel pathway of CO.fixation found by Berg et a. (2007) in Archaea. Four other pathways
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Methanogenic archaea acts as model
organism for life in extreme habitats:
Methanogenic archaea is one of the ssmplest
and oldest organisms on our earth. They do
not require organic nutrients and they are
non-photosynthetic, which indicates they
could exist in subsurface environments.
Methanogenic archaea, derived from
Siberian permafrost in addition to known
species, are also used as model organisms to
investigate their potential to survive in
adverse living conditions.

Current research suggeststhat it is one of the
ideal and survival organisms on Mars. These
organisms have been postulated as a model
candidate for life on Mars because of their
ability to act as the primary producers of a
subterranean ecosystem using only CO, and
H,.It has become increasingly clear that life
thrives in the most challenging
environmental conditions found on the
planet. Methanogens also act as model
organisms for genetics (Leigh et a., 2011;
Science Daily- Science News, 2014).

Other activities  of methanogens.
Methanoflorens stordalenmirensis manages
surprisingly well in the acid peat lands for
annual cycles of freezing, melting, flooding,
and drought.ltseems to be an indicator
gpecies for melting permafrost (Koffmar,
2014). The presence of Methanogenic
archaea in ecosystem with very different
salinities indicates that they have a
mechanism to cope with salt or osmostress.

They accumulate compatible solute,
commonly glycine betaine, from the
environment but only Methanohalophilus
Sp. synthesizes on its own (Spanheimeret al .,
2008). The genetic materials namely Ota
and Otb (for glycine betaine transports)
could be used for creating transgenic plants
that may overcome viable salinity stress
problem.
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Current issue about methanogens

Methanogenic biofuel is the hottest,
atractive, as well as specialy emerging
research study topic globally. It has attracted
greater attention to date because of fast
growing concern that both increasing global
energy demand and environmental pollution
are central issues in developed as well as
developing countries, particularly in India
SO, it is considered as one of the mgor
scientific and environmental problemsand is
the biggest challenge to scientists. That is
the reason why we were extremely
interested in working in such an area. It is
also one of the interesting scientific oceanic
areas. Our present efforts have been mainly
concentrate to improve and optimize the
potent as well as sustainable production of
biofuel. Today methanogens have improved
standards of living. This novel innovative
green technology, which is a gift for our
world, provides an effective carbon-neutral
fuel source. It aso maintains the global
equilibrium between oxidative and reductive
pathways of single carbon sources. This
would likely require a paradigm shift in
future energy technologies. It is a promising
method not only for recycling the gas but
also for producing an alternative fuel source.
So it has high public perception toward our
clean, green environment. Compared to all
biofuels, methanogenic biofuel is the most
effective aternative method for realizing our
global energy requirements.

Futuredirections

The recent research mainly focuses on
biochemistry and pathways related to carbon
dioxide fixation and biofuel (methane)
formation in methanogens. Upcoming
studies al'so cover optimizing the parameters
and its kinetics for effective methane fuel
production. Molecular biology and genetics
studies for improved production of biofuel
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have been carried out in many laboratories.
The overall research study mainly provides a
scientific basis to evaluate the possible
technical solutions to environmental and
energy problems. If it is proved that the
above-discussed methanogenic methodol ogy
for quantitative assessment of total
conversion capacity is practically successful,
it will be applicable on worldwide basis.
greatest when complemented by other
techniques. Methanogenic research will
serve our future society. It will reduce
pollution in our environment and provide a
sustainable, affordable energy source to our
nation.

In conclusion, for this review shows
methanogens are dominant candidate that is
potentially used to resolve many
environmental as well as economic issues. It
is a worthwhile research topic for enhancing
our understanding about the role of the
biofuel production in a green, clean
environment. The  dignificance  of
methanogens on the energy research will
further increase in the coming years. It also
acts as a bio-climate controller because of
the presence of its natural carbon dioxide
sequestration system. So it will fix,
neutralize, and maintain the global carbon
cycle effectively.
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