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ABSTRACT

Methanogens are strict anaerobes which share a texriiochemistry for methane synthesis as parteif t
energy metabolisnMethanogenic bacteria are abundant in habitats mehedectron acceptors such as 02, NQ3
Fe3and SO42are limiting. Common habitats for metiggms are anaerobic digestors, anoxic sedimerdsdéd
soils, and gastrointestinal tracts. Methanogens geaerally absent from the water column of undietilakes and
rivers because convection currents rapidly aeraiee deep waters. However, the diffusion of O2 betwiee layers

of stratified lakes is often too slow to maintaiicoconditions in the lower layer3.he methanogens are widely
distributed in nature, but confined to strictly @arabic environments. In addition to aquatic seditaen
(ponds, marshes, swamps, rice soils, lakes, andnse other methanogenic habitats include the
intestinal tracts of man and animals (especiallg ttumen of herbivores), sewage digesters, landfills
heart wood of living trees, hot springs, decompgsiltgal mats, oil wells, and mid-ocean ridges.Hede
habitats, the methanogens occupy the terminal nichéhe transfer of electrons generated by the
anaerobic degradation of organic matter.

Key Words. Methanogens, ecology, review

INTRODUCTION

Methanogens are ancient organisms that are kegnslaly the carbon cycle accounting for about ofi®bitones of
biological methane produced annually (Methanogens are strict anaerobes which share a leemp
biochemistry for methane synthesis as part of taegrgy metabolism. A number of studies have pexvid
evidence that they are of economic value. The sstee petroleum crisis sind®73has led to great interest

in alternative forms of energy, including recoveof methane via anaerobic digestion of wastes
.Improvements in the design of digestors have lmeade possible by advances in understanding theggol
and physiology of methanogens. . In the cattle $tigh) the knowledge of the fermentation proceseeté
rumen demonstrated a net loss of energy via thdanegenesis, and inhibitors such as Rumens in have
been developed to enhance meat yields. Oil companyeto distinguish between natural gas produced b
methanogens or by the thermo catalytic reactioss@ated with petroleum generation. Finally, stadia

the global distribution of methane in the earthfa@sphere are increasing due to the sudden awarehés
possible role in the enhancement of the greenhetfset from CQ accumulation, and on the reversal of
stratospheric ozone depletion. Due to these reasmriews on their taxonomy and ecology metabolism
energetic biochemistry and molecular biologgve been published. The most recent compilation on
methanogens is the book edited by Ferry This papemmarizes the recent knowledge of methanogenic
Achaeawith emphasis on their taxonomy and ecologyMgthanosarcina acetivorans, with a genome size of
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~5.7 mb, is the largest sequenced arch eon metkanamgd unique amongst the methanogens in its hitdché
characteristics. By following a systematic workflome reconstruct a genome-scale metabolic modelMor
acetivorans. This process relies on previously ldgesl computational tools developed in our groupdorect
growth prediction inconsistencies with in vivo datats and rectify topological inconsistencies ie thodel.
Methanogenic bacteria are abundant in habitats eviectron acceptors such as 02, NO3-, Fe3and $©42a
limiting. Common habitats for methanogens are ataer digestors, anoxic sediments, flooded soilsd an
gastrointestinal tracts. Methanogens are geneeddgent from the water column of unstratified lakesl rivers
because convection currents rapidly aerate the deders. However, the diffusion of O2 between thgets of
stratified lakes is often too slow to maintain ogmnditions in the lower layers (4). InterspeciéscEon Transfer
and Obligate Syntrophy Because of their limitedsskgte range, methanogens depend on fermentatéterizato
convert a wide range of organic compounds into aratlgenic substrates. In environments where orgaatter is
completely degraded to methane and CO2, the megleaimprecursors are predominantly acetate, fornaait H2
CO2. The organic matter is initially fermented nhaito volatile organic acids, H2, and CO2. Methasug can
directly catabolize H2 ,CO2,formate, and acetatit |Jdnger-chain volatile organic acids (with thiemore carbon
atoms) such as propionate and butyrate must bebplatad to one or more of these methanogenic psecsitby a
specialized group of microbes called syntrophs.itdéd of Special Interest. When organic matterampletely
catabolized to methane and CO2, the major substaitenethanogens are usually acetate, formate H2ndCO2.
However, in some environments the growth of acktictic methanogens and obligate syntrophs is low 0
maintain a large population in the system. Foraneé, in the rumen and colon, acetate accumulates t
concentrations of 50 to100 mM. Although this is Madove the concentration required for acetic tagtiowth of
methanogens such dethanosarcinathese organisms do not catabolize significant dtiesitof acetate because
their growth rate on this substrate is too slownintain the population in a rapid-turnover ecosystHowever,
when methylamine or methanol is present, the agthlvers ofMethanosarcinan the rumen may reach 105 to 106
per milliliter because these substrates suppoastef growth rate. Propionate and butyrate are fissent in the
rumen at significant concentrations, but the slogigwing propionate- and butyrate-degrading orgasisire not
found in abundance. In the rumen, a wide range @R-@ducing methanogens may be found, including
Methanobrevibacter ~ ruminantium,Methanobacterium nfimicum, and Methanomicrobium  mobile.
Methanobrevibactesspecies are the most commonly found CO2-reduciethamogen in no ruminant intestinal
tracts.Methanosphaerapecies have also been isolated from colonic enmiemts; they only grow by using H2 to
reduce methanol to methane(4).

Hydrogen is, with acetate, one of the most impdriatermediates in the methanogenic degradatioorgénic
matter and serves as substrate for methanogertiaeac Hydrogen should theoretically account for 3§%otal
methanogenesis when carbohydrates or similar foofn®rganic matter are degraded. Many methanogenic
environments show both much lower and much higletributions of H2 to CH4 production than is comsitl
normal. While the lower contributions are relativebsily explained (e.g. by the contribution of lu@oetogenesis),
the mechanisms behind higher contributions are lsnastlear. In methanogenic environments H2 isdigpiurned
over, its concentration being the result of simdtaus production byermenting plus syntrophic bacteria and
consumption by methanogenic archaea. The steathy-stancentration observed in most methanogenic
environments is close to the thermodynamic equilibrof H2-dependent methanogenesis(4).

The threshold is usually equivalent to a Gibbs feergy of —23 kJ mol-1 CH4 that is necessary wpt CH4
production to the generation of 1/3 ATP. Methanags from H2 is inhibited if the H2 concentratioectkases
below this threshold. Concentrations of H2 can dodydecreased below this threshold if a H2-consgmaaction
with a lower H2 threshold (e.g. sulfate reductidalkes over at a rate that is equal to or highen ttieat of
methanogenesis. The instantaneous and completstiohiof H2-dependent CH4 production that is oftdrserved
upon addition of sulfate can only be explained @oanparably high sulfate reduction potential isptigally present
in the methanogenic environment.

Methanogenic archaea utilize only a limited numbérsubstrates, the most important ones being acetat
H2/CO2 (or formate). Most methanogenic archaeahleto utilize H2/CO2 and such methanogens cdoura in
every methanogenic environment. Indeed, H2 is quitzius compound in anaerobic environments whegglitbits
a fast turnover but usually occurs at only very loancentration. Low H2 concentrations are a thegmathic
prerequisite for the degradation of alcohols arnt facids by H2-producing syntrophic bacteria. Iathanogenic
environments where inorganic electron acceptorgrothan CO2 are not available, consumption of H®nky
possible by methanogenic archaea and homoacetobeaieria. There, degradation of alcohols and fatigs is

37
Scholars Research Library



Khosro | ssazadeh et al Annals of Biological Research, 2013, 4 (2):36-42

usually accomplished by syntrophy between H2-produsyntrophic bacteria and H2-consuming methaniocgen
archaea(3). Hydrogen is a product of the anaerdbgradation of organic matter by fermenting anctreyhic
bacteria. The most abundant source of dead orgaaiter in natural environments is usually plant griat
consisting of lignin and polysaccharides. Some fqusediments receive a large input of dead crestas
consisting of chitin. Lignin is largely recalcittamnder anaerobic conditions, but methanol mayebeased from the
methoxy groups and thus may support methanogetteaiimited extent. In general, however, we meaguase that
the anaerobic degradation process is largely dribyenoarbohydrates as the dominant substrate. Hsignaption is
valid for aquatic sediments, peat, other wetlamdsjinants, arthropodfeeding on plant material, and for many
types of sewage sludge. There are many studidititerature which report much higher contribusiaf H2 than
the expected 33%. Conceivable explanations forettesceptions include (i) additional sinks of aamstati)
additional sources of H2, or (iii) measurementsarnbn-steady-state conditions. Additional sinkaadtate are not
uncommon, e.g. in the rumen, acetate is largelprdes into the blood stream of the host, leaving d42the
predominant source for methanogenesis. Similar rebSens were made in microbial mats where acetste
assimilated by the phototrophs. Transient phenomanst occur when H2 and acetate are sequentialyuzed or
utilized. For example, the low amounts of CH4 proetliimmediately after flooding of paddy soil areimhadue to
H2-dependent methanogens apparently become adatfeeebthe acetotrophic oneBventually, however, steady
state is reached and H2 then contributes aboutt802t4 production as theoretically expected. Mbrant85% of
the ocean's organic carbon is deposited in shallmexic marine sediments. Molecular and isotopita daggest
that most of the methane produced in marine sedsmngmf biogenic origin(1).

MATERIALSAND METHODS

| solation methods

Numerous new species of methanogens have beeredadad characterized due to the development of
laboratory procedures for culturing strict anaesobach as a gassing manifold for gassing Hungdtestu
and high-pressure aluminium-sealed tubes and sdoithes, and anaerobic glove boxes for transfer of
colonies. Details of the laboratory procedures ewepiled in the papers of Mah and Smith [20] and
Whitmanet al It is widely accepted that methanogens are difffito isolate as some members require long
incubation periods for growth and some are sometidifficult to separate from their syntrophic pants In
addition, a large majority of microbes includingthrenogens have evaded isolation as they are notabte

to laboratory cultivation due to our incomplete Wwiedge of their growth requirements. As a conseqagn
the recent trend is to study their abundance,idigion and biodiversity directly in their ecosysie using
molecular tools (e.g. rRNA gene analysis). Datarfiihese studies have been included in the sectideru
Ecology of methanogens (4).

Ecological of methanogen

The methanogens are widely distributed in nature,cloufined to strictly anaerobic environments. In
addition to aquatic sediments (ponds, marshes, swaiesoils, lakes, and oceans), other methanogenic
habitats include the intestinal tracts of man and alsirtespecially the rumen of herbivores), sewage
digesters, landfills, heart wood of living trees, Bptings, decomposing algal mats, oil wells, and-mid
ocean ridges. In these habitats, the methanogens ot¢kepgrminal niche in the transfer of electrons
generated by the anaerobic degradation of orgaattem

1. Soil and aquatic environments. Rice fields represent soil areas which are floodeddog periods and
where anoxic conditions arise which allow methanegen these soils are similar to the littoral of lakes
and are characterized by the presence of plantsttanaccurrence of oxic and anoxic zones in the
sediment. The aerenchyme and intracellular spadersysf rice plants mediate the transport of,@idm

the anoxic sediment into the atmosphere. In theradss of plants, CHis released almost exclusively by
emission of bubbles. Factors affecting methane emissbon fice fields are strongly correlated with soil
properties such as redox value, pH , temperatu peganic content . In planted soils, up to 80%hef t
methane produced does not reach the atmospheres agparently oxidized in the rizosphere. ,CH
oxidation activities were also detected in the mucface layer of the submerged paddy soil. Methano-
genesis is strongly inhibited by brackish water in ¢hesils . Several strains dlethanobacterium
Methanobrevibacter arboriphilus andMethanosarcinasp. and M.mazeihave been isolated from rice soils.
Adachi provided evidence that hydrogenotrophic mettyens were abundant in subtropical paddy fields
that had been amended with organic matter. Divegsity structure of the methanogenic community in
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anoxic rice paddy soil microcosms have been examimediPN counts or direct 16S rRNA gene
sequence retrieval . Floodwater management is thealagsto minimize methane emission by rice fields.
Many workers have illustrated the importance of ateetis a methane precursor in both freshwater and
marine sediments, and demonstrated Hzas a rate limiting factor in the process of methamagpss in
sediments. According to Conrad al, most of theHy-dependenimethanogenesis in these ecosystems
occurs as a consequence of direct interspecies ¢gdrtransfer between juxtapositioned microbial
associations within floes or consortia. The importaotenethanol and methylated amines as methane
precursors in estuarine, intertidal sediments is béjadue to the abundance of decomposing plant
materials in the sediment system: algal ngp&artinain salt marsh. Methanogenesis also occurs in the
anoxic water columns of meromictic lakes.

Methanogens from the genekéethanobacterium, Methanosarcirend other coccoidal morphotypes have
been isolated from special sites such as landfillsceRie evidence also suggests that methanogenic
Archaeaare present in deep granitic rock aquifers , in des®rand other oxic soils and peat bog(4).

2. Digesters. It has been shown by several authors that strictheeobic bacteria formed the dominant
population in digesters, and that methanogens ateduor about 10% of the total micro flora. Dolfing
and Bloemen have presented a rapid and reliabldnadeto assess the potential specific activity of
methanogenic sludge, based on the gas analysis foramee in the heads pace of closed vials. The
influence of various parameters on the activity ofthrmaogenic sludges was investigated with this
method. The potential methanogenic activities of himmass were shown to reflect the type of waste
water on which the organism had been grown. Deteaiul quantitation of methanogens in digesters or
mixed cultures have been proposed by enzyme-linkechunosorbent assay (ELISA method), or
immunologic analysis. The latter method establishecbm@siderable diversity of methanogens, much
larger than previously reported, encompassing at [eastrains of 11 species. Methods using molecular
biology tools such as group specific 16S rRNA hybatian probes are proposed now to describe or
quantify natural communities of methanogens(4).

3. Extreme environments. Thermal environments, such as hot springs, solfatarasubmarine hydro-
thermal vents, are sites of active methanogenesiswAsfecies of hyperthermophilic methanogens have
been isolated. Up to now)ethanothermusp. could only be isolated within solfatara fieldstlhe south-
west of Iceland. The authors were unable to obtaifroitn similar places in Italy, the Azores, and
Yellowstone National Park (U.S.A.), and speculatadain endemic growth within Iceland. Dissemination
over long distances may not be possible due to tlkeamionally high oxygen sensitivity. However, field
studies indicate that much lower temperature maximeumin situ Methane emanating from high-
temperature (300 to 400°C) submarine 'black smokeas' been suggested to be of bacterial origin.
Methanococcus jannaschiias isolated from this site. Methanogens have also isekted from other deep
sea hydrothermal vents recently. The experiment ob&aand Deming on vent enrichment cultures
grown under high hydrostatic pressure at 250°C watested by Trengt al. who suggested that growth
at this temperature may have been due to experimantif@cts. Biogenic methane has also been detected
in hyper saline environments. Patterns and ratesetfiame production in hyper saline algal mats may be
determined by a complex interaction between salifte use of methylated amines for osmoregulation
by algae, and the formation of TMA by fermentatidfethylmercaptans are produced from methionine
by halo anaerobic bacteria in these biotopes. Zhitioncluded that methanogenesis may occur in a wide
range of salinities up to saturation and that aifipegroup of halophilic methanogens, which différem
known groups by the diversity of morphological anygiological characters, occupies this peculiar
ecological niche. Indeed, all the species isolatetil now are methylotrophic methanogens belondog
newly described genera. These new species have bead fn salted lakes from Egypt and Kenya
(‘Methanosalsus zhilinag' U.S.A. (Methanohalophilus mahii and RussiaMethanohalobium evestigatum).
Methanogenesis has been only recently reported fromp diédearing strata. Isolation of methanogens
has been successful from slightly saline to saline ell waters in the mesophilic range of temperature.
Thermophilic, but not hyperthermophilie isolatesrdaalso been reported from hot oil reservoirs. The
methanogens so far isolated and characterized iacli)]d the hydrogenotroph$lethano bacterium
thermoautrophicumM. bryantii and M. ivanovii, phenotypic variants dflethanobacterium thermoaggregans
and M. thermoalcaliphilum Methanococcus thermolithotrophicuend Methanoplanus petroleariuand the
recently newly describedMethanocalculus halotolerans(ii) two methylotrophs: Methanohalophilus
(Methanococcoides) euhalobjuand Methanosarcina siciiiaeand (iii) an acetotrophMethanosarcina mazei
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Several physiological traits from these isolates hdsmmonstrated that virgin oil reservoirs contaiaed
in situmethanogenic population(4).

4. Within living organisms. The topic of the relationship that methanogenshaith other microorganisms in the
rumen is especially important when considering me¢hmitigation strategies. Methane mitigationffeaive in

one of two ways: either a direct effect on the raatigens, or an indirect effect caused by the impkitte strategy

on substrate availability for methanogenesis, Uguhtough an effect on the other microbes of thmen. Both
approaches will be discussed here with focus @tegies that have shown efficacy in vivo(®)ethanogens are
directly involved in the digestive processes of ruanits and other animals including insects. Since the
work of Hungate, the activities of methanogenic baathave been well studied in the rumen and the
cecum, the specialized structures of intestinal téraaf herbivorous mammals. Because they lack
cellulolytic enzymes, they have a very large andvacanaerobic microbial population which degrades
cellulose. But methane production from acetateosimportant as compared with other environments,
because the animal's nutrition is based on absaorgtimugh the intestinal epithelium of the volafiéty
acids produced during the fermentation process. Thoasta882% of the Clformed in the rumen comes
from H, reduction of C®, while about 18% is derived from formate. Howewaretoclastic methanogens
are present, and linked to methanogenesis from ylagttines or methanol. Recent phylogenetic studies
have revealed that taxon-specific association existdvden rumen protozoa and methanogen
populations. Methanogens are also present in the laygel of humans, but more research needs to be
undertaken to understand better the role of methemaxjs in the physiology of human digestion. The
most prominent species of methanogens in the aninmasstinal tract are related to the genus
Methanobrevibacterbut Methanosphaeraand Methanogenium strains can also be encountered. The same
bacteria have been found in the oral cavity of hmsnassociated with dental plaque, but a direct
implication in tooth decay has not yet been esthblis Methanogens have also been identified in the gu
of terrestrial arthropods and various insects inclgdermites, where similar species have been observed
by epifluorescence microscopy and phylogenetic yaisl The contribution of termites to atmospheric
methane is is estimated at 2 to 5 X?g@ per year but controversy about this exists. Recedtest have
established that CHis principally evolved by soil-feeding termites whigossess about 10% of
methanogens in their gut micro flora.

The heartwood tissues of trees can become infectéddswit bacteria and develop conditions for metha-
nogenesis at the expense of the degradation ofles#itand pectindVlethanobrevibacter arboriphiluas
been isolated from this habitat. Methanogens can ladsm found as endosymbionts of protozoa, in
removing hydrogen produced by the protozoa viargpecies hydrogen transfer, allowing the protozoa to
produce more oxidized and energyyielding productshsas acetate. These protozoa are sapropelic
amoeba from whictMethanoplanus endosymbiodoas been isolated, or flagellated protozoa from itesn
hindgut, or free-living anaerobic ciliates. Methaang have also been observed on the surfaces dédilia
protozoa in the rumen. Methanogens can be easilalzed in these ecosystems by use of epifluores-
cence microscopy In the oceans, methane evolutioariged! from the activities of methanogens located
within the intestinal tracts of marine animals (e, fishes and also the fore stomachs of baleen
whales ) where fermentation of chitin occurs in aaibn analogous to the rumen(4).

5. Atmospheric methane. Methane production through enteric fermentationofsconcern worldwide for its
contribution to the accumulation of greenhouse gasahe atmosphere, as well as its waste of fedggnfor the
animal. Methane is produced in the rumen and hihd§ animals by a group of Archaea known colleslyvas
methanogens, which belong to the phylum EuryaréheoAmong livestock, methane production is greatest
ruminants, as methanogens are able to produce neefreely through the normal process of feed digestMuch
research has been directed toward methane abatetnatgigies to be used in ruminants and has beéewed
elsewhere (5-11). Methane production throughrenfermentation is of concern worldwide for itsntobution to
the accumulation of greenhouse gases in the atraosphs well as its waste of fed energy for thenah(@).

The atmospheric methane comes essentially from hadbgrigin. Flooded soils are the main natural
sources of Ch with 100-200 Tg per year. Cattle (65-100 Tgl/y) amck fields (25-150 Tgly) are
responsible of 15 to 45 % of total anthropic methammission. Global tropospheric methane
concentrations average about 1.7 ppm, and theregmsatwo- to three-fold increase over the past 100-
200 years, with an actual increase of 2% per yeacaBse methane absorbs in the infrared, it plays an
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analogous role to carbon dioxide (‘Greenhouse' Bffeat 20 to 30 times higher. In addition, it is
destroyed in troposphere by reaction with hydrosglicals, with the production of carbon monoxide and
hydrogen. However, methane may react with chlooineitrous oxide, derived from chlorofluorocarbons
or fertilizer applications, respectively, and hejppetect the stratospheric ozone layer from destrondiip
these compounds]. The residence time of methaneeimtiimosphere is actually believed to be about 8

years(4).

Biodiversity of methanogens
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Figure 1. Schematic diagram showing anaerobic degradatinn of organic matter

CONCLUSION
In most cases, however, where H2/CO2-dependentametfenesis dominates (up to 100%) CH4 production in
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sediments of lakes, marine bights and peat bogsexglanation for elevated contributions of H2 totinamogenesis

is more difficult to find. For more than two decageesearchers have been working to identify, dfyam@ind inhibit
methanogens and methanogenesis through variousaneetiitigation strategies. Although a great defal o
information has been gleaned from these experimamsiding identification of a number of methanoggrains in

the rumens.Important questions concerning diversity and ecspllggy of methanogens remain
unanswered. Crucial issues must be clarified bedmtanization of digesters becomes a reality. Itfis o
interest to establish the variation, if any, of ttimethanogenic floran relation to type of waste and
digester. Knowledge of the metabolism and biochemist pure cultures of the microbes involved
methane fermentation, coupled to studies on defiie@d cultures are essential for future applications
of this fermentation. The biochemistry of the metbgens may be exploited, perhaps by manipulation
of the physiology of whole cells or by the applicatiof isolated enzyme systems. The genetics of
methanogens is likely to be a rewarding area of ambe to contribute to our understanding of
methanogens. Complete genome sequencing of twoamedgienic arch eongjethanococcus jannaschii
and Methano bacterium thermoautotrophicuscurrently being carried out. There is also a reedetter
methods of acquiring data concerning the releasenethane from the geosphereorder to obtain
accurate estimates of its residence timthe atmosphere.
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