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ABSTRACT

Methanogenic bacteria are one amongst the three classes of Archaebacteria representing the most primitive dwellers of the Earth,
reportedly since some 3.5 billion years ago. While their activity is inhibited by oxygen, these bacteria are robust enough to appear in a
wide variety of ecological niches, such as, the intestinal tracts of ruminants, sewage digesters, groundwater and deep soil/water.
Biomethanation by these is an interesting biotechnology that converts almost all types of organic polymers including the recalcitrant
lignocelluloses, to methane and carbon dioxide. This process can be enhanced by manipulating various physical, chemical and molecular
factors, though molecular level manipulation needs deeper understandings. Research in genetics, gene regulation and expression of
methanogens is rapidly progressing. Relatively proficient genetic manipulation system, including cloning, expression and identification of
new species in the last few years is definitely going to provide direction and leads to future investigations. Methyl CoM reductase (MCR),
the enzyme responsible for biomethanation, constitutes approximately 10% of the total protein in methanogenic cultures. The significance
and abundance of MCR inevitably focused initial attention on elucidating its structure and the mechanisms directing its synthesis and
regulation. MCR-coding genes have been cloned and sequenced from various methanogens, though biomethanation process as a whole
needs to be further understood and standardised. A plausible solution to biomethanation enhancement at the molecular level seems to lie
in metagenomics. The biochemistry and microbiology of anaerobiosis of organic polymers to methane and the roles of the participating
microbes are discussed here, along with their molecular biology, application and suggestions for enhanced biogas production.

Keywords: Archaea, biogas, methanogen, methyl Coenzyme-M reductase, metagenome
Abbreviations: ATP, adenosine tri-phosphate; CoB, coenzyme B; CoM, coenzyme M; MB, methanogenic bacteria; MCR, methyl
coenzyme-M reductase; PCR, polymerase chain reaction; rRNA, ribosomal ribonucleic acid
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INTRODUCTION

Renewable energy is the energy that comes from natural
resources such as sunlight, wind, tides, geothermal heat, as
also biological sources. Energy production from fossil fuels
becomes more and more problematic since this resource is
non-renewable. Further, burning of coal, oil and natural gas
is connected with emissions of the green-house gases inclu-

ding carbon dioxide. Biomethane also emits carbon dioxide
at an intensity of 11 compared to 67.9, 95.8 and 96.7 for
natural gas, diesel and gasoline respectively (Anon 2005).
For these reasons, use of renewable energies is promoted by
national programs in many countries. Long-term objectives
of this policy are to ensure future energy supply and to
reduce green-house gas emissions. The dependency on non-
renewable sources is slowly but steadily decreasing. In
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2008, renewable sources contributed approximately 19% of
the global final energy consumption (Anon 2011). Biogas is
a combination of gases (CHy, CO,) in different proportions
and is produced during anaerobic fermentation of organic
substrates by specific microbial communities (Ohmiya ef al.
2005). The main source of biogas is a class of bacteria
known as methanogens. This sort of bacteria decomposes
the large macromolecules to smaller form and finally deg-
rading into its components. This context of biogas produc-
tion from renewable resources or organic wastes is of socio-
economic importance (Weiland 2003; Yadvika ef al. 2004).

METHANOGENS

Regarded as among the oldest earthly creatures, the
methanogens are extremophiles and adapt to thrive in such
harsh habitats. Their discovery established the king-
dom Archaeobacteria that includes some of the other
extremophiles such as halophiles, thermophiles, psychro-
philes, radophiles, barophiles, etc. and also the sulphur-
dependent organisms. Woese et al. (1990) proposed a sepa-
rate kingdom for methanogens and other Archaeobacteria as
Archaea. Currently, there is a superkingdom Archaea that
contains the two most prominent phyla Euryarchaeota and
Crenarchaeota and the methanogens being under Euryar-
chaeota which again is subdivided in six classes. Methano-
bacteria, Mathanomicrobia and Metanococcoi are the
classes which comprises all the methanogens. Methanobac-
terium formicicum is the representative organism of the
phylum Euryarchaeota.

History of Archaea and methanogens

Molecular fossils are found by looking for the membranes
formed from isoprene chains unique to Archaea. These do
not decompose at high temperatures and make good mar-
kers for the presence of ancient Archaea. These ancient life
forms have also been found in the oldest known sediment
(3.8 billion years old) on earth, in the Isua district of Green-
land, which indicates that they appeared within one billion
years of the earth's formation, in an atmosphere that was
rich in ammonia and methane. They have also been found
in Mesozoic, Paleozoic and Precambrian sediments and it is
thought that these initial habitants of earth were most likely
methanogens.

The activity of phylum Euryarchaeota in methanogene-
sis can be well studied on the basis of an essential enzyme
for methanogenesis, i.e., Methyl CoM Reductase. The Data-
base when searched and filtered it shows the following
groups with their respective MCR-active organism. Me-
thanobacteriales (244), Methanococcales (101), methano-
microbia (337), Methanopyrus kandleri (10) and environ-
mental samples (2094). Environmental sample represents
the total number of organisms (metagenome) reported so far
but yet to be cultured and classified at organismal level
(Uniport Organization 2011).

Habitat of methanogens

Methanogens inhabit in some of the most extreme environ-
ments on earth, including the rumen of ruminants living on
hydrogen and carbon dioxide produced by other microbes,
helping digest cellulose, as well as being necessary for
protein synthesis. They can be found in places like muck of
swamps and marshes, hydrothermal vents, porous rock,
sewage sludge, termite-gut and oil-contaminated ground-
water at underground oil storage facilities (Watanabe et al.
2002). Based on their natural habitat, some are thermo-
philes, the methanogens found in volcanic hot springs and
solfataras, where temperatures span from 40-100°C and in
marine environments in undersea hydrothermal vents where

the temperatures can reach up to 350°C due to high pressure.

Psychrophily is rare among methanogens with only a few

species being identified till now (Nozhevnikova ef al. 2003).

Also, there are halophiles (salt-loving), (Riffat and Krong-
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thamchat 2006) acidophiles (acid-loving), (Zhou and Ren
2007) alkaliphiles (base-loving) (Thakker and Ranade
2002), radophiles (radiation-loving) and so on. Malakah-
med et al. (2009) reported a 93% bacterial, 5% protozoan
and 2% fungal population in a 50-1 anaerobic bioreactor,
using 75% kitchen waste and 25% sewage sludge as sub-
strate respectively. They showed that, fast-growing bacteria
which are robust enough to grow on high substrate concen-
tration and reduced (acidic) pH were dominant in the acidi-
fication zone of the ABR, i.e., the front compartment of re-
actor. The terminal part of this ABR exhibited slower sca-
venging bacteria that grow excellently at high (alkaline) pH.

Morphology of methanogens

Archaea exhibit a wide variety of shapes, sizes, and ultra-
structural variations, not unlike bacterial cells. Two shapes,
i.e., rods and coccoid, seem to dominate though. Examples
of rods are Methanobacterium spp. and Methanopyrus kand-
kandleri, and coccoids include Methanococcus and Metha-
nosphaera. Methanoculleus and Methanogenium exhibit
coccoid to irregular shapes, possibly due to the loosely
bound S-layers on the walls. Methanogens are not just lim-
ited to these shapes, but also include a plate (Methanopla-
nus), long thin spiral (Methanospirillum), and cluster of
round (Methanosarcina) cells (Sirohi et al. 2010). Methano-
gens are known to lack murein, though some may contain
pseudomurein, which can only be distinguished from its
bacterial counterpart through chemical analysis (Sprott and
Beveridge 1994; Konig 1988). Methanogens that do not
possess pseudomurein have at least one paracrystalline
array (S-layer), the proteins that fit together in an array like
jigsaw pieces that do not covalently bind to one another, in
contrast to a cell wall that is one giant covalent bond. The
S-layer proteins of some methanogens (e.g., Methanococ-
cus spp.) are glycosylated thereby facilitating stability
(Beveridge and Schultze-Lam 1996; Shlimon ef al. 2004).

IDENTIFICATION OF METHANOGENS

There are a number of methods available for identification
of methanogens. Some have also been popular amongst the
researchers, and some others are not so. All these methods
can be broadly classified into two categories, culture-depen-
dent, and culture-independent. The former one is losing its
relevance at the cost of the later one, owing mainly to the
cost, time, and reliability factors. Both these techniques are
discussed below.

CULTURE-DEPENDENT TECHNIQUES

Ecologists studying microbial life in the environment have
recognized the enormous complexity of microbial diversity
for more than a decade (Whitman et al. 1998). Methano-
gens, which require very low redox potential for the growth,
are perhaps the strictest anaerobes. Many workers have
defined different ways for its growth but a modified Hun-
gate culture technique has been the most appropriate one.
Use of Freter type anaerobic glove box with an inner ultra
low oxygen chamber has been described by Edwards and
McBride (1975) to isolate and grow methanogens. The in-
ner chamber is specially modified to maintain the redox
potential and pressure necessary to grow methanogens. For
this, the chamber is periodically flushed with H, and CO,
(80:20). Cultures are plated in the outer anaerobic glove
box and immediately placed in the inner chamber. Though
this method is relatively expensive than Hungate procedures,
it offers unique advantages like low skill, manual dexterity,
and allows routine genetic procedures.

Various special designed media are available now days
for growth and culture of anaerobes such as methanogens.
The main constituents include a nutrient source (such as
casein enzymic hydrolysate), oxygen-devouring compounds
(such as sodium thioglycollate and sodium formaldehyde
sulphoxylate) to facilitate anerobiosis and an indicator
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against oxygen, such as methylene blue and resazurin
(Brewer 1942).

Some of the approved and commercially available cul-
ture media are:
1. Anaerobic agar: it is recommended for the cultivation of
anaerobic bacteria especially Clostridium species and other
anerobic microorganism. In this casein and dextrose act as
nutirnent source, sodium thioglycollate and sodium formal-
dehyde sulphoxylate as to provide anaerobiosis and methyl-
lene blue as indicator. This is suitable for cultivation of
facultative and obligate anaerobes and for the study of colo-
nial morphology as colonies can be readily seen on the light
colored agar and are easily accessible.
2. Anaerobic agar (brewer): Brewer designed this media
for use with Brewer anaerobic cover to permit the surface
growth of anaerobes and microaerophiles on agar without
the use of anaerobic jar. Used for, cultivation of both facul-
tative and obligate anaerobes and to study the colony mor-
phology. The indicator used in this is resazurin.
3. Anaerobic agar without dextrose: Anaerobic agar with-
out dextrose is used for carbohydrate fermentation studies
and for studies of hemolytic activity of Clostridia, Strepto-
cocci and other organisms.

CULTURE-INDEPENDENT TECHNIQUES

It is long recognized that standard culture methods fail to
adequately represent the enormous microbial diversity that
exists in nature. To avoid reliance on cultivation, many
culture-independent methods are employed to search for
novel bacterial species such as analysis of their antigenic
relationship, polyamine content, molecular weight of methyl
reductase subunit and molecular weight of polar lipids, and
many more. Conway de Macario ef al. (1981) described a
novel way to identify methanogens at genus and species
level using cross-reactivity of immunoglobulins.

ELISA

Other than the culture method ELISA, an antigenic and
antibody-based technique was used for identification of
methanogens. In this a polyclonal antisera was developed
against different strains of methanogens. The specificity is
increased when cross reacted with cells. Serensen and
Ahring (1997) used this technique for identifying the micro-
constria of an anerobic digestor and reported unique pattern
of different methanogenic strains.

The development of a variety of culture-independent
methods, many of them coupled with high-throughput DNA
sequencing, has allowed microbial diversity to be explored
in ever greater detail (Moreira and Lopez-Garcia 2002;
Rappe and Giovannoni 2003; Handelsman 2004; Harris et
al. 2004). These include screening of expression libraries
with immune serum, nucleic acid subtractive methods,
small molecule detection with mass spectroscopy and many
more (Relman 2002). Sequence-based methods are more in
application now-a-days because of their general applicabil-
ity and the continued expansion of high-throughput, low
cost, sequencing capacity.

Molecular techniques

The basis of culture-independent identification of Archaeal
species is sequence analysis of the sufficiently well-con-
served (across species) rRNA genes that can be readily am-
plified using random PCR primers based on highly con-
served sequences, yet are sufficiently diverse to differenti-
ate archaeal species (Kusar and Avgustin 2010). Woese and
Fox (1977) and Woese (1982) initially used small subunit
(16S) rRNA gene sequences for construction of phylogene-
tic trees of cultivated organisms, but this method was sub-
sequently applied to libraries of rRNA genes which are
PCR-amplified from the unculturable environmental DNA
samples (Stahl ez al. 1984, 1985; Ward et al. 1990; Schmidt
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et al. 1991; Bergmann et al. 2010). A striking collective re-
sult from the application of this technique to numerous
environmental samples was the realisation that cultivated
organisms represent a tiny fraction of species present in
most environmental samples. In fact, a very few currently
recognised bacterial phyla contain cultivated members and
thus the utility of culture-independent technique (Hugen-
holtz et al. 1998; Rappe and Giovannoni 2003).

To maximise the utility of 16S rRNA gene analysis for
species determination, the entire 16S rRNA gene is ampli-
fied and sequenced in its entirety through bi-directional
sequencing of cloned 16S amplicons (Hugenholtz 2002).
After sequencing, 16S sequences are clustered into groups
and a threshold of sequence similarity is established (usu-
ally 98 or 99%) to distinguish genus and species. This ap-
proach has been applied to biogas-producing microbial
communities as well (Huang et al. 2002; McHugh et al.
2003; Mladenovska et al. 2003; Huang ef al. 2005; Shige-
matsu et al. 2006; Klocke et al. 2007; Tang et al. 2007;
Klocke et al. 2008). Using 16S rRNA and RFLP, Joulion et
al. (1998) phylogenitically characterised the four major
groups of methanogens from rice field soil.

While PCR amplification of 16S rRNA sequences has
been of enormous value, there are some loopholes to this
approach. In most of cases organisms that carry sequence
differences within the highly conserved regions used for
primer design may not amplify at all or do so less effici-
ently that the representation in cloned libraries may be a
mismatch or incorrect, especially if the number of 16S
rRNA sequences sampled is small (Kroes et al. 1999). Such
errors may be recognized and corrected by hybridisation-
based methods such as in sifu hybridisation with species or
strain-specific 16S oligonucleotides applied to the original
(or similar) sample (Amann et al. 1995; Bosshard et al.
2000).

Another drawback of 16S rRNA sequencing is the need
for high-throughput sequencing capacity that, except in
high-throughput sequencing centers, remains relatively
slow compared to hybridisation-based methods. As an alter-
native, several strategies employing 16S rRNA gene micro-
arrays have been presented and offer speed compared to
sequencing of many samples for comparison (Rudi et al.
2000; Small et al. 2001; Loy et al. 2002, 2005). For the
most part, these studies employed oligonucleotide probes
designed for detection of specific organisms such as sul-
phate-reducing bacteria or S-proteobacteria and have of-
fered acceptable sensitivity. Application to highly complex
environmental samples has been limited by sensitivity and
difficulties in differentiating related species, but it seems
reasonable to expect further improvement in this technology
and eventual application of marker genes.

In addition to the 16S-rDNA target, other marker genes
such as mcrA encoding the a-subunit of methyl coenzyme-
M reductase have been used to elucidate the composition of
methanogenic consortia (Lueders et al. 2001; Luton et al.
2002; Friedrich 2005; Juottonen et al. 2006; Rastogi et al.
2008). To eliminate potential problems with non-specific
amplification, some researchers have developed primers for
the gene sequence of the a-subunit of the methyl coenzyme
M reductase (mcrA) (Springer et al. 1995; Hales et al. 1996;
Luton et al. 2002). Mcr catalyses the last step of methano-
genesis and is conserved among all methanogens. Phylo-
genetic inference with mcrA sequences is similar to that ob-
tained with 16S rRNA gene sequences, suggesting no lateral
transfer (Bapteste et al. 2005). Moreover, Mcr is absent in
all nonmethanogens, with the exception of the anaerobic
methane-oxidising Archaea, which are closely related to the
methanogens (Hallam ez al. 2003). Due to the fact that me-
thanogens may be examined exclusively from other bacteria
present in an environment, mcrA has been increasingly used
for phylogenetic analysis coupled with, or independent of,
16S rRNA genes.
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Table 1 A list of all methanogens whose gene sequences have been reported so far (November, 2011) to the NCBIL.

Organism / Strain Family / Class "Size GC Ref Seq

Methanoculleus marisnigri JR1 Methanomicrobiaceae / Methanomicrobia 2.4781 62.1 NC_009051.1
Methanopyrus kandleri AV19 Methanopyraceae / Methanopyri 1.69497 61.2 NC 003551.1
Methanosphaerula palustris E1-9¢ Unclassified / Methanomicrobiales 2.92292 55.4 NC 011832.1
Methanocella paludicola SANAE Methanocellaceae / Methanomicrobia 3 54.9 NC_013665.1
Methanoregula boonei 6A8 Methanomicrobiaceae / Methanomicrobia 2.54294 54.5 NC 009712.1
Methanosaeta thermophila PT Methanosaetaceae / Methanomicrobia 1.87947 535 NC_008553.1
Methanocorpusculum labreanum Z Methanocorpusculaceae / Methanomicrobia 1.8 50.0 NC_008942.1
Methanoplanus petrolearius DSM 11571 Methanomicrobiaceae / Methanomicrobia 2.8 50 NC 014507.1
Methanothermobacter thermautotrophicus 6 H Methanobacteriaceae / Methanobacteria 1.75138 49.5 NC_000916.1
Methanospirillum hungatei JF-1 Methanospirillaceae / Methanobacteria 3.54474 45.1 NC_007796.1
Methanosarcina acetivorans C2A Methanosarcinaceae / Methanomicrobia 5.75149 42.7 NC _003552.1
Methanohalophilus mahii DSM 5219 Methanosarcinaceae / Methanomicrobia 2 42.6 NC_014002.1
Methanosarcina mazei Gol Methanosarcinaceae / Methanomicrobia 4.1 415 NC_003901.1
Methanococcoides burtonii DSM 6242 Methanosarcinaceae / Methanomicrobia 2.57503 40.8 NC _007955.1
Methanosarcina barkeri str. Fusaro Methanosarcinaceae / Methanomicrobia 4.87341 39.2 NC_007355.1
Methanosalsum zhilinae DSM 4017 Methanosarcinaceae/ Methanomicrobia “2.1 38 NC_015676.1
Methanocaldococcus infernus ME Methanocaldococcaceae / Methanococci 1.3 335 NC 014122.1
Methanococcus maripaludis C6 Methanococcaceae / Methanococci 1.74419 334 NC_009975.1
Methanococcus maripaludis C7 Methanococcaceae / Methanococci 1.77269 333 NC_009637.1
Methanococcus maripaludis S2 Methanococcaceae / Methanococci 1.66114 33.1 NC _005791.1
Methanococcus maripaludis C5 Methanococcaceae / Methanococci 1.8083 33.0 NC_009135.1
Methanobrevibacter ruminantium M1 Curculionoidea / Methanobacteria 2.9 32.6 NC_013790.1
Methanocaldococcus fervens AG86 Methanocaldococcaceae / Methanococci 1.522 322 NC 013156.1
Methanocaldococcus sp. FS406-22 Methanocaldococcaceae / Methanococci 1.812 32.0 NC_013887.1
Methanocaldococcus vulcanius M7 Methanocaldococcaceae / Methanococci "1.7157 31.6 NC_013407.1
Methanocaldococcus jannaschii DSM 2661 Methanocaldococcaceae / Methanococci 1.73997 31.3 NC_000909.1
Methanococcus vannielii SB Methanococcaceae / Methanococci 1.72005 31.3 NC_009634.1
Methanobrevibacter smithii ATCC 35061 Methanobacteriaceae / Methanobateria 1.85316 31.0 NC_009515.1
Methanococcus aeolicus Nankai-3 Methanococcaceae / Methanococci 1.5695 30.0 NC_009635.1
Methanococcus voltae A3 Methanococcaceae / Methanococci 1.9 28.6 NC 014222.1
Methanosphaera stadtmanae DSM 3091 Methanobacteriaceae / Methanobacteria 1.7674 27.6 NC 007681.1
Methanobacterium sp. AL-21 Methanosarcinaceae/ Methanobacteria 2.6 NA NC_015216.1
Methanobacterium sp. SWAN-1 Methanosarcinaceae/ Methanobacteria 2.5 NA NC 015574.1
Methanococcus maripaludis X1 Methanococcaceae / Methanococci 1.75 NA NC 015847.1
Methanohalobium evestigatum Z-7303 Methanosarcinaceae / Methanomicrobia 2.36 NA NC_014253.1
Methanosaeta concilii GP6 Methanosaetaceae / Methanomicrobia 3.02 NA NC 015416.1
Methanothermobacter marburgensis Marburg Curculionoidea / Methanobacteria "1.6044 NA NC 014408.1
Methanothermococcus okinawensis IH1 Methanococcaceae / Methanococci "1.72 NA NC_015636.1
Methanothermus fervidus DSM 2088 Methanothermaceae / Methanobacteria 1.2 NA NC 014658.1

“Size is estimated, otherwise genome size is calculated based on existing sequences listed at http://www.ncbi.nlm.nih.gov/genomes/Iproks.cgi

Metagenomics

Since library construction by classical cloning of fragmen-
ted DNA is not necessary for 454-pyrosequencing, biases
should be relatively negligible when this technique is used
for whole genome shotgun sequencing of microbial com-
munity metagenomes. The metagenome of a biogas-pro-
ducing microbial community from a production-scale bio-
gas plant fed with renewable primary products has been
analysed by applying the ultrafast 454-pyrosequencing
technology. Community structure analysis of the fermenta-
tion sample revealed that Clostridia from the phylum
Firmicutes is the most prevalent taxonomic class, whereas,
species of the order Methanomicrobiales are dominant
among methanogenic Archaea (Krause et al. 2008a). Many
sequence reads could be allocated to the genome sequence
of the Archaecal methanogen Methanoculleus marisnigri
JR1. This result indicated that species related to those of the
genus Methanoculleus play a dominant role in hydrogeno-
trophic methanogenesis in the analysed fermentation sam-
ple (Schliiter et al. 2008).

Short-read-length libraries are generally not preferred
for metagenomic characterisation of microbial communities
(Wommack et al. 2008). On the other hand, other authors
describe the phylogenetic classification of short environ-
mental DNA fragments obtained by high-throughput se-
quencing technologies (Krause et al. 2008b; Manichanh et
al. 2008). Ingrid et al. (2009) developed Anaerochip (a
molecular tool), oligonucleotide probes targeting the 16S
rRNA gene of methanogens. It allows screening for the pre-
sence or absence of most lineages of mesophilic and ther-
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mophilic methanogens within complex anaerobic samples
in a single test. Application of this microarray to complex
samples should result in a greater knowledge of the methano-
genic communities. The study showed the dominance of
Methanoculleus in a sub-optimally operating acidified an-
aerobic biowaste digester.

As per NCBI, sequencing of 62 organisms of phylum
Euryarchaeota has been completed, and other 69 are in
progress (Table 1). Various researchers suggest that higher
is the GC content, higher is the stability of the genome. It
includes the debatably alleged thermo-stability to the DNA,
as also its conservatism through generations. The table has
thus been arranged as per the total GC contents including
all chromosome and plasmids, in a descending order. The
total genome including all chromosome and plasmid has
been accounted for, and the ones with an asterisk mention
the estimated size.

METHANOGENESIS

Methane or biogas is produced from agricultural, municipal,
and industrial waste biomass with the help of methanogens.
These are physiologically united as methane producers in
anaerobic digestion (Mshandete and Parawira 2009; Yu and
Schanbacher 2010). Though the main substrates are acetate,
H, and CO,, methylamines, CO, formate and methanol are
also converted to CH4. Methanogen metabolism is unusual
as H,, CO,, formate, methylated C1 compounds and acetate
are used as energy and carbon sources. Methane is a big
contributor to global warming, which necessitates under-
standing methanogenesis to use methane human good and
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Table 2 The classification of methanogenic bacteria (MB) based on metabolic distinction.

Group Substrate Examples Reaction equation
MBI Acetate Methanosaeta spp. CH3;COOH — CO, + CH,4
MBI H, and formate Methanobrevibater spp. CO,+H,0 — CH4 + 2H,0
Methanogenium spp.
MB III Methylated compounds Methanolobus spp. CH;0H — CH4 + CO, + 2H,0
Methanococcus 4CH;NH, + 2H,0 — 3CH, + CO, + 4NH,"
MB IV Acetate, H, and methylated compounds Metahanosarcina spp. Combinations of all

STAGE |
(Fermenters)

Organic wastes
including
carbohydrates, fats
and proteins

Propionate,
butyrate, various
alcohols and other
compounds

Escherichia coli,

Representative Lactobacillus,
organisms Bifidobacterium,
Streptococcus

STAGE Il STAGE il
(Acidogens and acetogens) (Methanogens)
H,00,
and acetic acid
Methanogenesis
to produce

methane and CO,

Acetogenesis to
produce H,CO,
and acetic acid

Acetobacter, Methanobacter,
Syntrobacter, Methanomicrobia,
Syntrophomonas Methanococcus

Fig. 1 Schematic presentation representing the stages involved in biotransformation of organic material to methane.

limit its greenhouse gas effect (Simpson ef al. 2006; Alu-
wong et al. 2011).

Substrates for methanogenesis

In contrast to their huge phylogenetic diversity, methano-
gens can only use a few simple substrates, most of them
being C1 compounds, like CO,, formate, methanol and me-
thylamines (Liu and Whitman 2008). In fact, the metabo-
lism is restricted to only one or two of above substrates, the
exceptions being Methanosarcina and Methanolacina.

Carbon-di-oxide reduction by molecular hydrogen, fol-
lowed by formate utilisation is the common energy-yielding
reaction in methanogens (Ferry 2010). Acetate is a substrate
for Methanosarcina and Methanosaeta, while methylotro-
phic genera (e.g., most members of the Methanosarcina-
ceae) utilise methanol, several methylamines or methylsul-
phide. Furthermore, some species grow on primary and sec-
ondary short-chain alcohols. Many species are dependent
on special growth factors like vitamins, amino acids or ace-
tate. All methanogens can use ammonium as a nitrogen
source. A few species (e.g., Methanosarcina barkeri (Sche-
rer 1989) and Methanococcus thermolithotrophicus) fix
molecular nitrogen too. Methanogenic bacteria (MB) can be
categorised into four groups based on the substrate use
(Table 2). MB I, II and III are the groups which exclusively
use acetate, formate and methylated compounds, respec-
tively. MB 1V, a comprehensive group, can use a variety of
compounds as substrate.

All catabolic processes finally lead to the formation of a
mixed disulphide from coenzyme M and coenzyme B that
functions as an electron acceptor of certain anaerobic res-
piratory chains. Molecular hydrogen, reduced coenzyme
F40 or reduced ferredoxin is used as electron donors (Dep-
penmeier 2002). The redox reactions are coupled to proton
translocation across the cytoplasmic membrane. The resul-
ting electrochemical proton gradient is the driving force for
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ATP synthesis as catalysed by an A;A,-type ATP synthase.
Other energy-transducing enzymes involved are the mem-
brane-integral methyltransferase and the formylmethano-
furan dehydrogenase complex.The former enzyme is a
unique, reversible sodium ion pump that couples methyl-
group transfer with the Na transport across the membrane.
The formylmethanofuran dehydrogenase is a reversible ion-
pump that catalyses formylation and deformylation of
methanofuran (Breitung and Thauer 1990; DiMarco et al.
1990).

Stages of methanogenesis

The processes in methanogenesis can be studied under 3
stages. Stage I holds the class of microbes which acts as the
initiators. Here the fermentative bacteria hydrolyse and fer-
ment complex insoluble organics to simple compounds such
as acids, alcohol and others. In stage II, the intermediate
products are transformed into acetic acids and H,CO,
through acetogenesis. Methanogens come into action in
stage III of the whole process. They utilise the products thus
formed in stages I and II (Fig. 1) thus producing methane.

Biochemistry of methanogenesis

Methanogenesis is an anaerobic respiration, and oxygen in-
hibits methanogens. Terminal electron acceptor here is the
carbon of low molecular weight compounds CO, and acetic
acid (Lessner 2009):

COz + 4H2 i CH4 + 2H20 and CH3COOH i CH4 + C02

The methanogenic pathway, which utilises CO, and H,,
involves methanogenic-specific enzymes that catalyses
unique reactions using novel coenzymes (Fig. 2). Methano-
furan, the first C1 carrier found only in methanogenic and
sulphur-reducing Archaea, is reduced to Formylmethano-
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The main reaction chain

Methanofuran

COZ \\

Formylmethanofuran

Formyl-H,MPT

Methenyl-H,MPT

Fua; \

Mtd
Methylene-H,MPT
et /—\ Mer
Methyl-H,MPT
HS-CoM /\ Mtr
CH,-S-CoM
HS-Col Mcr
Hdr /
CoM-S-S-CoB

CH,

—
o
/\ Mch

/ Hz
Hmd

Remarks
Methanofuran - 1st C1 carrier

A G = +16kJ/mol (Endergonic reaction)

AG = -4.4 kJ/mol

H,MPT - Some anaerobes have derivatives of H,MPT, 2" C1 carrier

A G = -4.6 kd/mol

A G = -5.5 kd/mol for either of the reaction
Hmd - Unique hydrogenase without metal (iron) cofactor

F4,o- Coenzyme for hydride transfer
AG = -6.2 kJ/mol

Coenzyme M, 3 C1 carrier, smallest known organic factor

A G = -30 kd/mol,

Free energy change conserved by sodium ion membrane potential
A G = -45 kJ/mol

Coenzyme B is the reducing agent here

Fig. 2 The methanogenesis pathway showing the reaction steps and major catalysis. All A Ge data are referenced from Thauer 1998. Abbreviations/
acronyms used: Formylmethanofuran dehydrogenase (Fmd); Formylmethanofuran-H4MPT formyltransferase (Ftr); Methenyl-H4MPT cyclohydrolase
(Mch); F420 dependent methylene-H4MPT dehydrogenase (Mtd); H2-forming methylene- H4AMPT dehydrogenase (Hmd); Methylene-H4MPT reductase
(Mer); Methyl-H4MPT coenzyme M methyltransferase (Mtr); Methyl-coenzyme M reductase (Mcr); Heterodisulphide reductase/hydrogenase (Hdr);
F420-reducing hydrogenase (Frh); Tetrahydromethanopterin (H4MPT); Coenzyme B (HS-CoB); Coenzyme M (HS-CoM); Heterodisulfide of coenzyme

M and coenzyme B (CoM-S-S-CoB).

furan as CO, binds to it. The reaction is catalysed by For-
mylmethanofuran dehydrogenase (Fmd) (Thauer ef al
1993). This reaction is the only endergonic (A G* = +16kJ/
mol) reaction in the whole process. The required energy is
sourced from sodium ion membrane potential (Kaesler and
Schonheit 1989a, 1989b). The second CI1 carrier is tetra-
hydromethanopterin (HyMPT) and the formyl group is now
transferred to H4MPT, catalysed by formylmethanofuran-
H4MPT formyltransferase (Ftr) (Donnelly and Wolfe 1986;
Breitung and Thauer 1990). The formyl HyMPT is then
changed to N°N'’-methenyl-H,MPT and the reaction is cata-
lysed by methenyl-H4MPT cyclohydrolase (Mcl}) (Breitung
et al. 1991) (AG = -4.6 kJ/mol). The N°N'"-methenyl-
H4MPT is now reduced to methylene-H4MPT in two ways,
i.e., either the reduction is F4y-dependent or independent.
The independent reduction is catalysed by H,-forming
methylene-HyMPT dehydrogenase (Hmd) (Thauer et al.
1996) and the dependent pathway which also requires Fyyo-
reducing hydrogenase (Frh) (not shown in the figure) for
F40 reduction is catalysed by Fj-dependent methylene-
H4MPT dehydrogenase (Mtd) (Thauer ef al. 1993). Reduc-
tion of Methylene-H4MPT to Methyl-HyMPT is now Fy-
dependent and is catalysed by methylene-HyMPT cyclo-
hydrolase (Mer). Now, the methyl group from methyl-
H4MPT is transferred to a third C1 carrier, i.e., Coenzyme
M. The reaction is catalysed by methyl-H;MPT-coenzyme
M methyltransferase (Mtr), (DiMarco et al. 1990; Gotts-
chalk and Thauer 2001).

Mtr is an integral membrane protein complex of 670
kDa. The negative free energy change of this reaction (-30
kJ/mol) is conserved by sodium ion membrane potential.
This is a typical methyltransferase that is coupled with ion
transport and energy conservation. The sodium ion mem-
brane potential that is formed by Mtr reaction is mainly
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used as a driving force for the first reaction (Gottschalk and
Thauer 2001). Methyl-coenzyme M is finally reduced to
methane by Methyl-coenzyme M reductase (Mcr) (Thauer
1998). The reductant here is Coenzyme B, which is the ar-
chaeal methanogen characteristic. Coenzyme B and Coen-
zyme M are oxidised to the corresponding heterodisulphide
(Grabarse et al. 2001). The heterodisulphide is an important
intermediate of the energy metabolism in methanogens
since it is substrate of an energy conservation reaction cata-
lysed by Heterodisulphide reductase/hydrogenase (Hdr)
system. In this reaction heterodisulphide is reduced to Co-
enzyme M and Coenzyme B (Hedderich et al. 1994). The
reaction steps along with the free-energy equivalents and
the various catalytic factors involved in the process are
shown in the Fig. 2.

Methyl-Coenzyme M Reductase

Methyl-Coenzyme M Reductase (MCR) is an enzyme that
occurs in Archaea and catalyses the formation of methane by
combining the hydrogen donor coenzyme B and the methyl
donor coenzyme M. It has two active sites, each occupied
by the nickel-containing F43y cofactor (Thauer 1998). The
conversion is presented as CH;-S-CoM + HS-CoB —
CH,4 + CoB-S-S-CoM.

All known methanogens express the enzyme Methyl-
Coenzyme M Reductase (MCR), which catalyses the termi-
nal step in biogenic methane production (Reeve et al. 1997,
Thauer 1998; Ferry 1999). The presence of MCR is con-
sidered a diagnostic indicator of methanogenesis (Ferry
1992; Reeve et al. 1997; Thauer 1998; Lueders et al. 2001;
Luton et al. 2002; Yoshioka et al. 2010; Narihiro and
Sekiguchi 2011). The genomes of all methanogenic archaea
encode at least one copy of the mcrA operon (Reeve et al.
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1997; Thauer 1998). Composed of two alpha (mcrAd), beta
(mcrB) and gamma (mcrG) subunits, the mcr4 holoenzyme
catalyses heterodisulphide formation between coenzyme M
and coenzyme B from methyl-coenzyme M and coenzyme
B and the subsequent release of methane (Ellermann ef al.
1998). Recently when two strains were subjected to struc-
tural comparison of MCR, a thioglycine, a C2-methyl ala-
nine, a C5-methyl arginine, an N-methyl histidine, and an S-
methyl cysteine were found in the a-chain (Kaster et al.
2011). Functional constraints on its catalytic activity have
resulted in a high degree of MCR amino acid sequence con-
servation, even between phylogenetically distant methano-
genic lineages (Reeve et al. 1997; Luton et al. 2002). This
conserved primary structure is used to develop degenerate
PCR primers for recovering naturally occurring mcrA frag-
ments from a variety of environments (Lueders et al. 2001;
Luton ef al. 2002).

BIOENERGETICS

Methanogens, energetically the simplest form of life, have
survived since a very long time (Ueno et al. 2006). They
have continued to exist and participate in several geochemi-
cal cycles, such as sulphur cycle, nitrogen cycle, methano-
genesis and so on, over time (Canfield et al. 2006; Lane
2010). In whole of the pathway discussed above under bio-
chemistry of methanogenesis, two of the reactions are coup-
led to the formation of chemical gradlents that drive ATP
synthesis, the membrane-bound N’ -methyltetrahydro-
methanopterin coenzyme M methyltransferase in the CO,
reduction and acetate fermentation, and reduction of CoM-
S-S-CoB. Methyltransferase is an integral membrane-bound
complex that generates a sodium ion gradient across the
membrane during methyl transfer The complex contains
factor III of which the Co" atom functions as a super-
reduced nucleophile acceptlng the methyl group from CHj;-
H4MPT producing CH;-Co’" in the first of the two partial
reactions catalysed by the enzyme. The second partial
reactlon involves transfer of the methyl group from CHj;-
Co" to CoM, producmg CH;-S-CoM and regenerating the
activated Co~ form of the corrinoid. It is proposed that
sodium ion translocation is accomplished by a permease
associated with MtrA and that the energy for translocation
is derived from a conformational change in MtrA durlng the
methylation-demethylation cycle of Co"/CHs-Co’" (Harms
and Thauer 1996).

The second energy-generating step is the demethylation
of methyl-coenzyme M and reduction of the heterodisul-
phide CoM-S-S-CoB catalysed by methyl-coenzyme M and
heterodisulphide reductases. In cell extracts, the methyl-
coenzyme M reductase is generally inactive and experi-
ments suggest that activation occurs by reduction of the

protein-bound coenzyme F3 to the Ni(I) state (Ferry 2002).

The electron donor for activation of methyl-coenzyme M
reductase is ferredoxin. A membrane-bound electron trans-
port chain delivers electrons to the heterodisulphide, gene-
rating a proton gradient that drives ATP synthesis. The rela-
tive positions of CoM, CoB and F3( in the crystal structure
of the methyl-CoM reductase is consistent with a nucleo-
philic attack of Ni(I) on CH;-S-CoM and formation of a
[F430]Ni(IIT)-CHj3. In the next step Ni(IIl) oxidises HSCoM,
producing CS-CoM thiyl radical and [F,30]Ni(II)-CH3. Fin-
ally, protonolysis releases CH, and the thiyl radical is coup-
led to 2 S-CoB to form CoB-S-S-CoM with the excess elec-
tron transferred to Ni(Il) forming Ni(I) (Ermler et al. 1997,
Thauer et al. 2010).

CONCLUSION

Use of fossil fuel as an energy source is integral part of our
daily life, but this is an unsustainable resource owing to
their finite reserves and negative environmental effects. Re-
cycling and minimising waste are two main and major ob-
jectives of waste management strategies globally. Biogasi-
fication seems to have a solution to both of these ever-
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growing global menaces. In a full-scale system, several
environmental conditions will be varying constantly owing
to the complexity and variability of organic wastes. It is
therefore important to predict environmental conditions
have the largest impact. Further, the molecular approach
can help in identifying the ecology-, abundance- and/or
activity-wise relevant microbes. These microbes can then be
the subject of detailed studies or a target of directed cultiva-
tion.

Majority of prokaryotes living in natural environments
are rather inconspicuous. Several molecular techniques are
developed in order to overcome the lack of information
about the bacterial function by cultivation-independent
methods. Despite the progress made in linking the identi-
fication of distinct microbes with their functions in situ, it
may still be necessary to isolate or enrich novel bacteria to
reveal their metabolic potential under various environmen-
tal conditions. The results of molecular ecology research
has established that experimental strategies based on the
combination of molecular techniques with traditional cul-
tivation-dependent methods have great potential in reveal-
ing some of the hidden complexity of natural microbial
ecosystems. The opportunities for the discovery of new or-
ganisms and the development of resources based on micro-
bial diversity are greater than ever before. Molecular se-
quences have finally given the microbiologists a way to
define microbial phylogeny. The sequences are the bases of
tools that will allow microbiologists to explore the distribu-
tion and function of environmental microbes.

Metagenomics, a new lens to screen the methanogens,
has revolutionised the understanding of the entire living
world. In Metagenomics, the power of genomic analysis is
applied to entire communities of microbes, bypassing the
need to isolate and culture individual microbial species.
This new approach will bring to light the many abilities of
the methanogens. A combined approach of high throughput
metagenomics and massive environmental data monitoring
is necessary to find correlations between the environment
and community (Knights ef al. 2010). In addition, ecologi-
cal principles can aid in selecting for superior communities
that, for example, are rich in parallel metabolic pathways
(Hashsham et al. 2000), have high evenness (Wittebolle et
al. 2009), and are either resistant, resilient, or redundant
(Allison and Martiny 2008) to sustain a stable bioprocess.

Methanogens has been studied since long but still a lot
await discovery. A lab-scale feasible technology needs
scaling-up to commercial level with proper dissemination
programmes for the rural and urban society. Beside mole-
cular and biochemical aspects, there are other many means
that help to understand and enhance biogas production, e.g.,
physical, physiochemical, nature of substrate and many
more. Based on this knowledge, an engineer makes deci-
sions on the designing, inoculation, and operation of the
full-scale system to obtain the sufficient kinetic rates and
yields for process viability. Breakthroughs like better pro-
cessing technique for methane to be used as source of
energy is also envisaged.

ACKNOWLEDGEMENTS

The authors are thankful to the Ministry of NRE, Govt. of India
for kindly providing the grants under the BDTC to carry-out this
piece of research activity. SKO and SKN acknowledge the fellow-
ships extended under the project.

REFERENCES

Allison SD, Martiny JBH (2008) Resistance, resilience, and redundancy in
microbial communities. Proceedings of the National Academy of Sciences
USA 105, 11512-11519

Aluwong T, Wuyep PA, Allam L (2011) Livestock-environment interactions:
Methane emissions from ruminants. Afi-ican Journal of Biotechnology 10 (8),
1265-1269

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identification and
in situ detection of individual microbial cells without -cultivation.
Microbiology Reviews 59, 143-169



Dynamic Biochemistry, Process Biotechnology and Molecular Biology 6 (Special Issue 1), 48-56 ©2012 Global Science Books

Anon (2005) Renewable Energy Institute, Texas, US. Available online:
http://www.compressednaturalgas.net/, www.biomethane.com

Anon (2011) Renewable energy. Available online:
http://en.wikipedia.org/wiki/Renewable energy, Wikimedia Foundation, Inc.

Bapteste E, Brochier C, Boucher Y (2005) Higher-level classification of the
archaea: Evolution of methanogenesis and methanogens. Archaea 1 (5), 353-
363

Bergmann I, Nettmann E, Mundt K, Klocke M (2010) Determination of
methanogenic Archaea abundance in a mesophilic biogas plant based on 16S
rRNA gene sequence analysis. Canadian Journal of Microbiology 56 (5),
440-444

Beveridge TJ, Schultze-Lam S (1996) The response of selected members of
the Archaea to the gram stain. Microbiology 142, 2887-2895

Bosshard PP, Santini Y, Gruter D, Stettler R, Bachofen R (2000) Bacterial
diversity and community composition in the chemocline of the meromictic
alpine Lake Cadagno as revealed by 16S rDNA analysis. FEMS Microbiology
Ecology 31, 173-182

Breitung J, Thauer RK (1990) Formylmethanofuran:tetrahydromethanopterin
formyltransferase from Methanosarcina barkeri: Identification of N5- for-
myltetrahydromethanopterin as the product. FEBS Letters 275, 226-230

Breitung J, Schmitz RA, Stetter KO, Thauer RK (1991) N°,N'’-Methenyl-
tetrahydromethanopterin cyclohydrolase from the extreme thermophile
Methanopyrus kandleri: Increase of catalytic efficiency (Kc./Km) and thermo-
stability in the presence of salts. Archives of Microbiology 156, 517-524

Brewer JH (1942) A new Petri dish cover and technique for use in the cultiva-
tion of anaerobes and microaerophiles. Science 95, 587

Canfield DE, Rosing MT, Bjerrum C (2006) Early anaerobic metabolisms.
Philosophical Transactions of the Royal Society of Biological Sciences 361,
819-1836

Conway de Macario E, Macario AJL, Wolin MJ (1982) Specific antisera and
immunological procedures for characterization of methanogenic bacteria.
Journal of Bacteriology 149, 320-328

Deppenmeier U (2002) Redox-driven proton translocation in methanogenic
Archaea. Cellular and Molecular Life Sciences 59 (9), 1513-1533

DiMarco AA, Sment KA, Konisky J, Wolfe RS (1990) The formylmethano-
furan: Tetrahydromethanopterin formyltransferase from Methanobacterium
thermoautotrophicum AH, Journal of Biological Chemistry 265, 472-476

Edwards T, McBride BC (1975) New method for the isolation and identifica-
tion of methanogenic bacteria. Applied Microbiology 29, 540-545

Ellermann J, Hedderich R, Bocher R, Thauer RK (1988) The final step in
methane formation. Investigations with highly purified methyl-CoM reduc-
tase (component C) from Methanobacterium thermoautotrophicum (strain
Marburg). European Journal of Biochemistry 172, 669-677

Ermler U, Grabarse W, Shima S, Goubeaud M, Thauer RK (1997) Crystal
structure of methyl-coenzyme M reductase: The key enzyme of biological
methane formation. Science 278, 1457-1462

Ferry JG (1992) Biochemistry of methanogenesis. Critical Reviews in Bioche-
mistry and Molecular Biology 27, 473-503

Ferry JG (1999) Enzymology of one-carbon metabolism in methanogenic path-
ways. FEMS Microbiology Review 23, 13-38

Ferry JG (2002) Methanogenesis Biochemistry. In: Zheng Y-X (Ed) Encyclo-
pedia of Life Sciences, Macmillan Publishers Ltd, Nature Publishing Group,
USA, pp 1-9

Ferry JG (2010) The chemical biology of methanogenesis. Planetary and
Space Science 58 (14-15), 1775-1783

Friedrich MW (2005) Methyl-coenzyme M reductase genes: Unique functional
markers for methanogenic and anaerobic methane-oxidizing Archaea.
Methods in Enzymology 397, 428-442

Gottschalk G, Thauer RK (2001) The Na'-translocating methyltransferase
complex from methanogenic Archaea. Biochimica et Biophysica Acta 1505,
28-36

Grabarse W, Mahlert F, Duin EC, Goubeaud M, Shima S, Thauer RK,
Lamzin V, Ermler U (2001) On the mechanism of biological methane for-
mation: structural evidence for conformational changes in methyl-coenzyme
M Reductase upon substrate binding. Journal of Molecular Biology 309, 315-
330

Hales BA, Edwards C, Ritchie DA, Hall G, Pickup RW, Saunders JR (1996)
Isolation and identification of methanogen-specific DNA from blanket bog
feat by PCR amplification and sequence analysis. Applied Environment
Microbiology 62, 668-675

Hallam SJ, Girguis PR, Preston CM, Richardson PM, DeLong EF (2003)
Identification of methyl coenzyme M reductase A (mcrA) genes associated
with methane-oxidizing Archaea. Applied Environmental Microbiology 69,
5483-5491

Handelsman J (2004) Metagenomics: Application of genomics to uncultured
microorganisms. Microbiology and Molecular Biology Reviews 68 (4), 669-
685

Harms U, Thauer RK (1996) The corrinoid-containing 23-kDa subunit MtrA
of the energy-conserving N5-methyl-tetrahydromethanopterin: coenzyme M
methyltransferase complex from Methanobacterium thermoautotrophicurn.
EPR spectroscopic evidence for a histidine residue as a cobalt ligand of the
cobamide. European Journal of Biochemistry 241 (1), 149-154

Harris JK, Kelley ST, Pace NR (2004) New perspective on uncultured bacte-

55

rial phylogenetic division OP11. Applied Environment Microbiology 70, 845-
849

Hashsham SA, Fernandez AS, Dollhopf SL, Dazzo FB, Hickey RF, Tiedje
JM, Criddle CS (2000) Parallel processing of substrate correlates with grea-
ter functional stability in methanogenic bioreactor communities perturbed by
glucose. Applied Environment Microbiology 66 (9), 4050-4057

Hedderich R, Koch J, Linder D, Thauer RK (1994) The heterodisulfide
reductase from Methanobacterium thermoautotrophicum contains sequence
motifs characteristic of pyridine-nucleotide-dependent thioredoxin reductases.
European Journal of Biochemistry 225, 253-261

Huang LN, Zhou H, Chen YQ, Luo S, Lan CY, Qu LH (2002) Diversity and
structure of the archaeal community in the leachate of a full-scale recircu-
lating landfill as examined by direct 16S rRNA gene sequence retrieval.
FEMS Microbiology Letters 214, 235-240

Huang LN, Zhu S, Zhou H, Qu LH (2005) Molecular phylogenetic diversity
of bacteria associated with the leachate of a closed municipal solid waste
landfill. FEMS Microbiology Letters 242, 297-303

Hugenholtz P (2002) Exploring prokaryotic diversity in the genomic era.
Genome Biology 3, 0003.1-0003.8

Hugenholz P, Goebel BM, Pace NR (1998) Impact of culture-independent
studies on the emerging phylogenetic view of bacterial diversity. Journal of
Bacteriology 180 (18), 4765-4774

Ingrid H, Whittle F, Goberna M, Pfister V, Insam H (2009) Design and
development of the ANAEROCHIP microarray for investigation of methano-
genic communities. Journal of Microbiological Methods 79, 279-288

Joulian C, Ollivier B, Patel BKC, Roger PA (1998) Phenotypic and phylo-
genetic characterization of dominant culturable methanogens isolated from
rice field soils. FEMS Microbiology Ecology 25 (2), 135-145

Juottonen H, Galand PE, Yrjala K (2006) Detection of methanogenic Ar-
chaea in peat: Comparison of PCR primers targeting the mcrAd gene. Re-
search in Microbiology 157, 914-921

Kaesler B, Schonheit P (1989a) The role of sodium ions in methanogenesis.
Formaldehyde oxidation to CO, and 2H,0 in meyhanogenic bacteria is coup-
led with primary electrochemical potential of Na” translocation at a stoichio-
metry of 2-3 Na"/CO,. European Journal of Biochemistry 184, 223-232

Kaesler B, Schonheit P (1989b) The sodium cycle in methanogenesis. CO,
reduction to the formaldehyde level in methanogenic bacteria is driven by a
primary electrochemical potential of Na* generated by formaldehyde reduc-
tion to CHy. European Journal of Biochemistry 186, 309-316

Kaster A-K, Goenrich M, Seedorf H, Liesegang H, Wollherr A, Gottschalk
G, Thauer RK (2011) More than 200 genes required formethane formation
from H, and CO, and energy conservation are present in Methanothermo-
bacter marburgensis and Methanothermobacter thermautotrophicus. Archaea
2011, 1-23

Klocke M, Miihnert P, Mundt K, Souidi K, Linke B (2007) Microbial com-
munity analysis of a biogas-producing completely stirred tank reactor fed
continuously with fodder beet silage as mono-substrate. Systematic and Ap-
plied Microbiology 30, 139-151

Klocke M, Nettmann E, Bergmann I, Mundt K, Souidi K, Mumme J, Linke
B (2008) Characterization of the methanogenic Archaea within two-phase
biogas reactor systems operated with plant biomass. Systematic and Applied
Microbiology 31, 190-205

Knights D, Costello EK, Knight R (2010) Supervised classification of human
microbiota. FEMS Microbiology Reviews 35 (2), 343-359

Konig H (1988) Archaeobacterial cell envelopes. Canadian Journal of Micro-
biology 34, 395-406

Krause L, Diaz NN, Edwards RA, Gartemann KH, Kromeke H, Neuweger
H, Piihler A, Runte KJ, Schliiter A, Stoye J, Szczepanowski R, Tauch A,
Goesmann A (2008a) Taxonomic composition and gene content of a me-
thane producing microbial community isolated from a biogas reactor. Journal
of Biotechnology 136, 91-101

Krause L, Diaz NN, Edwards RA, Gartemann KH, Kromeke H, Neuweger
H, Piihler A, Runte KJ, Schliiter A, Stoye J, Szczepanowski R, Tauch A,
Goesmann A (2008b) Phylogenetic classification of short environmental
DNA fragments. Nucleic Acids Research 36, 2230-2239

Kroes I, Lepp PW, Relman DA (1999) Bacterial diversity within the human
subgingival crevice. Proceedings of National Academy of Sciences USA 96,
14547-14552

Kusar D, Avgustin G (2010) Molecular profiling and identification of me-
thanogenic Archaeal species from rabbit caecum. FEMS Microbiology Ecol-
ogy 74, 623-630

Lane N (2010) Chance or necessity? Bioenergetics and possibility of life. Jour-
nal of Cosmology 10, 3286-3304

Lessner DJ (2009) Methanogenesis biochemistry. In: Encyclopedia of Life Sci-
ences, John Wiley and Sons Ltd., Chichester

Liu Y, Whitman WB (2008) Metabolic, phylogenetic, and ecological diversity
of the methanogenic Archaea. Annals of the New York Academy of Sciences
1125, 171-189

Loy A, Lehner A, Lee N, Adamczyk J, Meier H, Ernst J, Schleifer KH,
Wagner M (2002) Oligonucleotide microarray for 16S rRNA gene-based
detection of all recognized lineages of sulfate-reducing prokaryotes in the
environment. Applied Environment Microbiology 68, 5064-5081

Loy A, Schulz C, Lucker S, Schopfer-Wendels A, Stoecker K, Baranyi C,



Biomethanation: Molecular biology and enhancement. Ojha ef al.

Lehner A, Wagner M (2005) 16S rRNA gene-based oligonucleotide micro-
array for environmental monitoring of the betaproteobacterial order "Rhodo-
cyclales". Applied Environmental Microbiology 71, 1373-1386

Lueders T, Chin KJ, Conrad R, Friedrich M (2001) Molecular analyses of
methylcoenzyme M reductase alpha-subunit (mcrA) genes in rice field soil
and enrichment cultures reveal the methanogenic phenotype of a novel ar-
chaeal lineage. Environmental Microbiology 3, 194-204

Luton PE, Wayne JM, Sharp RJ, Riley PW (2002) The mcrA gene as an
alternative to 16s rRNA in the phylogenetic analysis of methanogen popula-
tions in landfill. Microbiology 148, 3521-3530

Malakahmad A, Zain SM, Basri NEA, Kutty SRM, Isa MH (2009) Identi-
fication of anaerobic microorganisms for converting kitchen waste to biogas.
World Academy of Science, Engineering and Technology 60, 1136-1341

Manichanh C, Chapple CE, Frangeul L, Gloux K, Guigo R, Dore J (2008)
A comparison of random sequence reads versus 16S rDNA sequences for
estimating the biodiversity of a metagenomic library. Nucleic Acids Research
36, 5180-5188

McHugh S, Carton M, Mahony T, O’Flaherty V (2003) Methanogenic popu-
lation structure in a variety of anaerobic bioreactors. FEMS Microbiology
Letters 219, 297-304

Mladenovska Z, Dabrowski S, Ahring BK (2003) Anaerobic digestion of
manure and mixture of manure with lipids: Biogas reactor performance and
microbial community analysis. Water Science Technology 48, 271-278

Moreira D, Lopez-Garcia P (2002) The molecular ecology of microbial eu-
karyotes unveils a hidden world. Trends in Microbiology 10 (1), 31-38

Mshandete AM, Parawira W (2009) Biogas technology research in selected
sub-Saharan African countries — A review. African Journal of Biotechnology
8 (2), 116-125

Narihiro T, Sekiguchi Y (2011) Oligonucleotide primers, probes and molecular
methods for the environmental monitoring of methanogenic Archaea. Micro-
bial Biotechnology 4, 585-602

Nozhevnikova AN, Zepp K, Vazquez F, Zehnder Alexander JB, Holliger C
(2003) Evidence for the existence of psychrophilic methanogenic com-
munities in anoxic sediments of deep lakes. Applied and Environmental
Microbiology 69 (3), 1832-1835

Ohmiya K, Sakka K, Kimura T (2005) Anaerobic bacterial degradation for
the effective utilization of biomass. Biotechnology and Bioprocess Engineer-
ing 10, 482-493

Rappe MS, Giovannoni SJ (2003) The uncultured microbial majority. Annual
Review of Microbiology 57, 369-394

Rastogi G, Ranade DR, Yeole TY, Patole MS, Shouche YS (2008) Investiga-
tion of methanogen population structure in biogas reactor by molecular cha-
racterization of methyl-coenzyme M reductase A (mcrA) genes. Bioresource
Technology 99, 53175326

Reeve JN, Nolling J, Morgan RM, Smith DR (1997) Methanogenesis: genes,
genomes, and who’s on first? Journal of Bacteriology 179, 5975-5986

Relman DA (2002) New technologies, human-microbe interactions, and the
search for previously unrecognized pathogens. Journal of Infectious Diseases
186 (2), S254-258

Riffat R, Krongthamchat K (2006) Specific methanogenic activity of halophi-
lic and mixed cultures in saline waste water. International Journal of Envi-
ronmental Science and Technology 2 (4), 291-299

Rudi K, Skulberg OM, Skulberg R, Jakobsen KS (2000) Application of
sequence-specific labeled 16S rRNA gene oligonucleotide probes for genetic
profiling of cyanobacterial abundance and diversity by array hybridization.
Applied Environmental Microbiology 66, 4004-4011

Scherer P (1989) Vanadium and molybdenum requirement for the fixation of
molecular nitrogen by two Methanosarcina strains. Archives of Microbiology
151, 44-48

Schliiter A, Bekel T, Diaz NN, Dondrup M, Eichenlaub R, Gartemann KH,
Krahn I, Krause L, Kromeke H, Kruse O, Mussgnug JH, Neuweger H,
Niehaus K, Piihler A, Runte KJ, Szczepanowski R, Tauch A, Tilker A,
Viehiover P, Goesmann A (2008) The metagenome of a biogas-producing
microbial community of a production-scale biogas plant fermenter analysed
by the 454-pyrosequencing technology. Journal of Biotechnology 136, 77-90

Schmidt TM, DeLong EF, Pace NR (1991) Analysis of a marine picoplankton
community by 16S rRNA gene cloning and sequencing. Journal of Bacteri-
ology 173, 4371-4378

Shigematsu T, Era S, Mizuno Y, Ninomiya K, Kamegawa Y, Morimura S,
Kida K (2006) Microbial community of a mesophilic propionate-degrading
methanogenic consortium in chemostat cultivation analyzed based on 16S
rRNA and acetate kinase genes. Applied Microbiology and Biotechnology 72,
401-415

Shlimon AG, Friedrich MW, Niemann H, Ramsing NB, Finster K (2004)
Methanobacterium aarhusense sp. nov., a novel methanogen isolated from a
marine sediment (Aarhus Bay, Denmark). International Journal of Systematic
and Evolutionary Microbiology 54, 759-763

Simpson 1J, Rowland FS, Meinardi S, Blake DR (2006) Influence of biomass
burning during recent fluctuations in the slow growth of global tropospheric
methane. Geophysical Research Letters 33, 1.22808

Sirohi S, Pandey N, Singh B, Puniya A (2010) Rumen methanogens: A review.
Indian Journal of Microbiology 50 (3), 253-262

56

Small J, Call DR, Brockman FJ, Straub TM, Chandler DP (2001) Direct
detection of 16S rRNA in soil extracts by using oligonucleotide microarrays.
Applied Environmental Microbiology 67, 4708-4716

Serensen AH, Ahring BK (1997) An improved Enzyme-Linked Immunosor-
bent Assay for whole-cell determination of methanogens in samples from an-
aerobic reactors. Applied and Environmental Microbiology 63 (5), 2001-2006

Springer E, Sachs MS, Woese CR, Boone DR (1995) Partial gene-sequences
for the A-subunit of methyl-coenzyme-M reductase (merl) as a phylogenetic
tool for the family Methanosarcinaceae. International Journal of Systematic
Bacteriology 45, 554-559

Sprott GD, Beveridge JT (1994) Microscopy. In: Jerry JG (Ed) Methanogene-
sis: Ecology, Physiology, Biochemistry and Genetics, Springer, Berlin, pp 85-
87

Stahl DA, Lane DJ, Olsen GJ, Pace NR (1984) Analysis of hydrothermal
vent-associated symbionts by ribosomal RNA sequences. Science 224, 409-
411

Stahl DA, Lane DJ, Olsen GJ, Pace NR (1985) Characterization of a Yellow-
stone hot spring microbial community by 5S rRNA sequences. Applied Envi-
ronmental Microbiology 49, 1379-1384

Tang YQ, Fujimura Y, Shigematsu T, Morimura S, Kida K (2007) Anaero-
bic treatment performance and microbial population of thermophilic upflow
anaerobic filter reactor treating Awamori distillery wastewater. Journal of
Bioscience and Bioengineering 104, 281-286

Thakker CD, Ranade DR (2002) An alkalophilic Methanosarcina isolated
from Lonar crater. Current Science 82 (4), 455-458

Thauer RK (1998) Biochemistry of methanogenesis: A tribute to Marjory Ste-
phenson. Marjory Stephenson Prize Lecture. Microbiology 144, 2377-2406

Thauer RK, Hedderich R, Fischer R (1993) Biochemistry: Reactions and
enzymes involved in methanogenesis from CO, and Hy. In: Ferry JG (Ed)
Methanogenesis: Ecology, Physiology, Biochemistry, and Genetics, Chapman
& Hall. Inc., New York, pp 209-252

Thauer RK, Kaster AK, Goenrich M, Schick M, Hiromoto T, Shima S
(2010) Hydrogenases from methanogenic Archaea, nickel, a novel cofactor,
and H, storage. Annual Review of Biochemistry 79 507-536

Ueno Y, Yamada K, Yoshida N, Maruyama S, Isozaki Y (2006) Evidence
from fluid inclusions for microbial methanogenesis in the early Archaean era.
Nature 440, 516-519

Uniprot.org (2011) Available online:
http://www.uniprot.org/uniprot/?query=methyl+coenzyme+reductase&by=tax
onomy#131567,2157,28890

Thauer RK, Klein AR, Hartmann GC (1996) Reactions with molecular hyd-
rogen in microorganisms. Evidence for a purely organic hydrogenation cata-
lyst. Chemical Reviews 96, 3031-3042

Ward DM, Weller R, Bateson MM (1990) 16S rRNA sequences reveal numer-
ous uncultured microorganisms in a natural community. Nature 345, 63-65

Watanabe K, Kodoma Y, Hamamura N, Kaku N (2002) Diversity, abun-
dance, and activity of Archaeal populations in oil-contaminated groundwater
accumulated at the bottom of an underground crude oil storage cavity. Applied
and Environmental Microbiology 68, 3899-3907

Weiland P (2003) Production and energetic use of biogas from energy crops
and wastes in Germany. Applied Biochemistry and Biotechnology 109, 263-
274

Whitman WB, Coleman DC, Wiebe WJ (1998) Prokaryotes: The unseen
majority. Proceedings of the National Academy of Sciences USA 95, 6578-
6583

Wittebolle L, Marzorati M, Clement L, Balloi A, Heylen K, De Vos P, Daf-
fonchio D, Verstraete W, Boon N (2009) Initial species evenness favours
functionality under selective stress. Nature 458, 623-626

Woese CR (1982) Archaebacteria and cellular origins: an overview. Zentral-
blatt fiir Bakteriologie, Parasitenkunde, Infektionskrankheiten und Hygiene 3,
1-17

Woese CR, Fox GE (1977) Phylogenetic structure of the prokaryotic domain:
The primary kingdoms. Proceedings of the National Academy of Sciences
US4 74, 5088-5090

Woese CR, Kandler O, Wheels ML (1990) Towards a natural system of orga-
nisms: Proposal for the domains Archaea, Bacteria, and Eucarya. Proceed-
ings of the National Academy of Sciences USA 87, 4576-4579

Wommack KE, Bhavsar J, Ravel J (2008) Metagenomics: Read length mat-
ters. Applied Environmental Microbiology 74, 1453-1463

Yadvika, Santosh, Sreekrishnan TR, Kohli S, Rana V (2004) Enhancement
of biogas production from solid substrates using different techniques — a
review. Bioresource Technology 95, 1-10

Yoshioka H, Maruyama A, Nakamura T, Higashi Y, Fuse H, Sakata S, Bart-
lett DH (2010) Activities and distribution of methanogenic and methane-
oxidizing microbes in marine sediments from the Cascadia Margin. Geobiol-
ogy 8 (3),223-233

Yu ZT, Schanbacher FL (2010) Production of methane biogas as fuel through
anaerobic digestion. In: Singh OV, Harvey SP (Ed) Sustainable Biotechnol-
ogy Sources of Renewable Energy, Springer, pp 105-128

Zhou X-F, Ren N-Q (2007) Acid resistance of methanogenic bacteria in a two-
stage anaerobic process treating high concentration methanol wastewater.
Frontiers of Environmental Science and Engineering in China 1 (1), 53-56



