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Methanogens are anaerobic archaea that grow by producing methane gas. These microbes
and their exotic metabolism have inspired decades of microbial physiology research that
continues to push the boundary of what we know about how microbes conserve energy to
grow. The study of methanogens has helped to elucidate the thermodynamic and bioener-
getics basis of life, contributed our understanding of evolution and biodiversity, and has
garnered an appreciation for the societal utility of studying trophic interactions between
environmental microbes, as methanogens are important in microbial conversion of biogenic
carbon into methane, a high-energy fuel. This review discusses the theoretical basis for
energy conservation by methanogens and identifies gaps in methanogen biology that may
be filled by undiscovered or yet-to-be engineered organisms.

Methanogens from the beginning

What is a methanogen?

Methane-producing archaea, or methanogens, are characterized by their ability to conserve energy for
ATP (adenosine triphosphate) synthesis by producing methane gas. The first indication that methane
gas could be biologically produced is credited to Alesandro Volta in 1776, who discovered flammable
freshwater swamp gas and hypothesized it was derived from decaying organic matter [1]. It was not
until 1933, however, that methanogens were first cultured [2]. Methanogens can be found in anaerobic
habitats, and especially in low-sulfate environments such as in freshwater pond sediment. Other exam-
ples of environments that can harbor methanogens are digestive tracts of animals (for example, rumi-
nants and humans), insects, marine sediment, and terrestrial subsurface environments. Methanogens
can be isolated from across a wide range of thermochemical gradients, from acidophilic to alkaliphilic
(pH 3.0-10.2), from (hyper)thermophilic to psychrophilic temperature (from —2°C to 122°C), and
from freshwater estuarine to halophilic environments. While methanogens have been associated with
polymicrobial diseases, such as intestinal dysbiosis and periodontal inflammation, there are no reports
of methanogens being directly involved in pathogenesis using virulence factors or toxins [3].

To date, methanogens are strict anaerobic archaea and are obligate methane-producers.
Methanogens can grow by reducing one-carbon (C1) compounds [CO, (carbon dioxide), CO (carbon
monoxide), methanol, methylamines, and methyl sulfides], acetate, or coal to methane gas through
one of several methanogenesis pathways (Figure 1) [4-6]. Regardless of the substrate used, a methyl-
coenzyme M molecule is ultimately reduced to methane by the methyl-coenzyme M reductase
enzyme, Mcr [7]. Methanogens are distinguished from bacteria and archaea that may produce
methane as a byproduct of metabolism by their obligate need to synthesize methane to conserve
energy using the Wolfe Cycle [8]. By this distinction, all known methanogens, to date, belong to the
euryarchaeal domain.

Other organisms have been shown to produce small amounts of methane. Some species of pelagic
bacteria release methane by using C-P lyases to liberate P from algal lipids which can comprise
methylphosphonate head groups [9,10]. Reduction in the C-P methylphosphonate bond releases
methane, but this process is used to obtain P, and does not directly contribute to energy conservation.
The P is hypothesized to be used for biomass synthesis, but the metabolic fluxes are not high enough
to support energy conservation.
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Figure 1. The Wolfe Cycle.

Arrows represent direction of biochemical reactions. Black, reaction steps and directions common to all five methanogenesis
pathways from C1 compounds or acetate. (a) Hydrogenotrophic (red) and carboxydotrophic (blue) methanogenesis pathways.
Formic acid and primary or secondary alcohols are oxidized to CO, and hence methanogens that grow on these substrates
use the hydrogenotrophic pathway. (b) Methyl respiration pathway (orange) and methylotrophic pathway (green). (c)
Acetoclastic pathway (fuchsia). Purple, reactions are found only in Methanosarcina species; gray, proposed reactions. Shaded,
electron bifurcation/confurcation reaction steps; CoB-SH, coenzyme B thiol; CoM-SH, coenzyme M thiol; CoM-S-S-CoB,
coenzyme M-coenzyme B heterodisulfide; Fd, ferredoxin; Fd,eq, reduced ferredoxin; H4MPT, tetrahydromethanopterin; MFR,
methanofuran; MPh, methanophenazine; MPhH,, reduced methanophenazine. See Table 2 for reactions and enzyme names.

Methanogenic archaea release large quantities of methane to the atmosphere and play a significant role in
controlling global climate. Methane, whether produced abiotically, anthropogenically (through mining or agri-
culture), or biologically, has a lifetime greenhouse gas impact 28 times higher than CO, [11]. Methane pro-
duced by methanogens is primarily oxidized to CO, by anaerobic methanotrophic archaea or bacteria, or by
aerobic methanotrophic bacteria. It is estimated that <1% of biological methane from the subsurface is released
to the atmosphere [12]. Overall, it is estimated that up to 2% of carbon in the global carbon cycle (or 450 Tg
annually) is mineralized by methanogens per year [13]. It has been proposed that increased global temperatures
may result in increased subsurface methanogenic activity in melting subarctic tundra and wetlands, thus accel-
erating atmospheric methane emissions which could further increase climate warming [14]. The effect of
increased methanogenesis on global climate may have been foreshadowed by the theory that methanogens may
have contributed to the largest extinction in Earth’s history [15]. According to molecular phylogeny, nickel
deposition, C isotope ratios, and the fossil record, it has been proposed that methanogens may have acquired
the ability to use acetate as a substrate from anaerobic Clostridia [16,17]. The subsequent expansion into a new
ecological niche and the sharp rise in greenhouse methane seem to have caused global warming and climate
changes that drove 99% of all vertebrate life on Earth to extinction, ultimately selecting for radiation of
mammals. Thus, there is compelling evidence that unchecked methanogenesis can alter global climate.
Fortunately, since the Permian extinction, microbes have evolved to mitigate most of the climate effects of
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methanogen metabolism by developing efficient means to rapidly convert methane to the less harmful CO,.
Today, it is thought that aerobic and anaerobic methane oxidation by subsurface microbes reduces natural
atmospheric methane emissions [12,13].

While atmospheric methane emissions may be undesirable, harnessing methanogens is useful to produce
methane from renewable carbon feedstock. Anaerobic digestion of waste to produce biogas is a highly efficient
process. Biogas comprises 30-90% methane and can be combusted to generate electricity or refined and com-
pressed to power transportation [18,19]. Methanogens have been used for decades to reduce the biological
oxygen demand of wastewater (agricultural or municipal) while simultaneously producing renewable methane
(as biogas) that can be captured from anaerobic digesters and used as fuel. Implementation of anaerobic diges-
tion and biogas recovery technologies has the potential to produce 7.9 million metric tons of methane or 4940
million kWh annually in the U.S.A. though less than 10% of US wastewater treatment facilities have implemen-
ted their use [20-22]. In Europe, which has a goal of producing 20% energy through renewable sources by
2020, renewable energy infrastructure is more advanced, and the European Union is on track to obtain >25%
energy in the form of biogas from anaerobic digestion [23].

Despite the recognition that methane, a valuable fuel, can be produced by biological organisms, culturing
and characterization of methanogens has proceeded at a slow but steady pace. The pace of discovery can be
understood in the context of several technological and historical hurdles that, when overcome, have produced
significant advances in Biology. First, methanogens are strict anaerobes that require not only removal of oxygen
from the culture medium but also a reducing environment with a redox potential below 50 mV [24]. Thus, reli-
able isolation and characterization of methanogens required significant advances in microbial culturing includ-
ing anaerobic liquid handling (Hungate) techniques and specialized glassware and culturing equipment
(Hungate and Balch tubes) [25,26]. These anaerobic culture techniques have contributed to the study of many
diverse microbes that could otherwise not be cultured. Second, before it was understood that many methano-
gens are lithoautotrophs that use C1 compounds or acetate to grow, addition of heterotrophic carbon sources
enriched syntrophic bacterial/methanogen communities that were impossible to culture separately [27]. Early
methanogenic enrichments were considered ‘contaminated’” and lost or discarded before there was an appreci-
ation for coupled metabolism or an understanding of syntrophy. Syntrophy is a special case of mutualistic
metabolism between two (or more) organisms [28]. In the strictest sense, a syntroph is an organism that
cannot conserve energy on its own, but requires a second organism such as a methanogen to maintain the con-
centrations of substrate environment such that the thermodynamic equilibrium allows enough energy to be
conserved to produce a transmembrane ion gradient for ATP synthesis. Methanogens are thought to improve
the metabolism of fermenting bacteria or syntrophic partners by consuming hydrogen or acetate fermentation
byproducts that, if concentrations are too high, eventually inhibit growth. To facilitate coupled metabolism,
methanogens and bacteria have been observed to form layered granule structures and mats formed from inter-
connected pili [29,30]. Studying methanogens and the metabolic relationships they form with other microbes
has resulted in significant breakthroughs in understanding cellular bioenergetics and metabolism, such as the
discovery of syntrophy, and has the potential to lead to future insights about bacterial/archaeal metabolic
relationships and interspecies communication.

‘Alien’ biochemistry and the tree of life

Methanogens exhibit an unusual metabolism that continues to challenge what we know about genes, biological
information, and the chemistry that cells can harness to conserve energy. The unique biochemistry of methano-
gens provided critical supporting evidence that ribosomal gene homology can be used as a molecular clock to
understand the evolution and heredity of living organisms. To test his theory that 16S ribosomal rRNA
sequences could be used to build a tree of life [31], Carl Woese needed outlier microbes that had very different
16S rRNA sequences that were correspondingly biochemically different from other known microbes. Ralph
Wolfe, a colleague at the University of Illinois Urbana-Champaign, volunteered his methanogen cultures to test
this hypothesis [32]. Not only were methanogens found to have very different 16S rRNA sequences, supporting
Woese’s idea [33], but methanogens (at the time named archaebacteria or methanobacteria) were found to
possess a stunning array of new biological features including isoprenoid membrane lipids [34-37], S-layer
protein cell walls, or pseudomurein instead of peptidoglycan [38-40], a large proportion of genes that had little
to no homology to other bacterial gene sequences, distinct viruses [41-43], a new genetically encoded amino
acid pyrrolysine [44-47], and several unique biochemical cofactors [48].
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Methanogens were instrumental in supporting Carl Woese’s theory that living organisms can be classified
into three domains in the Tree of Life: the Bacteria, Archaea, and Eukarya. Current hypotheses based on meta-
genomics of uncultured genomes assembled from marine subsurface environments have 16S rRNA and other
eukaryotic gene signatures (such as actin, Ras GTPases, and ESCRT vesicular trafficking) that suggest candida-
tus Lokiarchaeon appears to be a eukaryal hydrogenotrophic methanogen [49]. While evidence of a
methyl-S-CoM reductase mcr gene was not detected in the incomplete metagenome, genes for other methano-
genesis enzymes, H,MPT-dependent carbon fixation, and tricarboxylic acid cycle (TCA) enzymes were most
closely related to methanogen genes (cdhBde, mtxC corrinoid methyltransferase, fwdA, and fmdBCDEF formyl-
methanofuran dehydrogenases, fir, mch, mtd, mtrH, mvhADG, hdrABCD, frhB, hyp hydrogenase maturation
enzymes, ATP synthase, fructose-bisphosphate aldolase, phosphoglycerate kinase, hydroxypyruvate reductase,
sucC ATP-citrate synthase o, acnA aconitate hydratase, acnA/leuB 3-isopropylmalate dehydratase, and sdhAB
fumarate reductase), or are closely related to euryarchaeal genes (mer) [49]. This discovery suggests the Last
Eukaryotic Common Ancestor, LECA, could have evolved from an organism that had a very methanogen-like
metabolism in many respects but which had lost the ability to synthesize methane. In a slowly unfolding story,
uncultured organisms belonging to the Asgard superphylum may be instrumental in unifying the archaeal and
eukaryal domains [50,51].

Currently, there are seven orders of methanogens recognized on the basis of mcrA and ribosomal gene phyl-
ogeny (Table 1) [52,53]. Five of the methanogen guilds (Methanopyrales, Methanococcales, Methanobacteriales,
Methanomicrobiales, and Methanocellales) so far only contain hydrogenotrophic methanogens, while the
Methanomasiliiicoccales guild is so far defined as having obligate methyl-respiring methylotrophic methanogens.
The Methanosarcinales have the most diverse membership, with many members capable of more than one
methanogenesis pathway, as well as obligate hydrogenotrophic or obligate acetoclastic members. Three orders of
closely related Euryarchea (Halobacteriales, Archaeoglobales, and Thermoplasmatales) are considered to have
evolved from methanogen ancestors, but lost the ability to grow by methanogenesis. The halophilic archaea are
aerobic heterotrophs that evolved from methanogens but learned how to use oxygen as a terminal electron
acceptor. Hydrogenotrophic methanogens are likely overrepresented in culture collections because anaerobic het-
erotrophs tend to grow faster and can out-compete methanogens. This is because culture media that contain
complex heterotrophic carbon substrates run the risk of enriching heterotrophs at the expense of methanogens.

Table 1 Methanogen orders and methanogenesis pathways

Representative Methanogenesis
Order organism pathways Comments
Methanopyrales Methanopyrus kandleri Hydrogenotrophic Deepest branching
Methanococcales Methanococcus Hydrogenotrophic Genetic systems
maripaludis
Methanobacteriales Methanobacterium Hydrogenotrophic
thermoautotrophicum
Methanosarcinales Methanosarcina mazei Hydrogenotrophic, Largest archaeal genome,
methylotrophic, genetic systems, closely
carboxydotrophic, related to ANME-2
acetoclastic methanotrophs
Methanomicrobiales Methanospirillum hungatei Hydrogenotrophic
Methanocellales Methanocella paludicola Hydrogenotrophic
Methanomassilicoccales Methanomassilicoccus Methylotrophic Was ANME-1
luminyensis methanotrophs

Halobacteriales Halobacterium salinarum None, aerobic halophilic Genetic systems
heterotrophs

Thermoplasmatales Thermoplasma volcanium None, thermophilic
heterotrophs

Archaeoglobales Archaeoglobus fulgidus None, anaerobic

sulfate-reducers
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This reinforces the perception that methanogens grow at such a slow rate that they are impractical to experiment
with. However, there are several methanogens that are known to grow rapidly, with generation times on the
order of minutes (Methanocaldococcus jannaschii, 25 min) to a few hours (Methanosarcina barkeri, 6 h), which
is not prohibitively long for laboratory study [12,54]. Some methanogens have also been isolated that exhibit
nutritional requirements, such as increased Ni** (for synthesis of Ni tetrapyrrole F,3o cofactor), or addition of
coenzyme M or rumen fluid [55-58]. Therefore, while enriching new methanogens can require long careful
effort, once they are isolated in axenic cultures, the growth rates can often be accelerated by optimizing culture
medium and growth conditions. Exploration of different culture media and cultivation conditions may yet yield
new methanogen guilds as well as expand the metabolic capabilities of existing guilds.

How do methanogens grow?

Methanogens are said to exist near the ‘thermodynamic edge of life’ [12,59]. What this means is that methano-
gens are among the special few organisms known that can grow autotrophically in sealed glass vessels on inor-
ganic substrates in the absence of light. To do so, they have evolved to efficiently convert chemical energy from
substrate into biomass. It is widely thought that the Gibbs’ free energy equation (eqn 1) can be used to predict
whether enough chemical energy is available in a metabolic reaction to allow ATP synthesis to occur should it
perfectly biochemically coupled to an energy-conserving process (Figure 2) [60].

AG® = AH® — TAS® (1)

The Gibbs’ free energy equation (eqn 1) is applicable to any chemical equation and can be used to derive
eqn 2 to describe the favorability of oxidation/reduction reactions (eqn 2).

AG®° = —nFAE’° )

Metabolism can be conceptualized as the flow of electrons from electron donor to acceptor. Whether an organ-
ism or system of organisms can conserve energy for growth can be estimated by determining whether the
Gibbs’ free energy of the system is overall negative and favorable (—AG®), and the magnitude of —AG® can be
used to estimate the number of moles of ATP that can be synthesized per mole substrate consumed.
Methanogens grow by the general equation (eqn 3), which, depending on the chemical bond energies, numbers
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Figure 2. Factors that limit methanogen growth.

In a closed system such as in sealed anaerobic glass culture tubes, the metabolic productivity of any organism can be
estimated by the Gibbs’ free energy (AG®’) of the rate-limiting biochemical transformations occurring. For most methanogens,
this is C and/or H, metabolism. Other factors, such as physical stress (pH, temperature, and water activity) and net metabolite
fluxes, also affect population growth by increasing entropy of the cell systems, thus exerting a negative vector on AG® and
resulting in increased BEQ. Finally, informational entropy in the form of spatial organization, gene content, and gene regulation
also affects whether cells optimally convert chemical energy into biomass. At the extremum are non-growing
diffusion-controlled cell systems and at the other are compact solid-state cells in which metabolism is flux-controlled. Red, net
entropy (chemical, informational); blue, specific growth rate.
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of electrons, and the redox potential difference of the electron donor and electron acceptors, can be favorable
or unfavorable (eqn 2).

e donor 4+ e acceptor — CH, + byproduct 3)

If the Gibbs’ free energy is negative and the cell has a biochemical mechanism to convert that energy into the
ability to generate ATP, then we can predict that a cell with the ability to consume the substrate and produce
methane can grow [61,62]. The magnitude of the Gibbs’ free energy yield can indicate how much substrate
must be consumed to produce a molecule of ATP, the biological energy quantum (BEQ) [63]. For instance,
based on the studies of chloroplast ATP synthase, an average of 4.0 £ 0.3 protons are required to convert ADP
+P; to one molecule of ATP [64]. Transit of four protons through a membrane is equivalent to AG® (change
in Gibbs’ free energy) of 31.8 k] mol™" under physiological conditions, with a range of —25-45 k] mol™" (e.g.
chloroplast ATP synthase exhibits a AG’, of the reaction equal to 36 + 3 k] mol™! [60,64,65]). Hence, a Gibbs’
free energy value of an average —36 k] mol™" for a reaction can be hypothesized to yield one mole ATP per
mole substrate oxidized.

Depending on the substrates, methanogens can obtain from 0.5 to 2 moles ATP per mole substrate, which is
the lowest theoretical yield except for acetogens that grow by producing acetate from H, + CO, (0.25 moles
ATP), and syntrophs which must have a syntrophic partner to couple metabolism such that the overall Gibbs’
free energy yield for both organisms is favorable. There are several key considerations that should be taken into
account when using Gibbs’ free energy to predict methanogen metabolism. Chief among these considerations
are that the predicted energy yields suppose methanogens use a chemiosmotic ATP synthase. To date, all
methanogens use a transmembrane ion gradient to generate ATP via ATP synthase. Organisms such as fermen-
tative bacteria can use substrate-level phosphorylation to produce ATP, such as in the synthesis of phosphoe-
nolpyruvate in glycolysis that can be directly used to phosphorylate ADP to ATP, releasing pyruvate as a
byproduct. To date, no such examples of substrate-level ATP synthesis have been demonstrated by a methano-
gen. Several mechanisms for coupling substrate catabolism to generating a chemiosmotic gradient exist in
methanogens, such as coupled transport, scalar translocation, and active pumping by membrane-bound oxidor-
eductase enzymes. Several of these strategies are used by methanogens to conserve energy including proton
and/or sodium-pumping enzyme complexes (Mtr, Rnf) coupled to H"/Na" antiporter (Mrp), and scalar proton
translocation. Scalar proton translocation is accomplished via the membrane electron carrier methanophenazine
(MPh), which uses a quinone loop-type mechanism and hydrogenases to produce a ‘hydrogen cycle’ (Table 2)
[68-71]. Using Gibbs’ free energy to estimate methanogen metabolism also assumes a 100% ion pumping effi-
ciency for generating the chemiosmotic gradient. A metabolic reaction may have enough energy to pump four
protons out of the cell, but the chemical bond energy of the substrate may not be perfectly coupled to ATP syn-
thesis. The theory also assumes negligible metabolic entropy at the optimal growth temperature. For instance, a
cell may perfectly couple the substrate energy into ATP synthesis, but if cells have a high rate of ATP consump-
tion for non-growth-associated maintenance, the ATP could be consumed rapidly without appreciable growth.
The maintenance energy is defined as the flux of energy from substrate catabolism needed to maintain a unit
of biomass [72]. Finally, the Gibbs’ free energy gives a measure of spontaneity/favorability, but in itself cannot
be used to predict the rate of substrate consumption or of cellular growth.

Ultimately, whether the chemical energy of the substrates can be harnessed to conserve energy for the cell
requires that electrons from the substrate flow from a higher energy reduced state to a lower energy oxidized
state while producing ATP (Table 3). For methanogens grown in axenic culture, the electron donor is either
hydrogen (for hydrogenotrophic or methyl respiration pathways) or the carbon source itself (for methylo-
trophic, carboxydotrophic, or acetoclastic fermentation or respiration pathways). In each of these pathways, the
energy state of the electrons from the electron donor is higher than that of the electrons donated to the electron
acceptor. In all methanogens, a substrate is converted to methyl-Coenzyme M, which reacts with a Ni(I)F430
cofactor to produce a methyl radical and CoM-S-Ni(II)F,3, in the active site of methyl-coenzyme M reductase
(Figure 1) [7,75]. The nickel-tetrapyrrole coenzyme F,3, is unique to methanogens and evolved to form a
strong reducing agent necessary to activate carbon to accept electrons to form methane [76,77]. In the last step
of methanogenesis, a coenzyme B thiol (the terminal electron donor) enters the Mcr active site, donates an
electron to the methyl radical to produce methane, forms a coenzyme M-coenzyme B heterodisulfide to regen-
erate the Ni(I)F439 cofactor to release methane, and forms a coenzyme M-coenzyme B heterodisulfide. The
CoM-S-S-CoB serves as the terminal electron acceptor for electrons flowing down the electron transport chain,
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Table 2 Methanogenesis pathway enzymes and energy conservation’

Wolfe Cycle AG”
step? Reaction? (kJ mol™)? Enzyme Energy-converting?®
a CO, + MFR + 2H* — Formyl-MFR 16 Formyl-methanofuran dehydrogenase, Fmd No, but physically associated with
electron-bifurcating Mvh and Hdr
in Methanococcus
b Formyl-MFR + HsMPT — Formyl-H,MPT + MFR —-4.4 Formyl-methanofuran:H4MPT formyl transferase, Ftr No
c Formyl-HsMPT + H* — Methenyl-H;MPT* + H,O -4.6 Methenyl-H4MPT cyclohydrolase, Mch No
d Methenyl-HsMPT + F450H, — Methylene-HsMPT + 5.5 F20-dependent Methylene-H;MPT dehydrogenase, Mtd No
Faoo+H"
d Methenyl-H;MPT + Hy, — Methylene-H,MPT +HT —5.5 Ho-forming methylene-H4MPT dehydrogenase, Hmd No
e Methylene-H4sMPT + F 400H> — CHg-H/MPT + F40g  —6.2 F420-dependent Methylene-H,MPT reductase, Mer No, but physically associated
with Hdr and Acs/Cdh in
Methanosarcina
f CHg-H4MPT + CoM-SH — CH3-S-CoM + Hy;MPT -30 Methyl-H4sMPT:coenzyme M methyltransferase, Mtr Yes, Na* pumping
g CH3-S-CoM + CoB-SH — CoM-S-S-CoB + CHy4 —45 Methyl-coenzyme M reductase, Mcr No
h CoM-S-S-CoB + H, — CoM-SH + CoB-SH -40 Electron-bifurcating hydrogenase:heterodisulfide reductase complex,  Yes
Mvh:HdrABC
h CoM-S-S-CoB + 2H* - CoM-SH + CoB-SH -40 (Electron-bifurcating) ferredoxin:F420:heterodisulfide reductase, Yes/No in M. acetivorans
HdrABC
Ho + Fa00 = FasoHs + HY -1 F420-reducing hydrogenase, Frh Yes, hydrogen cycle in
Methanosarcina
j Hs + Fdox = H* + Fdeq 22.4 (-2.7)* Energy-converting sodium pumping ferredoxin hydrogenase Yes
k Ho + Fdox = H* + Fdieqg 22.4 (=2.7)* Ferredoxin reducing hydrogenase, Eha/Ech Yes
| CoM-S-S-CoB + MPhH, — CoM-SH + CoB-SH+  —4.2 Proton-translocating methanophenazine:heterodisulfide reductase, Yes
MPh HdrED
m Na*(in) + H*(out) = Na*(out) + H*(in) 0 Sodium—proton antiporter, MrpA No
n Fao0Hs + MPh = F450 + MPhH, -37.6 Fa20 proton-pumping methanophenazine reductase, Fpo Yes
ADP + P; —» ATP + H,0 30.3 ATP synthase No

"Adapted from refs [8,66,67]. Note that the Wolfe Cycle is the product of studies of the biochemistry and genetics of Methanobacterium, Methanococcus, and Methanosarcina organisms in pure cultures. Some
reactions (d, h, k) are to be catalyzed by different enzymes in different methanogen lineages. Some reactions are catalyzed by enzymes encoded by multiple gene copies on the chromosome (i.e. hydrogenases

and methyltransferases), while other enzymes are typically encoded by a single gene copy (i.e. mcr, hdrED). As the diversity of methanogen isolates increases, we can expect the Wolfe Cycle to expand to reflect

broader metabolic versatility of methanogens.
2Reactions named in the hydrogenotrophic methanogenesis convention.

8See Figure 2 to determine whether the reaction is energy-conserving or energy-consuming.

4Assuming the same polyferredoxin as in step a with a redox potential of =530 mV. Values in parentheses show the AG® if the polyferredoxin has a more typical redox potential of —400 mV.
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Table 3 C1 and alkane methanogenesis reactions

AG” Favorable for Observed
Substrate Reaction (kJ mol™) methanogenesis? metabolism?
Carbon dioxide (bicarbonate) 4H, + HCO3 + H" — CH,4 + 3H,0 -135.6 Yes Yes
Formate 4HCOO™ + H,0 + H* — CH,4 + 3HCO3 -32.5 Yes Yes
Methanol + hydrogen CH30H + Hy - CH4 + HO -112.5 Yes Yes
Methanol 4CH3OH — 3CH,4 + HCO3 + H,O + H* -78.6 Yes Yes
Acetate CHZCOO™ + H" — CO, + CH, -36 Yes Yes
Acetic acid (<pH 4) CH3COOH — CH4 + CO» -31 Yes No
Carbon monoxide CO +3H, —» CH4 + H,0O —142 Yes Yes?
Carbon monoxide 2C0O +2H, —» CH,4 + CO, 171 Yes Yes?
Carbon/graphite C+2Hy, - CH4 -50.7 Yes No
Ethane CoHg +Hs — 2CH, —68.6 Yes No
Benzene CgHg + 9H, — 6CH, —-434 Yes No
Acetone CHsCOCH3 + H,O — 2CH, + CO» -115 Yes No
Amino acids HoNCH,COOH + 5H, — 2CH,4 + NHz + 2H,0 —-204 Yes No
Glucose CgH120g = 3CO, + 3CH,4 -418.1 Yes Yes, syntrophic
multi-step

Values obtained from refs [66,73,74].

which are funneled through the CoM-S-S-CoB heterodisulfide reductase enzyme, Hdr [78-82]. Thus, methano-
gens have evolved to be so efficient as to synthesize their own terminal electron donor and terminal electron
acceptor that must be recycled to the free CoM-SH and CoB-SH thiols for subsequent rounds of
methanogenesis.

Hydrogenotrophic methanogens have evolved to grow by apparently ‘cheating’ thermodynamics, in a sense.
In the first step of the hydrogenotrophic pathway, CO, must be reduced by a low-potential Fe/S ferredoxin
(=530 mV) to produce formyl-methanofuran in an ‘uphill’ unfavorable reaction (Figure 1). To get over this sig-
nificant energy barrier, the cells have coupled unfavorable ferredoxin reduction to favorable reduction in
CoM-S-S-CoB (+140 mV) by using flavin-based electron bifurcation (FBEB) [12,83,84]. FBEB is distinguished
from quinone-based electron bifurcation that plays an essential role in mitochondrial respiration and photosyn-
thesis [85,86]. FBEB is catalyzed by multi-subunit enzyme complexes, one of which contains a flavin cofactor,
and is increasingly recognized as essential for coupling redox reactions to energy conservation mechanisms in
diverse bacteria and archaea [87,88]. In methanogens, FBEB is achieved by a multienzyme complex comprising
formyl-methanofuran dehydrogenase (Fmd), a hydrogenase (Mvh or Vht) that donates the electrons to a flavin
in a three subunit heterodisulfide reductase enzyme, HdrABC [89,90]. The HdrA polypeptide with bound
flavin cofactor accepts both electrons from the hydrogenase. The high-spin electron (—250 mV) is used to
reduce the CoM-S-S-CoB heterodisulfide in the HdrC active site in two one-electron reductions. The remaining
low-spin electron (—450 mV) is used to reduce a low-potential 2Fe/2S cluster ferredoxin center (HdrB? A sep-
arate ferredoxin?) in 2 one-electron reductions. The low-spin electrons are donated to Fmd that reduces CO, to
formyl-methanofuran. Because the redox reactions are physically linked by one enzyme complex that couples
the reactions, the redox potentials of the partial reactions can be summed. The net reaction is overall negative
(=120 mV) and the Gibbs’ free energy is favorable by —23.16 k] mol™. By linking the first and last steps of
hydrogenotrophic methanogenesis to regenerate the terminal electron donors CoM-SH and CoB-SH, the
pathway is cyclic and has been named the ‘Wolfe Cycle’ after Rouviere and Wolfe who first proposed the
pathway [8,91].

Methylotrophic, carboxydotrophic, and acetoclastic methanogens all possess Fmd and HdrABC, but not all
methanogens express functional hydrogenases and depending on the substrate and ‘wiring’ of central metabol-
ism, electron bifurcation may not be necessary for all methanogens [92,93]. For instance, during
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methylotrophic methanogenesis for Methanosarcina acetivorans, which does not express functional hydrogen-
ase enzymes, methanol is used as the electron donor and the electron acceptor in a branched anaerobic respir-
ation pathway. In this example, methanol is oxidized to CO,, and electrons are abstracted from
formyl-methanofuran in the opposite direction; hence, reduction in CoM-S-S-CoB, flavins, and any other elec-
tron acceptor is in the downhill favorable direction. Likewise, during acetoclastic methanogenesis, acetate is
cleaved into a corrinoid-bound CO that is oxidized to CO, with the production of two low-potential electrons
and the methyl group is donated to methyl-tetrahydromethanopterin by the acetyl-CoA synthase/carbon mon-
oxide dehydrogenase (Acs/Cdh, ACDS) complex. In the example of acetoclastic methanogenesis, reduction in
intracellular electron carriers is also favorable and should not require FBEB. The same can be said for carboxy-
dotrophic methanogenesis, though experiments with M. acetivorans suggest that carboxydotrophic growth is
not balanced [6,94,95]. Examples of how redox balance could be maintained include releasing a product
(formate/formaldehyde, acetate, or other molecules), donating electrons to a partner organism, producing a
synthetically designed bioproduct, or perhaps an alternative electron acceptor such as N,, minerals, or through
electrosynthesis.

New frontiers in methanogenesis

Reconsidering Gibbs’ free energy

Gibbs’ free energy is a useful guide in predicting whether or not an organism could exist given the overall
metabolic fermentation or respiration reaction they use to generate a chemiosmotic gradient [59] (Figure 2).
There are a few caveats to consider. First, the Gibb’s free energy AG® is typically calculated from formation
energies A/G° under standard conditions (1 bar, 1 M, 25°C) at constant temperature and pressure; conditions
that may have nothing to do with what cells will experience in the environment or the intracellular conditions
where enzymes do work. Unless care is taken to account for BEQ, growth temperature, concentrations, molecu-
lar phase changes, and considering biochemical fluxes (maintenance energy) it can be tricky to use the Gibb’s
equation to attempt to predict microbial physiology. Gibbs’ free energy is most useful for determining whether
one or more organisms may grow using an overall chemical reaction in a closed system (as in a sealed glass
culture tube) without making assumptions about the rates or biochemical mechanisms that may be used to
grow. Second, Gibbs’ free energy is easier to apply to transmembrane ion pumping during respiration or fer-
mentation reactions than to substrate-level phosphorylation or certain versions of scalar ion translocation
modes of energy conservation. Substrate-level phosphorylation to generate ATP is not easily described by
Gibb’s free energy because metalloids can hybridize molecular orbitals depending on the bond interactions in
the molecule. Unless the possible oxidation states of the carbon, phosphorus, and sulfur atoms are accounted
for in the Gibb’s free energy calculation, it can be prohibitively complicated to predict whether enough energy
is available to synthesize ATP. Therefore, it is formally possible that organisms could exist that grow by produ-
cing methane gas by coupling it to substrate-level phosphorylation through phosphoenolpyruvate,
1,3-bisphosphoglycerate, acetyl-phosphate, or other activated phosphotransfer substrate. As long as the phos-
photransfer molecule can then react with ADP to produce ATP, a cell could also dispense with ATP synthase
and membrane electron carriers. Such a methanogenic organism could appear to be an uncultured archaeon
with genes similar to a bacterial heterotrophic fermenter. Admittedly, it is difficult to imagine such a metabol-
ism for a single organism, as the substrate and product fluxes would have to be quite high. However, invoking
syntrophic partnerships that could balance substrate and product fluxes opens completely new horizons for
untapped biochemical diversity.

Metabolism of higher-carbon compounds, such as carbohydrates, glucose, fatty acids, or alcohols to CO,
using Wolfe Cycle enzymes (with or without methane production), has been observed, albeit requiring a syn-
trophic association between two or more organisms [96]. This is because activation of the carbon substrate to
an alkyl-thiol and subsequent C-C bond breakage is thermodynamically unfavorable under standard conditions
unless metabolic fluxes are coupled to favorable reduction in the terminal electron acceptor such as sulfate.
While syntrophic partnerships are typically described between two or more separate organisms organized in
granules or mats, it is possible that syntrophs or other organisms and methanogens could permanently
combine in a single host-symbiont system [97]. Such a symbiotic system may be impossible to identify using
current shotgun metagenomic approaches or could appear as a contaminated genome assembly from single-cell
genomic experiments.
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It is also formally possible that a fermentation co-product could be coupled to methane synthesis, similar to
bacterial mixed fermentation where multiple products are secreted. According to the Gibb’s free energy predic-
tion, as long as the half-reactions sum such that the overall reaction is favorable, an organism may have the
possibility to grow. Methanogens have used this trick, via FBEB, extensively [98]. As long as the total reaction
is energetically favorable, a seemingly ‘unfavorable’ reduction reaction can be coupled to a highly favorable
reduction reaction. By this principle, methanogens could be theoretically coaxed to produce higher-chain
alkanes or other incompletely oxidized carbon molecules in addition to methane so long as the net chemical
reaction is exergonic.

Some methanogens use hydrogen as a means to generate a transmembrane jon gradient using a ‘hydrogen
cycle’ [68,69,99,100]. In these methanogenic pathways, electrons derived from oxidized substrate are donated to
protons, producing intracellular hydrogen gas that crosses the membrane and as reoxidized on the outer
surface of the cell membrane by external-facing hydrogenases, thus resulting in scalar proton translocation that
can be used to drive ATP synthesis. Methylotrophic methanogens such as Methanosarcina acetivorans that can
grow without an additional electron donor (distinguished from methanogens like Methanomasiliiicoccales that
grow by reducing MeOH with H,) have evolved to route electrons through the cell via an unknown network of
flavins and Fe/S clusters or other organometallic cofactors [101-104]. These protein: protein interactions are
essential for conserving energy, increasing the rate of metabolism, and would be critical to identify and engineer
in order to manipulate or overcome substrate channeling to achieve high-yield bioproduct synthesis.

Prediction of microbial metabolism from Gibbs’ free energy says nothing of how energy is conserved, only
that enough energy may be available. When considering the overall metabolic reaction, as long as the rate of
biomass synthesis and respiration/fermentation is net favorable and greater than the reverse degradation/lysis
rate, then there will be overall net positive growth. However, the generation time of the cell is not specified
(minutes, hours, weeks, or years!). Ultimately, the rate of growth is determined by the sum of the substrate
uptake and secretion fluxes less the maintenance energy, which is a lower-bound estimation if the ATP used to
maintain cell integrity. The tightness of coupling to pumping oxidoreductases by protein : protein interactions,
the intrinsic thermodynamic stability of intracellular metabolites (aldehydes and amines), and the ‘leakiness’ of
membrane transporters all contribute to the net metabolic flux of the cell. Methanogens could yet be discovered
that have any combination of high/low BEQ and high/low maintenance energy requirements.

Methanogens have also been shown to grow by electrosynthesis [105-109]. In electrosynthetic respiration,
the Gibbs’ reaction may be unfavorable unless electrons are balanced, such as by coupling to consumption or
generation of an electrical current. Through an unknown mechanism that could include diffusion of extracellu-
lar electron carriers, electrically conductive nanowires or pili, or direct membrane/mineral or electrode contact
with anodes or cathodes, methanogens could possibly grow using chemistry that would be unfavorable by the
Gibbs’ free energy criterion in an enclosed culture tube so long as the current generated at the electrode satisfies
the electron input, in so-called unbalanced fermentation [110]. Finally, it is formally possible that an organism
could grow methano-photosynthetically by using photons to conserve energy or to photocatalyze metabolic
reactions. Methanogens synthesize photoactive cofactors, such as cytochromes, corrinoids, hemes, F,3 tetrapyr-
role, methanophenazine, and deazaflavin F,,, and have predicted carotenoid biosynthetic genes, all with the
potential to act as chromophores that could be coupled to transmembrane ion pumping or photocatalytic
redox reactions.

Reversibility

Unlike most organisms, methanogens have a ‘reversible’ metabolism. The reversibility of methanogenesis is due
to the dependence on hydrogenases and thiol cofactors CoM-SH and CoB-SH that are used extensively in
methanogenesis pathways [111]. Hydrogenases use Fe/Fe or Ni/Fe clusters that have a low energetic barrier in
either the forward or reverse directions. The thermodynamics of H, is also highly concentration dependent,
which means that under high H, concentrations, a hydrogenase will function in the forward direction, and
under low H, partial pressures, the same enzyme can catalyze the reverse biochemical reaction. Sulfur is a
reactive metalloid element that can form atomic orbital hybridization states that facilitate rapid m — n* elec-
tronic transitions. Thus, the energetic barrier for interconverting S-C, S-S, S-H, S-Ni, S-Fe, and S-Co bonds is
low and easily reversible. Reversibility could also be facilitated by close proximity of electron donors and accep-
tors in large oxidoreductase complexes [89,90,104]. By forming complexes, substrates could efficiently channel
from one end of a pathway to the other with minimal entropic decay at intermediate reaction steps.
Methanogens are not studied enough to know the extent of feedback inhibition in regulating metabolism,
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though genomic evidence (relative dearth of phosphotransfer-mediated cell signaling molecules) suggests that
metabolism may be primarily controlled by the rates of input and output fluxes, and is minimally constrained
by diffusion-mediated signal transduction or feedback inhibition.

Reverse of methanogenesis, methane oxidation to CO,, has been demonstrated by several groups [112-114].
In these cases, it is unresolved if growth occurred in the reverse direction. However, electron bifurcation sug-
gests that while confurcation may be entropically constrained, thus forming a high temporal/spatial barrier, it is
not impossible if substrate channeling and electron bifurcation by Hdr are invoked [92,115]. Phylogenomic evi-
dence suggests anaerobic methanotrophic archaea 2a (ANME-2a), organisms that grow by oxidizing methane,
solved this problem and were able to successfully evolve from Methanosarcina methanogens [116]. To do so, it
is thought they have reversed the direction of Mcr, Hdr, and coupled methane oxidation to reduction of sulfur
[115,117]. Theoretically, it is also possible that Fe or other heavy metals could be used as an electron sink. It is
also possible that anaerobic methanotrophs could produce intermediate-oxidation state fermentation products
such as organic acids, so long as there is a biochemical mechanism to generate a transmembrane ion gradient
for ATP synthesis. Subsurface metagenomic data suggest an ever-widening methanogen branch of the tree of
life as more mcr homologs are discovered, but the reversibility of methanogenesis enzymes leaves open the
question of which of those organisms are operating in the methanogenic or methanotrophic direction. The
number of possible electron sinks in the methanotrophic direction is greater than in the methanogenic direc-
tion, suggesting that a greater biodiversity is possible for methanotrophs than methanogens. However, metha-
nogens are known to use linear, branched, or circular fermentative or respiratory metabolisms, which allow
considerable metabolic diversity and complexity than what one might otherwise consider possible. To make
matters more complicated, it is also formally possible that electron bifurcation or the reverse confurcation
could allow organisms to grow either way depending on the relative concentrations of methanogenic or metha-
notrophic substrates in the environment [115].

Methanogens past or yet to be...

Improvements in DNA sequencing technology are allowing researchers to uncover a widening methanogen
branch of the tree of life, but there is also an increasing appreciation that we may know very little of the
ecology or biochemistry of these ‘new’ methanogens. Beyond requirements for certain metals or lithotrophic
substrates, other C sources should also be considered. Recent developments on this front are encouraging with
heterotrophic and coal-degrading methanogens being described [4]. Methanogens may also grow using multiple
trophic modes, as other organisms can. Many methanogen isolates, to date, are restricted to using one or a few
substrates to grow, but Methanosarcina species are capable of using several substrates using different methano-
genesis pathways. New methanogens may yet be discovered from other clades with similar substrate flexibility.

Within the past few years, methanogenesis genes have been detected in uncultured archaea outside the
Euryarchaea. Based on metagenomic reconstruction of environmental samples, it has been proposed that
organisms in the Bathyarchaeota and Verstraetearchaeota phyla are capable of methanogenesis [118,119]. If
true, this would support the idea that methanogenesis may have evolved independently more than once in
Earth’s history [120].

The most complete Bathyarchaeal genomes, to date, BAl1 (~92% complete) and BA2 (~94% complete),
indicate that both organisms contain homologs of methanogenesis genes [118]. BA1 and BA2 genomes were
compiled from metagenomic assemblies of DNA isolated from subsurface waters in the Surat Basin. While BA1
appears to definitively contain methyl-S-coenzyme M reductase mcrABG genes, only a putative assignment can
be made for mcrCD genes. Similar to Lokiarchea, BA1 has mtrH, but is missing the mtrABCDEFG subunits
that couple methyltransferase activity to generation/consumption of a transmembrane sodium gradient.
Bathyarchaea contain mvh:hdrABC, hdrD, but lack hdrE as well as the genes for CoM or CoB biosynthesis,
fpo, frh, or rnf. While energy-converting hydrogenase ech is present, no other mechanisms for energy conserva-
tion or the genes for V/A-type ATP synthase are apparent. The BA2 genome has a complete mcrABGCD
operon, but the Wood-Ljungdahl pathway genes are absent or are more closely related to bacterial genes. From
these characteristics, it is difficult to assign Bathyarchaea as methanogens. Based on the metagenome sequences
and what we know of energy conservation in known methanogens, Bathyarchaea would somehow need to
couple methanogenesis to very high substrate fluxes and substrate-level phosphorylation in order to grow.
Without isolates or a low-complexity enrichment, we cannot yet definitively confirm that BA1 or BA2 can
grow by methanogenesis, and we cannot exclude the possibility that BA1 and BA2 are (methane-oxidizing)
acetogens.
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Verstraetearchaeota genomes V1, V2, V3, V4, and V5 have been assembled from metagenome datasets
obtained from diverse habitats including cellulose-fed or palm oil-fed anaerobic digesters, iso-alkane-degrading
methanogenic enrichments from tailing ponds, as well as from the same coal bed waters in the Surat Basin that
produced the Bathyarchaea BA1 and BA2 metagenomes [119]. V1, V2, V3, and V4 genomes are 90.3-99.1%
complete, while V5 is 60.2% complete. Like Bathyarchaea, Verstraetearchea have a mtrH only, methyltransferase
genes, mvh, hdrABC, and an ehb energy-converting hydrogenase. However, Verstraetearchea have a complete
set of mcrABGCD genes, ATP synthase, and fpo, but lack cdhabcde, acs, and all of the other genes required for
hydrogenotrophic or acetoclastic methanogenesis. Instead, it seems that Verstraetearchea have flexible metabolic
capabilities including for fermentation (Embden-Meyerhof-Parnas, EMP), pyruvate:ferredoxin oxidoreductase,
an intermediate type II/III ribulose 1,5-biphosphate carboxylase/oxygenase (RuBisCO) for carbon fixation,
peptide transporters, and keto acid fermentation genes, as well as archaeal-type adenosine diphosphate
(ADP)-forming acetate synthetase (Acd). The metagenome data alone suggest that Verstraetearchea could be
methyl-respiring methanogens that generate ATP via chemiosmotic coupling to a transmembrane proton gradi-
ent in addition to using substrate-level phosphorylation by sugar or peptide fermentation. However, key details,
such as the identity of a membrane electron carrier substrate for fpo, or whether methanogenesis or anaerobic
fermentation genes are coexpressed, remain to be resolved.

Predicting methanogen metabolism from mined metagenome sequences tests the limit of what can be pre-
dicted by sequence homology, which is especially difficult with respect to hydrogenases, electron transfer pro-
teins, and multienzyme complexes comprising multiple subunits that may only form transient protein:protein
interactions or have a level of substrate non-specificity built into optimal function of the cell system. Without
isolates or enrichments of newly discovered methanogens, we cannot yet tell if methanogenesis genes are being
lost or acquired, when they are expressed, or whether they encode functional proteins. While the biochemistry
of methanogenesis in new organisms is fascinating and challenging to decipher, there is a broader world of
methanogen capabilities and phenotypes that are yet to be described. Methanogens are known to produce
archaella (functionally similar to bacterial flagella yet akin to the bacterial Type IV pilus in structure), and are
known to have viruses [43,121]. Other areas of methanogen biology to be explored include finding spore-
formers, identifying and characterizing other extracellular appendages, capsule and cell wall synthesis, defining
mechanisms for conjugation and genetic recombination, or finding methanogen predators or methanogen
pathogens. These areas are wide open for discovering new biological diversity [43,121].

When is an organism no longer a methanogen?

A methanogen is defined by the ability to conserve energy by producing methane gas. To date, all known
methanogens are archaea based on 16S rRNA phylogeny, but being an archaeon is not a formal requirement
for being a methanogen. Phylogenomic data comparing information processing (16S rRNA gene) and metabol-
ism suggest that methanogens have an ancient metabolism that traces back to the Last Universal Common
Ancestor, LUCA [122]. Phylogenetic evidence also suggests that ancient methanogens diversified, and several
non-methanogen lineages are thought to have evolved from ancestral methanogens. Archaeoglobales are hetero-
trophic sulfate-reducing archaea that appear to have lost the ability to grow by methanogenesis because they no
longer have the mcr gene, but they retain the rest of the core methanogenesis pathway genes. Halophilic
archaea such as Halobacterium that use bacteriorhodopsin and light to conserve energy are also closely related
to methanogens by 16S rRNA phylogeny [123]. ANME are also closely related to methanogens. Metagenomic
data suggest that ANME methanotrophs use ‘reverse methanogenesis’, using all of the same core methanogen-
esis enzymes but in the opposite direction, to donate electrons to nitrate, sulfate, or metal oxides through
anaerobic respiration [117]. Bathyarchaea and Verstraetearchea, while still uncultured, have several methano-
genesis genes that suggest they may be capable of either methylotrophic methanogenesis or methane oxidation
[118-120]. Finally, partial genomes of newly discovered Lokiarchaea in the Asgard phylum suggest an ancient
link between methanogens and Eukarya, teasing the possibility that the first eukaryote may have been a hydro-
genotrophic archeaon with methanogen-like metabolic capabilities that engulfed an Alphaproteobacterium that
would become mitochondria [124,125].

Studying methanogen evolution in the past allows us to understand how life has evolved and continues to
evolve into the future. However, the span of time that our universe has existed is not so great as to sample all
the molecular and biochemical diversity that is chemically feasible. New methanogens, given the right encour-
agement, are yet to evolve. Metabolic engineering and synthetic biology tools are becoming increasingly sophis-
ticated in methanogens, and because they are astoundingly prolific at producing methane and capable of
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growing on abundant and inexpensive non-food and waste carbon sources, methanogens hold great promise as
a biotechnology platform [126]. Well-developed genetic methods are available in Methanosarcina and
Methanococcus species, with numerous shuttle vectors, reporter genes, and antibiotic selection markers avail-
able [127,128]. Methanosarcinales have comparatively diverse metabolic modes with the ability to grow using
several methanogenesis pathways and lithoautotrophic or heterotrophic substrates, while Methanococcus species
have short generation times and are highly efficient at hydrogenotrophic methanogenesis. Methanogens can
grow by respiration or fermentation in which a metabolite derived from a substrate is used as the terminal elec-
tron acceptor, albeit unlike in many bacterial fermenters, all methanogens, to date, couple fermentation to gen-
eration of a chemiosmotic membrane potential for ATP synthesis [129]. Methanogens harness very little
substrate for growth, but convert 60-99% of substrate into methane that can be used to provide electricity and
transportation fuel. Therefore, as a biochemical platform, very little substrate is wasted as unwanted host
biomass, but a maximum amount of substrate and energy is diverted to respiration or fermentation products
[126]. Methanogens can already grow by producing or using methane by taking advantage of the low energy
barrier of C-S bond formation and coupling that energy to synthesis of central metabolites and biomass. By
creatively applying the knowledge of redox biochemistry, microbial physiological diversity, and bioenergetics,
methanogens have the potential to be coaxed into producing industrially important chemicals from non-food
substrates using non-potable water with the specificity that can only be achieved by biological catalysts
[126,130-132]. The discoveries of ‘reverse methanogen’ methanotrophs [117], ex-methanogen sulfate-reducing
archaea, and heterotrophic aerobic archaea show us that Nature has already laid the blueprint for effective
strategies to expand the metabolic diversity of methanogens.

Summary
e Methanogens are defined as any organism that conserves energy by producing methane gas.
To date, all methanogens are archaea.

e The Wolfe Cycle is used by methanogenic archaea to grow from one-carbon substrates or
acetate.

e Thermodynamics can be used to explain methanogen metabolism and also to predict or
design new methanogenic pathways.

e Studying methanogen metabolism and biochemistry has produced groundbreaking discover-
ies that continue to push the boundaries of Biology today.

e New methanogens are waiting to be cultured or created using synthetic biology approaches.
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