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Anaerobic methane oxidation in archaea is often presented to operate via a pathway of “reverse methanogenesis”. However,
if the cumulative reactions of a methanogen are run in reverse there is no apparent way to conserve energy. Recent findings
suggest that chemiosmotic coupling enzymes known from their use in methylotrophic and acetoclastic methanogens—in
addition to unique terminal reductases—biochemically facilitate energy conservation during complete CH, oxidation to CO,.
The apparent enzyme modularity of these organisms highlights how microbes can arrange their energy metabolisms to
accommodate diverse chemical potentials in various ecological niches, even in the extreme case of utilizing “reverse”

thermodynamic potentials.
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In the 1970s, methane consumption in marine anaerobic
environments was observed to be linked to sulfate reduction
(6, 55, 76), and this ushered what has become a history of
inquiry into the biological phenomena responsible for anaer-
obic methane oxidation. Early on, an ability of sulfate-reducing
bacteria (SRB) to co-metabolize methane was proposed (76),
though later it was hypothesized that methanogens might be
able to operate in the direction of methane oxidation when
paired with H,-consuming SRB (114). Field evidence for this
was provided with the observation that sulfate stimulated
methane oxidation and 2-bromoethanesulfonic acid (an inhibitor
of methanogens) inhibited the process, and it was proposed
that anaerobic methane oxidation by archaea phylogenetically
related to methanogens might occur through a pathway of
“reverse methanogenesis” (39).

The subsequent findings of consortia comprised of phylo-
genetic relatives of methanogens and Deltaproteobacteria
(12) which were isotopically depleted in 13C (70, 71), appeared
to strongly support this hypothesis, and later studies identified
a near complete methanogenesis pathway within members of
the anaerobic methane-oxidizing archaca ANME-1 clade (34),
adding further support to the idea that these archaea were
operating the methanogenesis pathway in reverse. Thus it
seemed that a syntrophy of methane oxidation coupled to
sulfate reduction based on the exchange of reducing equiva-
lents had been identified. A major stumbling block with the
idea of methanogens operating in reverse has existed though,
since it remained unclear how energy could be conserved
during the reversal of an energy conserving process. Said
another way, because methanogens make a living by produc-
ing methane, just how could it be that methane oxidizing
archaea could make a living by consuming it?

* Corresponding author. E-mail: meglynn@elsi.jp;
Tel.: +81-3-5734-2189; Fax: +81-3-5734-3416.

Methanogen or methanotroph? Follow the electrons

Anaerobic methane-oxidizing archaea have been found to
be polyphyletic in trees drawn from rRNA and protein encoding
functional genes such as Mcr (for an example, see [42]).
Therefore, in this paper “ANME” will be used simply to refer
to the physiology of methane oxidation in ANaerobic
MEthane oxidizing archaca. Where a specific phylogenetic
group can be specified, it will be with the associated number
and letter combinations used to refer to these clusters (e.g.
ANME-1, ANME-2, AOM Associated Archaea (AAA), and
AAA cluster member “Ca. Methanoperedens nitroreducens).

ANME archaea have evaded attempts of isolation in pure
culture, and their slow doubling times (weeks to months [20,
32, 43, 57, 59, 66, 72]) have hampered their investigation.
Current thinking on their physiology is guided by knowledge
of methanogens, which have been systematically studied in
detail for decades (for reviews, see [16, 98, 100, 111]) (Fig.
1). Given that methane-oxidizing archaea appear to exhibit
the same central carbon metabolism as methanogens (34, 35,
61, 107), key questions to address in terms of their physiology
are 1) how they generate ATP from the reverse of methano-
genesis, ii) and where the electrons from methane go.

Methanogen metabolism in comparison to archaeal
methanotrophs. In order to understand archaeal methane
oxidation, it is useful to discuss the physiology of methane
formation in methanogens. Methanogenesis from CO, and H,
in hydrogenotrophic methanogens with cytochromes (those that
transfer electrons into and out of a membrane redox pool)
occurs as shown schematically in Fig. 1 (left) for Methanosarcina
barkeri (adapted from [100]). There we can see the operation
of the following energy converting protein machines: Ech
hydrogenase, which is a redox active chemiosmotic pump
capable of interconverting chemiosmotic and electronic potentials
(101, 112), the methyl-transferring Mtr protein which inter-
converts the chemical potential of methyl group transfer to
the pumping of sodium ions to the outside of the cell (9, 45),
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Fig. 1. Varieties of physiology in methane metabolising archaea, with respective chemiosmotic coupling steps indicated. Red arrows represent

electron transfer, while dashed blue arrows show chemiosmotic ion movement. Enzyme abbreviations and references for the enzymes indicated are:
Frh, F,p-reducing hydrogenase (2); Ech, energy-conserving hydrogenase (101, 112); Vho, methanophenazine-reducing hydrogenase (22); Fpo/Fqo,
F,40H,: phenazine/quinone oxidoreductase (7); HdrDE, heterodisulfide reductase (21); Mhc, Multiheme cytochrome (57); Rnf, Na'-translocating,
ferredoxin:NAD oxidoreductase (88); Mtr, Na*-translocating methyl-H;MPT:coenzyme M methyltransferase (9, 45).

the Vho hydrogenase (22)/Hdr heterodisulfide reductase system
(21) which couples the movement of electrons and protons to
the generation of chemiosmotic potential by a redox loop
mechanism (21, 23, 93), and ATPase, which converts the
membrane proton/sodium (87) potential back into chemical
potential in the form of a high cellular ATP:ADP ratio.

In methanogens which consume carbon compounds of
intermediate redox states, such as methanol or methylamines,
the carbon pathway is a disproportionation, and the cell forms
3 CH, and 1 CO, for every 4 CH;0H consumed to achieve
redox balance. The 6 electrons derived by oxidation of 1
CH;0H to CO, are used during (three) 2 electron reductions
of 3 CH;0H to CH,. An example of this is shown in Fig. 1
(center) for M. acetivorans. Hydrogenase enzymes are absent
(although methylotrophic cells such as M. mazei that use H,
as an electron intermediate exist), and the redox active Rnf
(88) and Fpo (7) proteins pump Na* and H* ions out of the cell
respectively, while reducing the membrane-bound electron
carrier methanophenazine (MP). The reduced methano-
phenazine from these steps is later reoxidized by the activity
of HdrDE, which supplies electrons for methane generation
and releases protons from methanophenazine to the outside of
the membrane, thereby closing the redox balance and contrib-
uting to the proton motive force.

ANME Archaea: Where do the electrons go? Methane
oxidation with H, as an electron vent (protons as the electron
acceptor) has not been supported by genomic (4, 35, 61, 107)
nor microcosm studies (60, 63, 66, 67). An alternative proposal
was that methane-oxidizing archaea themselves function as
sulfate reducers during methane oxidation and produce HS,",
which could then be used by partner sulfur disproportionators
(62). The physiology in that case may be interpreted to operate
non-syntrophically, since the amount of energy from sulfate
reduction would obviate the need for a syntrophic partner
(62). It is not clear how widespread archaeal sulfate reduction
with methane is however, since subsequent investigations
(108, 109) reported that dominant SRB partner organisms did
not grow on elemental sulfur as proposed and microcosm-
derived SRB did not have the ability to disproportionate sulfur
at the 7:1 stoichiometry of sulfide and sulfate, as previously
reported (62).

Other than syntrophic coupling through molecules, there is
the possibility of syntrophic coupling through direct electron
exchange. Indeed, numerous laboratory studies have reported
direct interspecies electron exchange (DIET) between bacte-
ria and also between bacteria and archaea (33, 50-52, 65, 77,
80, 81, 96). Analysis of the ANME-1 draft genome indicated
the presence and expression of a number of multiheme cyto-
chrome proteins (61), which led the authors to suggest the
possibility of DIET. Support for this was provided by inde-
pendent investigations of SRB paired ANME-1 and ANME-2
consortia. For ANME-1, electronic coupling was suggested
to be facilitated by nano-wire-like structures (see [52, 92] for
reviews) that may emanate from the bacterial partner (108),
whereas conductivity was suggested to occur for ANME-2
members through a conductive mesh of multi-heme cytochrome
proteins that extend from the archaeal S-layer and appear to
allow electronic contact with partner SRB (57). These pro-
posed mechanisms await direct experimental confirmation,
for example, by conductivity measurements of whole consortia.

One way to test the hypotheses of syntrophic coupling by
DIET would be to determine if the syntrophy could be decou-
pled by adding an appropriately poised electron donor or
acceptor which would electronically interrupt the partnership.
In the case of ANME-1-targeted experiments, SRB partners
were shown to decouple growth from their archaeal syntro-
phic partners when H, was supplied (108). However, H,
appears to only decouple in the case of thermophilic consortia
and not in their mesophilic relatives, and this may explain
why previous studies failed to observe effects with H, (60,
66, 67, 109). In the case of de-coupling through an added
electron acceptor, a number of soluble electron acceptors
have been used to demonstrate that methane oxidation by
marine ANME-2 can be de-coupled from bacterial partners
(84). Addition of oxidized 9,10-anthraquinone-2,6-disulfonate
(AQDS) or Fe'-citrate resulted in bacterial partners which
were dramatically less anabolically active, whereas the part-
nering methane-oxidizing archaea exhibited similar activity
and methane oxidation was sustained. The ability to donate
electrons to Fe" and AQDS is characteristic of well-studied
microbes involved in DIET (13, 18), and is consistent with
previous findings of metal oxides promoting methane oxida-
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tion (8). A recent study (27) indicated that iron reduction
coupled to methane oxidation was broadly distributed, being
accomplished also by “Ca. M. nitroreducens”-like members
of the phylogenetically distinct AOM-associated archaea
(AAA) (42), which also contain protein encoding DNA sequences
for large multiheme cytochromes (41, 57).

Other than methane-oxidizing archaea which appear to use
Fe' or SRB as a terminal electron acceptor (through sulfate
reduction), methane-oxidizing archaea have also been shown
to utilize nitrate. This possibility was first revealed when a
freshwater consortium of archaea and bacteria was identified
that depended on nitrate as an electron acceptor instead of
sulfate (74). Astoundingly, this was later found to contain
two organisms capable of anaerobic methane oxidation: one
bacterial (which is not discussed here and uses nitrite as the
terminal electron acceptor [25, 26]), and one archaeal which
uses nitrate. These denitrifying anaerobic methane-oxidizing
(DAMO) archaea include those now known as “Ca. M.
nitroreducens” (35), and are also sometimes referred to as
ANME-2d (although “2d” may result in confusion with the
phylogenetically distinct marine ANME-2a/b/c groups and is
avoided here in favor of “DAMO”, “AAA-cluster ANME”,
or specifically “Ca. M. nitroreducens”). These findings have
recently been advanced by a metagenomic analysis of “Ca.
M. nitroreducens” relatives, which indicated that at least
some relatives might use both nitrate and nitrite as an electron
acceptor (4).

One critical area moving forward will be to determine if
the methane oxidizing archaea apparently capable of electron
export to the outside of the cell are actually electronically
conductive, since the previous reports inferred this indirectly
(57, 108). Research also remains to be done on the multi-
heme cytochrome proteins proposed to relay electrons to
partner SRB or iron oxides, since cytochromes alone have not
been demonstrated to be sufficient to support DIET (48, 92).
Are the proposed proteins actually expressed? Where are they
physically located? What are their electronic mid point
potentials? These are all urgent questions to assess the
hypothesis of DIET put forward.

A final mystery to be addressed with the above hypotheses
are the ANME who apparently live without a syntrophic
partner and do not respire nitrate. The metabolism of methane
oxidation with electron export might account for those ANME
who live in direct contact with a syntrophic partner or have a
continuous supply of an oxidant (e.g. Fe); however the
repeated observation of aggregates comprised only of ANME
cells (70, 71, 79) might be a sign of surprises yet to be uncovered.

Beyond “reverse methanogenesis”: proposed models of
energy conservation in methane-oxidizing archaea.

The above discussed findings indicate at least three modes
of archaeal anaerobic methane oxidation based on the reduc-
tion of i) SRB ii) metal oxides such as Fe'-citrate, and/or iii)
nitrate. But how do the electrons get from methane to these
acceptors, and how is energy conserved along the way?

Proposed metabolism of methane oxidation coupled to
extracellular electron acceptors including SRB. For those
methane oxidizing archaea which reduce SRB or metal
oxides, the suggested (57) model of energy metabolism drew

on extant genomic knowledge of ANME-2a (107) and a
genomic bin of ANME-2b (Fig. 2A). This model or a close
variant may also correspond to the physiology employed in
ANME-1 and also during iron oxide reduction by some “Ca.
M. nitroreducens”. The half reaction for the metabolisms
would be:

(1) CH,+2H,0 = CO,+8¢ +8H*

Equation 1 requires CO,, electrons, and protons derived from
methane oxidation to leave the cell. For carbon oxidation, the
same enzymes of a hydrogenotrophic methanogen are
thought to be used in reverse (for reviews, see [ 100, 102]). All
eight electrons derived from carbon oxidation were proposed
to enter the membrane-bound methanophenazine pool, and
this was proposed to occur at four two-electron steps using
three different enzyme modules: HdrDE, Fpo (used twice),
and Rnf complexes (Fig. 2A). These complexes have been
characterized in methanogens (7, 21, 88, 111) and are present
in the ANME-2a genome (107).

Methanophenazine reduction requires two protons, and in
the case of the Fpo and Rnf reactions, protons are thought to
be derived from the cytoplasm (7, 10, 88). HdrDE is however
different as it likely sources protons for methanophenazine
reduction from the outside of the cell, the reverse of its “forward
reaction” when operating in an energy-conserving redox loop
(21, 93). Cumulatively then, although all 8 electrons from
methane are thought to be transferred to methanophenazine,
only 6 of the protons from reaction 1 would be transferred (by
the Fpo and Rnf reactions). 2 protons would remain in the
cytoplasm (those from the Hdr reaction), and these protons
must be compensated for by chemiosmotic reactions at other
steps in the metabolism.

A similar model to that described above can also be imag-
ined for ANME-1, now that they too have been proposed as
actors in direct interspecies electron transfer (108) (though
the carbon pathway may vary slightly since they appear to
lack the gene coding for the methylene-H,;MPT reductase
enzyme: Mer [61]). An Fpo system of the same type thought
to be involved in ANME-2 was identified in ANME-1, but an
Rnf based mechanism for ferredoxin oxidation was not (61).
Going off the idea for “Ca. M. nitroreducens” (4) (see below,
and Fig. 2B), it could be that ferredoxin is oxidized by electron
confurcation involving the oxidation of CoMSH+CoBSH and
ferredoxin with reduction of two F,o. The two H,F,,, pro-
duced would later be oxidized by the membrane-bound Fpo
complex and result in chemiosmotic ion pumping across the
membrane. Alternatively, it could be that the ferredoxin is
directly oxidized by the Fpo complex in a similar manner to
that proposed for Methanosaeta thermophila (110). A similar
physiology may also exist for “Ca. M. nitroreducens”, since
as discussed below, they appear to lack the Rnf complex (see
below).

How could the protons and electrons bound by methano-
phenazine leave the membrane of these methane oxidizing
archaea? It is possible to imagine this process occurring in an
analogous fashion to what is thought to happen in bacteria in
the “porin-cytochrome” model (78)—where the bacterial outer
membrane is replaced with the archaeal S-layer, and the porin
complex is replaced with the proposed archaeal integral
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Fig. 2. Suggested pathways for the central carbon and energy metabolism of anaerobic methane-oxidizing archaea. A) Archaeal methane oxidation
coupled to extracellular electron acceptors and SRB, re-drawn from (57). B) Nitrate-utilizing “Ca. Methanoperedens nitroreducens” re-drawn from
(4). The cell membrane is indicated in light gray. Enzymes in white are common between archaeal methanotrophs and methanogens, enzymes in blue
are found in both archaeal methanotrophs and methylotrophic methanogens, enzymes in green are so far only in archaeal methanotrophs implicated
in DIET and Fe!! reduction, and enzymes in orange are in nitrate-reducing archaeal methanotrophs only. Protons and sodium ions with chemiosmotic
relevance are shown. Mch and Ftr are shown acting in one step only to save figure space. B) shows the possibility of reducing nitrate completely to
ammonium, and also two possibilities for oxidizing the HS-CoM and HS-CoB co-factors (discussed in the text). Fqo with respiration on nitrate was
proposed to result in more ion pumping than Fpo in methanogens, as discussed in the text. Abbreviations for enzymes and co-factors in the figures
are: Fyy, coenzyme F,o; H{MPT, tetrahydromethanopterin; HS-CoB, coenzyme B; HS-CoM, coenzyme M; MFR, methanofuran; MP, methanophenazine;
Fd, ferredoxin; Frh, F4,-reducing hydrogenase; Ech, energy-conserving hydrogenase; Vho, methanophenazine-reducing hydrogenase; Fpo, F4,,H,:
methanophenazine oxidoreductase; Fqo, F4,0H,: quinone oxidoreductase; Hdr, heterodisulfide reductase; Cyt, cytochrome; Nar, nitrate reductase
complex; Nrf, nitrite reductase; FrhB, F,,, hydrogenase subunit B; Rnf, Na*-translocating, ferredoxin:NAD oxidoreductase; Fmd, formyl-methanofuran
dehydrogenase; Ftr, Formylmethanofuran/H,;MPT formyltransferase; Mch, methenyl-H;MPT cyclohydrolase; Mtd, F,,-dependent methylene
H,MPT dehydrogenase; Mer, Fy,,-dependent methylene-Hy;MPT reductase; Mtr, Na*-translocating methyl-HyMPT:coenzyme M methyltransferase;

Mcr, methyl-coenzyme M reductase.

S-layer cytochrome complex. For both electron and proton
export out of the membrane, it could be that a homolog of the
cytochrome-b HdrE or VhoC proteins may interface with the
S-layer bound cytochromes and function as a methano-
phenazine oxidoreductase. Perhaps there is something like
the bacterial CymA, which facilitates proton and electron
transfer from quinol to the outside of the membrane (54, 58).
Similar to CymA, the proposed protein in methane oxidizing
archaea would not be itself proton motive, and the protons
derived from methane oxidation would be released from the
methanophenazine pool on the outside of the cell (Fig. 2A,
top left). Electrons from methanophenazine (MPH,/MP:
E%=-165 mV [103]) would then be transferred to S-layer
cytochromes and finally to extracellular electron acceptors such
as partner SRB (57) or other electron acceptors including Fe!™
oxides (27, 84), where they would presumably be at a suffi-
ciently reducing potential to be able to drive the corresponding
reductions, for example the APS/HSO;™ (E*=-60 mV) and
HSO;/HS™ (E*=-120 mV) couples (99, 102) in SRB.

How many ions are pumped, and how much ATP is syn-
thesized during methane oxidation as depicted in Fig. 2A?
There is considerable uncertainty and to be sure, nobody
currently knows, however a brief discussion may aid in the

discovery of what is yet unknown. The ATP yield of the
metabolism will depend on i) the pumping stoichiometry of
the complexes indicated (including ATPase), ii) the thermo-
dynamic efficiency of the metabolism (the amount of energy
lost as heat), and iii) the intracellular pH and ratio of ATP:ADP
in the cell. Considering points i) and ii), the pumping stoichi-
ometries for chemiosmotic coupling complexes exist for homo-
logs when they operate in methanogenic pathways (7, 21, 88)
and those numbers can serve as guides, however they are not
known for any methane oxidizing archaea. The amount of
energy wasted as heat during metabolism, and whether some
of these pumping units have variable pumping stoichiome-
tries also remains unknown. One possibility is that these
complexes “slip”, which may be a function of the thermody-
namic driving potential, as suggested for other molecular
motors (5). Regarding point iii), we can consider the energy
of ATP formation in a growing cell to be approximately
+60 kJ mol™' (85), but may be as low as approximately
+40 kJ mol™! for a cell in the stationary phase or in cases in
which total coupled reaction energies occur near equilibrium
(40, 97, 105). If methane oxidation with sulfate yields
AG™=-35 kJ mol! (1 mM reactants) (30), then we can
expect about 0.3-0.4 ATP to be synthesized per methane
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oxidized within a growing ANME cell (recall that half the
reaction energy needs to go to the SRB partner). Since
approximately 20 kJ mol™' is required in order to pump a
single ion across a charged membrane (85), the net chemios-
motic pumping result of Figure 2A is probably the net
pumping of a single ion.

Nitrate-coupled methane oxidation in anaerobic archaea.
Although many steps are shared with the above described
marine methane-oxidizing archaea relying on syntrophic direct
interspecies electron transfer, nitrate-respiring anaerobic
methane-oxidizing archaea “Ca. M. nitroreducens” (DAMO
archaea) have a number of unique features (Fig. 2B). They
appear to use menaquinone (MQ: E¥=-80 mV [105]) as the
membrane-soluble electron carrier, and this, in turn, was
proposed to alter overall the bioenergetics, for example the
ion-pumping stoichiometry of the Fqo enzyme, where the
larger potential difference between MQ and H,F,,, than
between MP and H,F,,, could result in the ability to do more
work with the reaction (4) (other methane-oxidizing archaca
await definitive assignment of the membrane bound electron
carrier but are thought to use methanophenazine). In addition,
the genomes currently available appear to lack the Rnf com-
plex. In SRB-paired ANME-2, that complex was proposed to
be responsible for oxidizing reduced ferredoxin and translo-
cating sodium ions across the membrane (Fig. 2A, top) (57).
As an alternative, ferredoxin recycling in “Ca. M. nitroredu-
cens” was proposed (4) to use an electron pair-confurcation
involving CoMSH+HSCoB and ferredoxin oxidation with
two F,yy reduction (Fig. 2B, top left). This possibility was
discussed above in ANME-1 and may also account for ferre-
doxin recycling in “Ca. M. nitroreducens” during iron oxide
reduction. The BLZ1 “Ca. M. nitroreducens” strain was found
to encode for a homolog of an Ech hydrogenase that may also
be used for ferredoxin oxidation; however, that protein lacks
the two “CxxC” motifs needed to ligate the active site cluster
(1, 106) so cannot be considered to be operative in hydrogen
metabolism in the organism.

A further difference in “Ca. M. nitroreducens” compared
to the syntrophic sulfate case is the amount of energy avail-
able when using nitrate as terminal electron acceptor. “Ca. M.
nitroreducens” does not appear to be energetically bound to
its partners when in consortium and the partner organism
might function for nitrite removal, since methane oxidation
coupled to the reduction of four nitrate molecules to nitrite is
expected to yield AG™=-523 kJ mol™ (4, 17, 30) (1 mM
reactants). This compares quite favorably to methane oxida-
tion linked to the SRB value of ~—15-20 kJ mol™! (half the
total chemical potential of the reaction: see above). In the
case of ANME coupled to SRB, the energetics might be
interpreted to fit the observed low growth rate of the organ-
isms. However, even with available energy and an apparent
capacity to utilize it, “Ca. M. nitroreducens” has also been
reported to grow with slow doubling times in the order of
weeks (74) and has a similar methane oxidation rate to
sulfate-coupled ANME (in the range of fmol CH, [cell*d]™)
(35, 67, 68, 74). Perhaps energy yield does not scale directly
with doubling times in these organisms or growth rate is
limited by some currently unknown factor. Or simply, perhaps
growth is governed by the kinetics of Mcr enzyme reaction
step which correlates to in vivo rates (83).

Methanogen-methanotroph “switch back”?

Related to the question of methanogen-methanotroph
switch back is the process known as “reverse acetogenesis”,
which is known to be performed by bacteria in syntrophic
relationships with H,-consuming partner organisms. In one
variety, acetate is consumed using an oxidative acetyl-coenzyme
A pathway, and the hydrogen produced is consumed by part-
ner methanogens (36-38, 89, 113, 116). Other examples exist
where the syntrophic relationship is with a non-methanogenic
H, consumer (19, 115), with acetate being oxidized via an
oxidative citric acid cycle (31).

Although some acetate oxidizers have been shown to be truly
reversible and function as acetogens (e.g. [37, 89]), existing
research indicates that methanogens cannot perform net
methane oxidation (64, 114). Furthermore, methane-oxidizing
archaea appear to be incapable of net methanogenesis (24,
109), and this lack of methanogenesis is explained from a
genome perspective since they lack enzymes for H, and
methyl compound activation (4, 35, 107). Yet, could a meth-
anogen or a methane oxidizer reverse its central carbon redox
reactions by re-arranging or inducing particular sets of proteins
that would allow them to conserve energy during the process?

In the case of methane oxidation by methanogens, it might
be that they could donate electrons from methane to an inor-
ganic acceptor, since methanogens have previously been
shown to reduce elemental sulfur (95), Fe' (11, 14), humics,
AQDS (14), and various minerals (46, 47). A recent study
reported that M. acetivorans formed acetate when methane
oxidation was coupled to Fe™ reduction; however, methane
oxidation with net CO, production was not observed (94).
Methane consumption was enhanced with a cell line that
expressed the Mcr protein from an ANME-1 genome, and
~140 umol of methane was oxidized in the course of ~50 pmol
of acetate production. A mechanism in which 4 methane are
oxidized and 2 CO, are reduced to produce 3 acetate was
proposed. Notable points in this metabolism include 1) it
possibly being facilitated by an electron pair bifurcation
reaction in which two CoMSH and CoBSH pairs are oxidized
with the concomitant reduction of one ferredoxin and two
Fe3* (total movement of four electrons), and ii) the cell model
drawn indicated energy conservation by substrate level phos-
phorylation, not chemiosmosis. This is a very interesting
example of apparent methane oxidation for the first time in an
isolated methanogenic archaeon and warrants further studies.

The question of reversibility is also applicable to methane-
oxidizing archaea: do they have the ability to perform “reverse
methanotrophy” and function methanogenically from CO,?
In the case of ANME-1, ANME-2, and “Ca. M. nitroreducens”,
they lack the hydrogenase enzymes needed for electron delivery
onto CO, (with the exception of the organism described by
Haroon et al. [35], which appears to have Mvh and Frh which
could potentially permit hydrogenotrophic growth by electron
pair bifurcation). Yet, perhaps methane oxidizing archaea
could reverse their metabolism if grown on a cathodic (elec-
tron donating) electrode which could donate sufficiently
reducing electrons for the formation of methane. Bacteria are
known to grow on electrodes (for reviews see (52, 53)), and
methanogens have indeed been shown to be capable of meth-
ane formation whilst on cathodes (although growth was not
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observed) (49); perhaps ANME archaea will be found to be
capable of this as well.

What was first? Forward or reverse?

One interesting area for future research concerns the evolu-
tion of ANME archaea. As noted above, different ANME
groups are polyphyletic in rRNA and functional gene phylog-
enies. Since they use some of the same enzyme components
as methylotrophic methanogens (e.g. Fpo and Rnf), they might
be considered to have been derived from methylotrophic
methanogens. Perhaps then, the capacity to perform methane
oxidation came by way of the ability to shuttle electrons out
of the cell. If so, the observation of polyphyletic ANME
groups using multiple electron acceptors is an interesting
example of convergent evolution to the methane-oxidizing
phenotype.

For methane oxidizing archaea proposed to operate through
DIET, reductive evolution might be related to the apparent
obligate syntrophy of the group, where—once the relation-
ship with an electron consuming SRB was established—the
genes associated with methanogenic metabolism (e.g. hydro-
genases and methyl-compound metabolism enzymes) were
lost. This apparent convergence of strategy between the phy-
logenetically distinct groups of ANME-1 and 2 could result
from an energetic gain of efficiency in metabolic coupling via
syntrophic DIET in comparison to the passage of a diffusible
intermediate (3, 51, 57, 86, 96). On the other hand, for
nitrate-reducing “Ca. M. nitroreducens”, gene loss may have
been facilitated by the acquisition of nitrate and nitrite reduc-
tases from bacteria (35). Detailed phylogenetic and biochem-
ical analyses of both the respiratory and Cl-metabolizing
enzymes in ANME will contribute to ordering the evolutionary
events that resulted in the methane-oxidizing phenotype,
particularly as our knowledge of organisms with methanogen-
like genes and metabolism expands (28, 44, 56). It could be
imagined that the ANME phenotype is one of many evolutionary
trajectories away from what may have been an ancestral
hydrogenotrophic methanogen phenotype (15, 75).

Perspective

A diversity of enzyme compliments are found within
methanogens and acetogens, which accomplish what at first
glance looks like the same overall metabolisms respectively—
making methane (100, 111), or making acetate (73, 90, 91).
Yet the differences in specific enzyme compliments are sig-
nificant because they influence basic energy metabolism and
its yield. These differences may even result in “reverse”
energy metabolisms, and it is somewhat surprising that com-
plete energy metabolism reversal can apparently be achieved
with only a few changes in the form of electron entry and exit
points and the chemiosmotic coupling sites discussed herein
(Fig. 1 and 2). Based on the models presented, the main
differences between a hydrogenotrophic methanogen with
cytochromes and methane-oxidizing archaea are the replace-
ment of the Ech, Vho, and Frh hydrogenases with Fpo, Rnf
(or another ferredoxin oxidation mechanism), and a terminal
electron release protein in the form of Mhe/Nar (Fig. 1). It
may be that one cell type harbors all of these protein com-
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plexes and shift its metabolism in a truly reversible manner,
similar to some acetogens; however, further in situ investiga-
tions are needed to test this.

It is likely that in both acetate and methane metabolisms,
continued studies will reveal a variety of subtle, yet critical
differences in the enzyme modules harbored which allow
these microbes to fill various ecological positions while
retaining the core carbon pathways (see [44, 56] for recent
findings). For both the methane forming and methane oxidizing
archaea, a complete understanding of the enzyme compli-
ments which underlie a given physiology is critical to evalu-
ating ecological position and activity. Going further, since the
methane-oxidizing archaea are not phylogenetically coherent
(monophyletic), the grouping of these organisms by expected
physiology only becomes possible with analysis of the
enzyme components discussed herein and also by activity-based
studies; it cannot be inferred by phylogenetic position alone.

Further enumeration of the enzyme complexes in these
cells as well as their expression patterns will allow a more
complete understanding of how catalysts and energy converters
can be structured and arranged within these cells in order to
permit their respective physiologies. A more distant goal will
be to relate this information to what may have been the
energy conservation modules used in the very first cells, as
there are now a number of hypotheses where metabolisms
similar to those discussed here are proposed to have been
life’s first (29, 69, 82).

Note Added in Proof

While this paper was under peer review, a separate Review
Article on this topic appeared (104).

Conflict of Interest Statement

SEM declares no conflict of interest.

Authors and Contributors

SEM wrote the manuscript.

Funding

SEM is supported by a MEXT KAKENHI Grant-in-Aid for
challenging exploratory research (grant award number 15K14608).

Acknowledgements

I am grateful for six anonymous reviewers for providing detailed
comments which improved the manuscript. I am also happy to have
had constructive discussions with Silvan Scheller, Eric Smith, Lewis
Ward, Akihiro Okomoto, Marc Alperin, Roland Hatzenpichler,
Donato Giovannelli, Grayson Chadwick, and Victoria Orphan.

References

1. Albracht, S.P. 1994. Nickel hydrogenases: in search of the active
site. Biochim. Biophys. Acta. 1188(3):167-204.

2. Alex, L.A., J.N. Reeve, W.H. Orme-Johnson, and C.T. Walsh. 1990.
Cloning, sequence determination, and expression of the genes encoding
the subunits of the nickel-containing 8-hydroxy-5-deazaflavin reducing
hydrogenase from Methanobacterium thermoautotrophicum delta h.
Biochemistry. 29(31):7237-7244.



Beyond “reverse methanogenesis”

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

Alperin, M.J., and T.M. Hoehler. 2009. Anaerobic methane oxidation
by archaea/sulfate-reducing bacteria aggregates: 1. Thermodynamic
and physical constraints. Am. J. Sci. 309(10):869-957.

Arshad, A., D.R. Speth, RM. de Graaf, HJ.M. Op den Camp,
M.S.M. Jetten, and C.U. Welte. 2015. A metagenomics-based meta-
bolic model of nitrate-dependent anaerobic oxidation of methane by
Methanoperedens-like archaea. Front. Microbiol. 6:1423.

Astumian, R.D. 2010. Thermodynamics and kinetics of molecular
motors. Biophys. J. 98(11):2401-2409.

Barnes, R.O., and E.D. Goldberg. 1976. Methane production and
consumption in anoxic marine sediments. Geology. 4(5):297-300.
Baumer, S., T. Ide, C. Jacobi, A. Johann, G. Gottschalk, and U.
Deppenmeier. 2000. The F4,0H, dehydrogenase from Methanosarcina
mazei is a redox-driven proton pump closely related to NADH
dehydrogenases. J. Biol. Chem. 275(24):17968-17973.

Beal, E.J., C.H. House, and V.J. Orphan. 2009. Manganese- and
iron-dependent marine methane oxidation. Science. 325(5937):184—
187.

Becher, B., V. Miiller, and G. Gottschalk. 1992. N3-methyl-
tetrahydromethanopterin:coenzyme M methyltransferase  of
Methanosarcina strain G61 Is an Na'-translocating membrane
protein. J. Bacteriol. 174(23):7656-7660.

Biegel, E., S. Schmidt, J.JM. Gonzalez, and V. Miiller. 2011.
Biochemistry, evolution and physiological function of the Rnf com-
plex, a novel ion-motive electron transport complex in prokaryotes.
Cell. Mol. Life Sci. CMLS. 68(4):613-634.

Bodegom, P.M., J.C.M. Scholten, and A.J.M. Stams. 2004. Direct
inhibition of methanogenesis by ferric iron. FEMS Microbiol. Ecol.
49(2):261-268.

Boetius, A., K. Ravenschlag, C.J. Schubert, D. Rickert, F. Widdel, A.
Gieseke, R. Amann, B.B. Jorgensen, U. Witte, and O. Pfannkuche.
2000. A marine microbial consortium apparently mediating anaero-
bic oxidation of methane. Nature. 407(6804):623-626.

Bond, D.R., D.E. Holmes, L.M. Tender, and D.R. Lovley. 2002.
Electrode-reducing microorganisms that harvest energy from marine
sediments. Science. 295(5554):483-485.

Bond, D.R., and D.R. Lovley. 2002. Reduction of Fe™ oxide by
methanogens in the presence and absence of extracellular quinones.
Environ. Microbiol. 4(2):115-124.

Borrel, G., P.S. Adam, and S. Gribaldo. 2016. Methanogenesis and
the Wood-Ljungdahl pathway: an ancient, versatile, and fragile
association. Genome Biol. Evol. 8(6):1706-1711.

Buckel, W., and R.K. Thauer. 2013. Energy conservation via elec-
tron bifurcating ferredoxin reduction and proton/Na* translocating
ferredoxin oxidation. Biochim. Biophys. Acta. 1827(2):94-113.
Caldwell, S.L., J.R. Laidler, E.A. Brewer, J.O. Eberly, S.C.
Sandborgh, and F.S. Colwell. 2008. Anaerobic oxidation of methane:
mechanisms, bioenergetics, and the ecology of associated microor-
ganisms. Environ. Sci. Technol. 42(18):6791-6799.

Chaudhuri, S.K., and D.R. Lovley. 2003. Electricity generation by
direct oxidation of glucose in mediatorless microbial fuel cells. Nat.
Biotechnol. 21(10):1229-1232.

Cord-Ruwisch, R., D. Lovley, and B. Schink. 1998. Growth of
Geobacter sulfurreducens with acetate in syntrophic cooperation
with hydrogen-oxidizing anaerobic partners. Appl. Environ. Microbiol.
64(6):2232-2236.

Dekas, A.E., R.S. Poretsky, and V.J. Orphan. 2009. Deep-sea archaca
fix and share nitrogen in methane-consuming microbial consortia.
Science. 326(5951):422-426.

Deppenmeier, U., M. Blaut, A. Mahlmann, and G. Gottschalk. 1990.
Reduced coenzyme F,,: heterodisulfide oxidoreductase, a proton-
translocating redox system in methanogenic bacteria. Proc. Natl.
Acad. Sci. U.S.A. 87(23):9449-9453.

Deppenmeier, U., M. Blaut, B. Schmidt, and G. Gottschalk. 1992.
Purification and properties of a F,y,-nonreactive, membrane-bound
hydrogenase from Methanosarcina strain Gol. Arch. Microbiol.
157(6):505-511.

Deppenmeier, U., T. Lienard, and G. Gottschalk. 1999. Novel reac-
tions involved in energy conservation by methanogenic archaea.
FEBS Lett. 457(3):291-297.

Ding, J., L. Fu, Z-W. Ding, Y-Z. Lu, S.H. Cheng, and R.J. Zeng.
2016. Experimental evaluation of the metabolic reversibility of
ANME-2d between anaerobic methane oxidation and methanogenesis.
Appl. Microbiol. Biotechnol. 100(14):6481-6490.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

11

Ettwig, K.F., S. Shima, K.T. van de Pas-Schoonen, J. Kahnt, M.H.
Medema, H.J. Op den Camp, M.S. Jetten, and M. Strous. 2008.
Denitrifying bacteria anaerobically oxidize methane in the absence
of archaea. Environ. Microbiol. 10(11):3164-3173.

Ettwig, K.F., M.K. Butler, D. Le Paslier, et al. 2010. Nitrite-driven
anaerobic methane oxidation by oxygenic bacteria. Nature.
464(7288):543-548.

Ettwig, K.F., B. Zhu, D. Speth, J.T. Keltjens, M.S.M. Jetten, and B.
Kartal. 2016. Archaea catalyze iron-dependent anaerobic oxidation
of methane. Proc. Natl. Acad. Sci. U.S.A. 113(45):12792-12796.
Evans, P.N., D.H. Parks, G.L. Chadwick, S.J. Robbins, V.J. Orphan,
S.D. Golding, and G.W. Tyson. 2015. Methane metabolism in the
archaeal phylum Bathyarchaeota revealed by genome-centric metag-
enomics. Science. 350(6259):434-438.

Ferry, J.G., and C.H. House. 2006. The stepwise evolution of early
life driven by energy conservation. Mol. Biol. Evol. 23(6):1286—
1292.

Flamholz, A., E. Noor, A. Bar-Even, and R. Milo. 2012.
Equilibrator—the biochemical thermodynamics calculator. Nucleic
Acids Res. 40(Database issue):D770-775.

Galushko, A.S., and B. Schink. 2000. Oxidation of acetate through
reactions of the citric acid cycle by geobacter sulfurreducens in pure
culture and in syntrophic coculture. Arch. Microbiol. 174(5):314—
321.

Girguis, P.R., A.E. Cozen, and E.F. DeLong. 2005. Growth and
population dynamics of anaerobic methane-oxidizing archaea and
sulfate-reducing bacteria in a continuous-flow bioreactor. Appl.
Environ. Microbiol. 71(7):3725-3733.

Gorby, Y.A., S. Yanina, J.S. McLean, et al. 2006. Electrically con-
ductive bacterial nanowires produced by Shewanella oneidensis
strain MR-1 and other microorganisms. Proc. Natl. Acad. Sci. U. S.
A.103(30):11358-11363.

Hallam, S.J., N. Putnam, C.M. Preston, J.C. Detter, D. Rokhsar, P.M.
Richartdson, and E.F. DeLong. 2004. Reverse methanogenesis: testing
the hypothesis with environmental genomics. Science. 305(5689):
1457-1462.

Haroon, M.F., S. Hu, Y. Shi, M. Imelfort, J. Keller, P. Hugenholtz, Z.
Yuan, and G.W. Tyson. 2013. Anaerobic oxidation of methane
coupled to nitrate reduction in a novel archaeal lineage. Nature.
500(7464):567-570.

Hattori, S., Y. Kamagata, S. Hanada, and H. Shoun. 2000.
Thermacetogenium phaeum gen. nov., sp. nov., a strictly anaerobic,
thermophilic, syntrophic acetate-oxidizing bacterium. Int. J. Syst.
Evol. Microbiol. 50:1601-1609.

Hattori, S., A.S. Galushko, Y. Kamagata, and B. Schink. 2005.
Operation of the CO dehydrogenase/acetyl coenzyme a pathway in
both acetate oxidation and acetate formation by the syntrophically
acetate-oxidizing bacterium Thermacetogenium phaeum. J. Bacteriol.
187(10):3471-3476.

Hattori, S. 2008. Syntrophic acetate-oxidizing microbes in methano-
genic environments. Microbes Environ. 23(2):118-127.

Hoehler, T., M. Alperin, D. Albert, and C. Martens. 1994. Field and
laboratory studies of methane oxidation in an anoxic marine sedi-
ment—evidence for a methanogen-sulfate reducer consortium. Glob.
Biogeochem. Cycles. 8(4):451-463.

Hoehler, T.M., M.J. Alperin, D.B. Albert, and C.S. Martens. 2001.
Apparent minimum free energy requirements for methanogenic
archaea and sulfate-reducing bacteria in an anoxic marine sediment.
FEMS Microbiol. Ecol. 38(1):33-41.

Kletzin, A., T. Heimerl, J. Flechsler, L. Van Niftrik, R. Rachel, and
A. Klingl. 2015. Cytochromes c in archaea: distribution, maturation,
cell architecture and the special case of Ignicoccus hospitalis. Front.
Microbiol. 6:439.

Knittel, K., and A. Boetius. 2009. Anaerobic oxidation of methane:
progress with an unknown process. Annu. Rev. Microbiol. 63:311—
334.

Kriiger, M., H. Wolters, M. Gehre, S.B. Joye, and H-H. Richnow.
2008. Tracing the slow growth of anaerobic methane-oxidizing
communities by '“N-labelling techniques. FEMS Microbiol. Ecol.
63(3):401-411.

Laso-Pérez, R., G. Wegener, K. Knittel, et al. 2016. Thermophilic
archaea activate butane via alkyl-coenzyme M formation. Nature.
539:396-399.



12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lienard, T., B. Becher, M. Marschall, S. Bowien, and G. Gottschalk.
1996.SodiumiontranslocationbyN*-methyltetrahydromethanopterin:
coenzyme M methyltransferase from Methanosarcina mazei G61
reconstituted in ether lipid liposomes. Eur. J. Biochem. FEBS.
239(3):857-864.

Liu, D., H. Dong, M.E. Bishop, H. Wang, A. Agrawal, S. Tritschler,
D.D. Eberl, and S. Xie. 2011. Reduction of structural Fe' in
nontronite by methanogen Methanosarcina barkeri. Geochim.
Cosmochim. Acta. 75(4):1057-1071.

Liu, D., H. Wang, H. Dong, X. Qiu, X. Dong, and C.A. Cravotta III.
2011. Mineral transformations associated with goethite reduction by
Methanosarcina barkeri. Chem. Geol. 288(1-2):53-60.

Liu, X., P-L. Tremblay, N.S. Malvankar, K.P. Nevin, D.R. Lovley,
and M. Vargas. 2014. A Geobacter sulfurreducens strain expressing
Pseudomonas aeruginosa type 1V pili localizes Omcs on pili but is
deficient in Fe' oxide reduction and current production. Appl.
Environ. Microbiol. 80(3):1219-1224.

Lohner, S.T., J.S. Deutzmann, B.E. Logan, J. Leigh, and A.M.
Spormann. 2014. Hydrogenase-independent uptake and metabolism
of electrons by the archacon Methanococcus maripaludis. ISME J.
8(8):1673-1681.

Lovley, D.R. 2008. Extracellular electron transfer: wires, capacitors,
iron lungs, and more. Geobiology. 6(3):225-231.

Lovley, D.R. 2011. Reach out and touch someone: potential impact
of DIET (direct interspecies energy transfer) on anaerobic biogeo-
chemistry, bioremediation, and bioenergy. Rev. Environ. Sci. Biotechnol.
10(2):101-105.

Lovley, D.R. 2012. Electromicrobiology. Annu. Rev. Microbiol.
66:391-4009.

Lovley, D.R., and K.P. Nevin. 2013. Electrobiocommodities: powering
microbial production of fuels and commodity chemicals from carbon
dioxide with electricity. Curr. Opin. Biotechnol. 24(3):385-390.
Marritt, S.J., T.G. Lowe, J. Bye, ef al. 2012. A functional description
of CymaA, an electron-transfer hub supporting anaerobic respiratory
flexibility in Shewanella. Biochem. J. 444(3):465-474.

Martens, C.S., and R.A. Berner. 1977. Interstitial water chemistry of
anoxic Long Island Sound sediments. 1. Dissolved gases. Limnol.
Oceanogr. 22(1):10-25.

Mayumi, D., H. Mochimaru, H. Tamaki, K. Yamamoto, H.
Yoshioka, Y. Suzuki, Y. Kamagata, and S. Sakata. 2016. Methane
production from coal by a single methanogen. Science 354(6309):
222-225.

McGlynn, S.E., G.L. Chadwick, C.P. Kempes, and V.J. Orphan.
2015. Single cell activity reveals direct electron transfer in methano-
trophic consortia. Nature 526:532-535.

McMillan, D.G.G., S.J. Marritt, J.N. Butt, and L.J.C. Jeuken. 2012.
Menaquinone-7 is specific cofactor in tetraheme quinol dehydrogenase
CymaA. J. Biol. Chem. 287(17):14215-14225.

Meulepas, RJ.W., C.G. Jagersma, J. Gieteling, C.J.N. Buisman,
A.JM. Stams, and P.N.L. Lens. 2009. Enrichment of anaerobic
methanotrophs in sulfate-reducing membrane bioreactors. Biotechnol.
Bioeng. 104(3):458-470.

Meulepas, R.J.W., C.G. Jagersma, A.F. Khadem, A.J.M. Stams, and
P.N.L. Lens. 2010. Effect of methanogenic substrates on anaerobic
oxidation of methane and sulfate reduction by an anaerobic methano-
trophic enrichment. Appl. Microbiol. Biotechnol. 87(4):1499-1506.
Meyerdierks, A., M. Kube, 1. Kostadinov, H. Teeling, F.O. Glockner,
R. Reinhardt, and R. Amann. 2010. Metagenome and mRNA expres-
sion analyses of anaerobic methanotrophic archaea of the ANME-1
group. Environ. Microbiol. 12(2):422-439.

Milucka, J., T.G. Ferdelman, L. Polerecky, et al. 2012. Zero-valent
sulphur is a key intermediate in marine methane oxidation. Nature.
491(7425):541-546.

Moran, J.J., E.J. Beal, J.M. Vrentas, V.J. Orphan, K.H. Freeman, and
C.H. House. 2008. Methyl sulfides as intermediates in the anaerobic
oxidation of methane. Environ. Microbiol. 10(1):162—173.

Moran, J.J., C.H. House, K.H. Freeman, and J.G. Ferry. 2005. Trace
methane oxidation studied in several Euryarchaeota under diverse
conditions. Archaea. 1(5):303-309.

Morita, M., N.S. Malvankar, A.E. Franks, Z.M. Summers, L.
Giloteaux, A.E. Rotaru, C. Rotaru, and D.R. Lovley. 2011. Potential
for direct interspecies electron transfer in methanogenic wastewater
digester aggregates. mBio. 2(4):¢00159-00111.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

MCSGLYNN

Nauhaus, K., A. Boetius, M. Kriiger, and F. Widdel. 2002. In vitro
demonstration of anaerobic oxidation of methane coupled to sulphate
reduction in sediment from a marine gas hydrate area. Environ.
Microbiol. 4(5):296-305.

Nauhaus, K., T. Treude, A. Boetius, and M. Kriiger. 2005.
Environmental regulation of the anaerobic oxidation of methane: a
comparison of ANME-I and ANME-II communities. Environ.
Microbiol. 7(1):98-106.

Nauhaus, K., M. Albrecht, M. Elvert, A. Boetius, and F. Widdel.
2007. In vitro cell growth of marine archaeal-bacterial consortia
during anaerobic oxidation of methane with sulfate. Environ.
Microbiol. 9(1):187-196.

Nitschke, W., and M.J. Russell. 2013. Beating the acetyl coenzyme
A-pathway to the origin of life. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 368(1622):20120258.

Orphan, V.J., C.H. House, K.U. Hinrichs, K.D. McKeegan, and E.F.
DeLong. 2001. Methane-consuming archaea revealed by directly
coupled isotopic and phylogenetic analysis. Science 293(5529):484.
Orphan, V.J., C.H. House, K-U. Hinrichs, K.D. McKeegan, and E.F.
DeLong. 2002. Multiple archaeal groups mediate methane oxidation
in anoxic cold seep sediments. Proc. Natl. Acad. Sci. U.S.A.
99(11):7663-7668.

Orphan, V.J., K.A. Turk, AM. Green, and C.H. House. 2009.
Patterns of '*N assimilation and growth of methanotrophic ANME-2
archaea and sulfate-reducing bacteria within structured syntrophic
consortia revealed by FISH-SIMS. Environ. Microbiol. 11(7):1777—
1791.

Poehlein, A., S. Schmidt, A-K. Kaster, ef a/. 2012. An ancient pathway
combining carbon dioxide fixation with the generation and utilization
of a sodium ion gradient for ATP synthesis. PLOS ONE.
7(3):€33439.

Raghoebarsing, A.A., A. Pol, K.T. van de Pas-Schoonen, et al. 2006.
A microbial consortium couples anaerobic methane oxidation to
denitrification. Nature 440(7086):918-921.

Raymann, K., C. Brochier-Armanet, and S. Gribaldo. 2015. The
two-domain tree of life is linked to a new root for the archaea. Proc.
Natl. Acad. Sci. U.S.A. 112(21):6670-6675.

Reeburgh, W.S. 1976. Methane consumption in cariaco trench
waters and sediments. Earth Planet. Sci. Lett. 28(3):337-344.
Reguera, G., K.D. McCarthy, T. Mehta, J.S. Nicoll, M.T. Tuominen,
and D.R. Lovley. 2005. Extracellular electron transfer via microbial
nanowires. Nature. 435(7045):1098-1101.

Richardson, D.J., J.N. Butt, J.K. Fredrickson, et al. 2012. The
“porin-cytochrome” model for microbe-to-mineral electron transfer.
Mol. Microbiol. 85(2):201-212.

Roalkvam, 1., S.L. Jergensen, Y. Chen, R. Stokke, H. Dahle, W.P.
Hocking, A. Lanzén, H. Haflidason, and I.H. Steen. 2011. New
insight into stratification of anaerobic methanotrophs in cold seep
sediments. FEMS Microbiol. Ecol. 78(2):233-243.

Rotaru. A-E., P.M. Shrestha, F. Liu, B. Markovaite, S. Chen, K.
Nevin, and D. Lovley. 2014. Direct interspecies electron transfer
between Geobacter metallireducens and Methanosarcina barkeri.
Appl. Environ. Microbiol. 80(15):4599-4605.

Rotaru, A-E., P.M. Shrestha, F. Liu, M. Shrestha, D. Shrestha, M.
Embree, K. Zengler, C. Wardman, K.P. Nevin, and D.R. Lovley.
2013. A new model for electron flow during anaerobic digestion:
direct interspecies electron transfer to Methanosaeta for the reduction
of carbon dioxide to methane. Energy Environ. Sci. 7(1):408-415.
Russell, M.J., R.M. Daniel, A.J. Hall, and J.A. Sherringham. 1994. A
hydrothermally precipitated catalytic iron sulphide membrane as a
first step toward life. J. Mol. Evol. 39(3):231-243.

Scheller, S., M. Goenrich, R. Boecher, R.K. Thauer, and B. Jaun.
2010. The key nickel enzyme of methanogenesis catalyses the anaer-
obic oxidation of methane. Nature 465(7298):606—608.

Scheller, S., H. Yu, G.L. Chadwick, S.E. McGlynn, and V.J. Orphan.
2016. Artificial electron acceptors decouple archaeal methane oxida-
tion from sulfate reduction. Science. 351(6274):703-707.

Schink, B. 1997. Energetics of syntrophic cooperation in methano-
genic degradation. Microbiol. Mol. Biol. Rev. MMBR. 61(2):262-280.
Schink, P.B., and A.J.M. Stams. 2013. Syntrophism among prokary-
otes. p. 471-493. In E. Rosenberg, E.F. DeLong, S. Lory, E.
Stackebrandt, and F. Thompson (ed.). The Prokaryotes. Springer
Berlin Heidelberg.



Beyond “reverse methanogenesis”

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Schlegel, K., V. Leone, J.D. Faraldo-Gomez, and V. Miiller. 2012.
Promiscuous archaeal ATP synthase concurrently coupled to Na*
and H" translocation. Proc. Natl. Acad. Sci. U.S.A. 109(3):947-952.
Schlegel, K., C. Welte, U. Deppenmeier, and V. Miiller. 2012.
Electron transport during aceticlastic methanogenesis by Methanosarcina
acetivorans involves a sodium-translocating Rnf complex. FEBS J.
279(24):4444-4452.

Schnurer, A., B. Schink, and B.H. Svensson. 1996. Clostridium
ultunense sp. nov., a mesophilic bacterium oxidizing acetate in
syntrophic association with a hydrogenotrophic methanogenic bacte-
rium. Int. J. Syst. Bacteriol. 46(4):1145-1152.

Schuchmann, K., and V. Miiller. 2014. Autotrophy at the thermody-
namic limit of life: a model for energy conservation in acetogenic
bacteria. Nat. Rev. Microbiol. 12(12):809-821.

Schuchmann, K., and V. Miiller. 2016. Energetics and application of
heterotrophy in acetogenic bacteria. Appl. Environ. Microbiol.
82(14):4056-4069.

Shrestha, P.M., and A-E. Rotaru. 2014. Plugging in or going wireless:
strategies for interspecies electron transfer. Front. Microbiol. 5:237.

Simon, J., RJ.M. van Spanning, and D.J. Richardson. 2008. The
organisation of proton motive and non-proton motive redox loops in
prokaryotic respiratory systems. Biochim. Biophys. Acta. 1777(12):
1480-1490.

Soo, V.W.C., M.J. McAnulty, A. Tripathi, et al. 2016. Reversing
methanogenesis to capture methane for liquid biofuel precursors.
Microb. Cell Factories. 15:11.

Stetter, K.O., and G. Gaag. 1983. Reduction of molecular sulphur by
methanogenic bacteria. Nature. 305(5932):309-311.

Summers, Z.M., H.E. Fogarty, C. Leang, A.E. Franks, N.S.
Malvankar, and D.R. Lovley. 2010. Direct exchange of electrons
within aggregates of an evolved syntrophic coculture of anaerobic
bacteria. Science. 330(6009):1413-1415.

Thauer, R.K., K. Jungermann, and K. Decker. 1977. Energy conser-
vation in chemotrophic anaerobic bacteria. Bacteriol. Rev.
41(1):100-180.

Thauer, R.K. 1998. Biochemistry of methanogenesis: a tribute to
Marjory Stephenson. 1998. Marjory Stephenson prize lecture.
Microbiol. Read. Engl. 144 (Pt 9):2377-2406.

Thauer, R.K., E. Stackebrandt, and W.A. Hamilton. 2007. Energy
metabolism and phylogenetic diversity of sulphate-reducing bacteria.
In L.L. Barton. (ed.). Sulphate-reducing Bacteria. Cambridge
University Press.

Thauer, R.K., A-K. Kaster, H. Seedorf, W. Buckel, and R. Hedderich.
2008. Methanogenic archaea: ecologically relevant differences in
energy conservation. Nat. Rev. Microbiol. 6(8):579-591.

Thauer, R.K., A-K. Kaster, M. Goenrich, M. Schick, T. Hiromoto,
and S. Shima. 2010. Hydrogenases from methanogenic archaea,
nickel, a novel cofactor, and H, storage. Annu. Rev. Biochem.
79:507-536.

Thauer, R.K. 2011. Anaerobic oxidation of methane with sulfate: on
the reversibility of the reactions that are catalyzed by enzymes also
involved in methanogenesis from CO,. Curr. Opin. Microbiol.
14(3):292-299.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

13

Tietze, M., A. Beuchle, I. Lamla, N. Orth, M. Dehler, G. Greiner, and
U. Beifuss. 2003. Redox potentials of methanophenazine and CoB-
S-S-CoM, factors involved in electron transport in methanogenic
archaea. Chembiochem Eur. J. Chem. Biol. 4(4):333-335.

Timmers P.H.A., C.U. Welte, J.J. Koehorst, C.M. Plugge, M.S.M.
Jetten, and A.J.M. Stams. 2017. Reverse Methanogenesis and respi-
ration in methanotrophic archaea. Archaea. Article ID 1654237.
doi:10.1155/2017/1654237.

Tran, Q.H., and G. Unden. 1998. Changes in the proton potential and
the cellular energetics of Escherichia coli during growth by aerobic
and anaerobic respiration or by fermentation. Eur. J. Biochem.
FEBS. 251(1-2):538-543.

Volbeda, A., M.H. Charon, C. Piras, E.C. Hatchikian, M. Frey, and
J.C. Fontecilla-Camps. 1995. Crystal structure of the nickel-iron
hydrogenase from Desulfovibrio gigas. Nature 373(6515):580-587.
Wang, F-P., Y. Zhang, Y. Chen, Y. He, J. Qi, K.U. Hinrichs, X.X.
Zhang, X. Xiao, and N. Boon. 2014. Methanotrophic archaea
possessing diverging methane-oxidizing and electron-transporting
pathways. ISME J. 8(5):1069-1078.

Wegener, G., V. Krukenberg, D. Riedel, H.E. Tegetmeyer, and A.
Boetius. 2015. Intercellular wiring enables electron transfer between
methanotrophic archaea and bacteria. Nature. 526(7574):587-590.
Wegener, G., V. Krukenberg, S.E. Ruff, M.Y. Kellermann, and K.
Kanittel. 2016. Metabolic capabilities of microorganisms involved in
and associated with the anaerobic oxidation of methane. Front.
Microbiol. 7:46.

Welte, C., and U. Deppenmeier. 2011. Membrane-bound electron
transport in Methanosaeta thermophila. J. Bacteriol. 193(11):2868—
2870.

Welte, C., and U. Deppenmeier. 2014. Bioenergetics and anaerobic
respiratory chains of aceticlastic methanogens. Biochim. Biophys.
Acta. 1837(7):1130-1147.

Welte, C., C. Kritzer, and U. Deppenmeier. 2010. Involvement of
Ech hydrogenase in energy conservation of Methanosarcina mazei.
FEBS J. 277(16):3396-3403.

Westerholm, M., S. Roos, and A. Schniirer. 2010. Syntrophaceticus
schinkii gen. nov., sp. nov., an anaerobic, syntrophic acetate-oxidizing
bacterium isolated from a mesophilic anaerobic filter. FEMS
Microbiol. Lett. 309(1):100-104.

Zehnder, A.J., and T.D. Brock. 1979. Methane formation and methane
oxidation by methanogenic bacteria. J. Bacteriol. 137(1):420-432.
Zhilina, T.N., D.G. Zavarzina, T.V. Kolganova, T.P. Turova, and
G.A. Zavarzin. 2005. “Candidatus Contubernalis alkalaceticum,” an
obligately syntrophic alkaliphilic bacterium capable of anaerobic
acetate oxidation in a coculture with Desulfonatronum cooperativum.
Mikrobiologiia. 74(6):800-809.

Zinder, S.H., and M. Koch. 1984. Non-aceticlastic methanogenesis
from acetate: acetate oxidation by a thermophilic syntrophic coculture.
Arch. Microbiol. 138(3):263-72.



