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The recently discovered seventh order of methanogens, the Methanomassiliicoccales (previously referred to as “Methanoplasma-
tales”), so far consists exclusively of obligately hydrogen-dependent methylotrophs. We sequenced the complete genome of
“Candidatus Methanoplasma termitum” from a highly enriched culture obtained from the intestinal tract of termites and com-
pared it with the previously published genomes of three other strains from the human gut, including the first isolate of the order.
Like all other strains, “Ca. Methanoplasma termitum” lacks the entire pathway for CO2 reduction to methyl coenzyme M and
produces methane by hydrogen-dependent reduction of methanol or methylamines, which is consistent with additional physio-
logical data. However, the shared absence of cytochromes and an energy-converting hydrogenase for the reoxidation of the ferre-
doxin produced by the soluble heterodisulfide reductase indicates that Methanomassiliicoccales employ a new mode of energy
metabolism, which differs from that proposed for the obligately methylotrophic Methanosphaera stadtmanae. Instead, all
strains possess a novel complex that is related to the F420:methanophenazine oxidoreductase (Fpo) of Methanosarcinales but
lacks an F420-oxidizing module, resembling the apparently ferredoxin-dependent Fpo-like homolog in Methanosaeta thermo-
phila. Since all Methanomassiliicoccales also lack the subunit E of the membrane-bound heterodisulfide reductase (HdrDE), we
propose that the Fpo-like complex interacts directly with subunit D, forming an energy-converting ferredoxin:heterodisulfide
oxidoreductase. The dual function of heterodisulfide in Methanomassiliicoccales, which serves both in electron bifurcation and
as terminal acceptor in a membrane-associated redox process, may be a unique characteristic of the novel order.

Methanogenesis is catalyzed exclusively by members of the
archaeal domain. Methanogenic archaea occur only in the

phylum Euryarchaeota and are phylogenetically diverse. The spe-
cies described to date fall into seven orders that differ both in the
biochemistry of their catabolic pathways and in their ecological
niches (1, 2).

Methanogens from all basal orders (Methanopyrales, Methano-
coccales, and Methanobacteriales) are hydrogenotrophs. They re-
duce CO2 to CH4 via the C1 pathway, using H2 or sometimes
formate as an electron donor (1, 2). The hydrogenotrophic path-
way is found also in most of the derived lineages of methanogens
(Methanomicrobiales and Methanocellales) and was most probably
present already in the common ancestor of the Euryarchaeota (3).
Hydrogenotrophic methanogens typically lack cytochromes and
conserve energy with the methyltetrahydromethanopterin (methyl-
H4MPT):coenzyme M methyltransferase complex (Mtr), which
uses the free energy of methyl transfer to establish a Na�-motive
force across the membrane (4). The low-potential reducing
equivalents for CO2 reduction are provided by electron bifur-
cation at the cytoplasmic heterodisulfide reductase complex
(HdrABC) (5, 6).

Members of the order Methanosarcinales are the only meth-
anogens that possess cytochromes (2). They have an entirely dif-
ferent mode of energy conservation, which involves a membrane-
bound electron transport chain that couples heterodisulfide
reduction to the generation of an electrochemical proton gradient
(7), which is more efficient than electron bifurcation and allows a
higher growth yield. In this way, they can grow (i) on H2 and CO2,
(ii) on the methyl groups of methanol or methylamines, which are
partially oxidized to CO2 in order to provide reducing equivalents

for methyl reduction, and (iii) by disproportionation of acetate, in
which methyl groups are reduced to methane with electrons de-
rived from the oxidation of the carbonyl group to CO2 (1, 2).

A third group of methanogens is restricted to growth on meth-
anol and methylamines but lacks the ability to oxidize the latter to
CO2, which makes methanogenesis obligately dependent on
molecular hydrogen. The group is phylogenetically and biochem-
ically heterogeneous, comprising Methanosphaera stadtmanae
(Methanobacteriales) (8, 9), Methanomicrococcus blatticola
(Methanosarcinales) (10, 11), and members of the recently discov-
ered seventh order of methanogens (12–14), for which we had
originally suggested the provisional name “Methanoplasmatales”
based on their close phylogenetic relationship to the nonmetha-
nogenic Thermoplasmatales (12). Although this provisional name
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had been readily adopted by numerous authors, the Bacteriological
Code (15) dictates that the taxonomic name, no matter how un-
wieldy, must be derived from the genus name of the first isolate in
the order, in this case Methanomassiliicoccus (Mmc.) luminyensis
(13). Therefore, this publication uses the validly published name
Methanomassiliicoccales (16) for the seventh order of methano-
gens.

So far, the Methanomassiliicoccales comprise only the type spe-
cies, Mmc. luminyensis, and several, in part highly enriched, cul-
tures from the intestinal tracts of termites (12), humans (17, 18),
and an anaerobic digester (19). The consistent presence of the
mcrA gene (encoding the alpha-subunit of methyl coenzyme M
[methyl-CoM] reductase) indicates that also the lineages without
cultured representatives are methanogenic (12) (Fig. 1).

Meanwhile, genome sequences of three members of the Metha-
nomassiliicoccales have been reported. While the genome se-
quences of the enrichment cultures of “Candidatus Methanom-
ethylophilus alvus” (17) and “Candidatus Methanomassiliicoccus
intestinalis” (18) are complete and annotated, that of the type
strain, Mmc. luminyensis (20), remains to be finished. All strains
lack the genes encoding the entire C1 pathway for the reduction of
CO2 to methyl-CoM but possess the complete gene sets for the
utilization of methanol and methylamines (14). This explains the
strict dependence of methanogenesis on the simultaneous pres-
ence of hydrogen and methanol or trimethylamine documented
for Mmc. luminyensis (21).

However, the fundamental consequences of the absence of
the C1 pathway for the energy metabolism of the Methanomassi-
liicoccales have so far escaped attention. Without formylmethano-
furan dehydrogenase and an energy-converting Mtr complex, the
reoxidation of reduced ferredoxin formed during heterodisulfide re-
duction and the strategy for energy conversion in Methanomassili-
icoccales must differ fundamentally from that in other methano-
gens.

In this study, we analyzed the genome of “Candidatus
Methanoplasma termitum” strain MpT1, which we previously
enriched from a termite gut, and compared it to the genomes of
its three distant relatives of the order Methanomassiliicoccales
that stem from the human intestinal tract. Shortly before sub-
mission of this work, Borrel et al. (22) reported a comprehen-
sive analysis of the three previously published genomes that
also addressed the evolution of methanogenesis and reevalu-
ates the core genome of methanogens. Our report focuses on
the energy metabolism of Methanomassiliicoccales, which differs
fundamentally from that of the other orders. The genome analysis
is supported by new physiological data documenting differences
in the methanogenic substrates of Mmc. luminyensis and “Ca.
Methanoplasma termitum.” Moreover, we present ultrastructural
data for “Ca. Methanoplasma termitum” that provide new
information on the unusual cell envelope of Methanomassiliicoc-
cales.

 Clones from termites and cockroaches, including Ca. Methanoplasma termitum
Strain MpM2 from millipede

Clones from swine cattle and anaerobic digesters
Clones from anaerobic digesters, including Ca. Methanogranum caenicola
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FIG 1 Phylogenetic tree of the major lineages in the class Thermoplasmata, illustrating the relationship among the mostly uncultivated members of the order
Methanomassiliicoccales and to other lineages of the Euryarchaeota. Methanogenic lineages are shaded in gray. Strains with published genomes or draft genomes
are in bold. The original tree is based on an unambiguous alignment of more than 300 16S rRNA genes (�1,250 nucleotide positions) and was reconstructed
using a maximum-likelihood algorithm (RAxML). The tree was rooted using representatives of other methanogenic lineages. Nodes not supported by neighbor-
joining and maximum-parsimony (MP) analyses are shown as multifurcations; highly supported nodes (100 bootstraps, MP) are marked (solid circles, �95%;
open circles, �70%). Scale bar indicates 0.1 substitutions per site.
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MATERIALS AND METHODS
Strains. The highly enriched cultures of “Ca. Methanoplasma termitum”
strain MpT1 and the closely related strain MpM2 were obtained in a
previous study (12). Mmc. luminyensis (DSMZ 25720) was purchased
from the German Collection of Microorganism and Cell Cultures (http:
//www.dsmz.de/).

Cultivation. Cultures were grown in anoxic, bicarbonate-buffered
mineral medium (AM5) (23) under an atmosphere of N2-CO2 (80:20
[vol/vol]) with dithiothreitol (1 mM) as a reducing agent (12). The basal
medium was supplemented with Casamino Acids (2 g/liter), yeast extract
(2 g/liter), 2-mercaptoethanesulfonate (10 mg/liter), acetate (1 mM), and
formate (0.5 mM). The medium (4.5 ml) was dispensed into 15-ml rub-
ber-stoppered glass vials. Substrates were added from sterile stock solu-
tions, and hydrogen gas (5 ml) was added to the headspace. Tubes were
inoculated (0.3 ml) with methanol-starved precultures and incubated at
30°C in the dark. At regular intervals, aliquots of the headspace (0.2 ml)
were sampled with a gas-tight syringe, and the methane content was ana-
lyzed using a gas chromatograph equipped with a packed column (Po-
rapak Q, 80/100 mesh, 274 cm by 3.18 mm [inside diameter]) and a flame
ionization detector.

Light microscopy. Cells in 300-�l culture aliquots were concentrated
by centrifugation at 10,000 � g for 10 min and routinely inspected by
phase-contrast microscopy using an Axiophot epifluorescence micro-
scope (Zeiss, Wetzlar, Germany). Autofluorescence of cofactor F420 was
tested using an HC filter set (F36-544; AHF Analysentechnik, Tübingen,
Germany) with bandpass filters (wavelength/bandwidth: excitation,
438/24 nm, beam splitter, 458/� nm; emission, 483/32 nm).

Electron microscopy. For negative stains, fresh cultures were chemi-
cally fixed with 1.25% glutaraldehyde and concentrated by centrifugation
(see above). Aliquots (5 �l) were applied to carbon-coated copper grids
and stained as previously described (24). For ultrastructural characteriza-
tion, 2 �l of concentrated but unfixed cells was frozen under high pres-
sure, freeze substituted, embedded in Epon resin, ultrathin sectioned, and
poststained as described previously (25). Freeze substitution was per-
formed with acetone containing 0.2% OsO4, 0.25% uranyl acetate, and
5% water. Transmission electron microscopy was carried out on a JEOL
JEM2100 (JEOL, Tokyo, Japan) equipped with an LaB6 cathode and op-
erated at 120 kV. Images were recorded using a 2k � 2k fast-scan charge-
coupled-device (CCD) camera F214 in combination with the EM-Menu4
software package (TVIPS, Gauting, Germany).

Phylogenetic analysis. 16S rRNA gene sequences were retrieved from
GenBank (http://www.ncbi.nlm.nih.gov/) and imported into the current
Silva database (version 115; http://www.arb-silva.de) (26) using the ARB
software package (27). The automatic alignment was manually refined,
and a 30% consensus filter was used to exclude highly variable positions.
Phylogenetic trees of near-full-length sequences (�1,250 bp) were calcu-
lated using PhyML (28), a maximum-likelihood method implemented in
ARB. Tree topology and node support (100 bootstraps) were tested using
the maximum-parsimony method (DNAPARS) implemented in ARB.

For phylogenetic analysis of the large subunit of the 11-subunit com-
plex, complex 1 of the respiratory chain, F420H2 dehydrogenases, and
[NiFe] hydrogenases, sequences were retrieved from the IMG database
(https://img.jgi.doe.gov/cgi-bin/w/main.cgi) and analyzed using the
Mega5 software package (http://www.megasoftware.net/). Sequences
were automatically aligned with the ClustalW function implemented in
Mega5. The alignment was manually refined in ARB. Trees were calcu-
lated based on the deduced amino acid sequence using PhyML. Tree to-
pology and node support (100 bootstraps) were tested using the maxi-
mum-parsimony method (PROTPARS) implemented in ARB.

Genome sequencing. The genome of strain MpT1 was sequenced us-
ing a combined 454 pyrosequencing and Sanger sequencing approach.
DNA was isolated from the enrichment culture by detergent extraction
(cetyltrimethylammonium bromide [CTAB] method) (29) and used to
generate a 454 shotgun library according to the GS Rapid Library proto-
col, which was sequenced with the Genome Sequencer FLX� system (454

Life Sciences, Roche Applied Science, Branford, CT) using titanium
chemistry. In total, 107,475 shotgun reads were generated and assembled
de novo into 72 large contigs (�500 bp) with an average coverage of 37-
fold using Roche Newbler assembler software 2.6. Sequences were edited
and final gaps were closed as previously described (30).

Sequence annotation. All genome sequences were uploaded to the
Integrated Microbial Genomes Expert Review (IMG/ER) platform (31,
https://img.jgi.doe.gov/cgi-bin/er/main.cgi). In the case of Ca. “Metha-
nomassiliicoccus intestinalis” and “Ca. Methanomethylophilus alvus,”
the original RAST annotations in the GenBank entry were preserved. In
the case of “Ca. Methanoplasma termitum” and Mmc. luminyensis, cod-
ing sequences were predicted and annotated using the automated pipeline
of IMG/ER. Briefly, protein-coding genes were identified with GeneMark,
and candidate homolog genes of the genomes were computed using
BLASTp. Automated annotations of coding sequences were verified and
curated by comparing various annotations based on functional resources,
such as COG clusters (32), Pfam (33), TIGRfam (34), and Gene Ontology
(35). In addition, genes were associated with gene product names in the
Swiss-Prot database (36), EC numbers (37), KEGG orthology terms (38),
COG functional categories, KEGG categories (38), and MetaCyc pathway
collections (39). The annotated genome sequences of “Ca. Methano-
plasma termitum” (Gi21292) and Mmc. luminyensis (Gi17673) are avail-
able in the Genomes Online database (http://www.genomesonline.org/).

Nucleotide sequence accession number. The annotated genome of
“Ca. Methanoplasma termitum” was deposited in GenBank under acces-
sion number CP010070.

RESULTS AND DISCUSSION
Genome characteristics. The genome of “Candidatus Methano-
plasma termitum” strain MpT1 is the fourth genome sequence
reported for a member of the Methanomassiliicoccales. A fifth ge-
nome, for strain BRNA1, has been obtained from a rumen enrich-
ment culture (S. E. Denman, P. Evans, L. Bragg, J. Padmanahba,
M. McKenzie, D. Edwards, J. Krzycki, C. McSweeney, and M.
Morrison, unpublished data). The sequence is available in
GenBank (CP002916) but was not included in our analysis since
the publication is still pending.

“Ca. Methanoplasma termitum” has a circular genome with a
size of 1.49 Mbp; there is no evidence for the presence of plasmids.
The genome is even smaller than that of “Ca. Methanomethylo-
philus alvus” (1.66 Mbp) and slightly larger than that of strain
BRNA1 (1.46 Mbp), which are close relatives in the intestinal clus-
ter (rumen cluster C) (Fig. 1). The more distantly related members
of the genus Methanomassiliicoccus have considerably larger ge-
nomes (1.93 Mbp in “Ca. Methanomassiliicoccus intestinalis”
and �2.62 Mbp in the unfinished genome of Mmc. luminyensis).
The coding densities of all genomes are similar, with about 1,000
bp per gene. The G�C contents of the strains differ strongly but
do not correlate with phylogenetic distance. Details are presented
in Table 1.

rRNA operon structure. “Ca. Methanoplasma termitum” has
a single set of rRNA genes, which are located in different regions of
the chromosome. The rRNA genes in most other methanogens are
organized in an operon, but a separation of 5S, 16S, and 23S rRNA
genes has been reported also for other members of the Methano-
massiliicoccales (17, 18, 20). Since the same feature is present also
in Thermoplasma acidophilum (40) and the deep-branching “Can-
didatus Aciduliprofundum boonei” strain T469 (GenBank acces-
sion number CP001941.1), it may be a trait shared by all members
of the class Thermoplasmata (Fig. 1). A second copy of the 5S
rRNA gene, which is encountered in all other Methanomassiliicoc-
cales, is absent in “Ca. Methanoplasma termitum.”
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tRNAs. The genome of “Ca. Methanoplasma termitum” en-
codes 46 tRNAs for all amino acids (see Table S1 in the supple-
mental material). The same number of tRNAs is present in “Ca.
Methanomassiliicoccus intestinalis” (18). “Ca. Methanomethylo-
philus alvus” and Mmc. luminyensis have two additional tRNA
genes, but several tRNA genes are pseudogenized, and the draft
genome of Mmc. luminyensis lacks a tRNA for lysine (Table 1).
Like the three other strains, “Ca. Methanoplasma termitum” pos-
sesses a tRNA for pyrrolysine, the corresponding tRNAPyl synthe-
tase, and all enzymes for the biosynthesis of pyrrolysine (41),
which is required for growth on methylamines (see below). Pyr-
rolysine operon structure and position of the tRNAPyl gene are the
same as in Mmc. luminyensis and “Ca. Methanomassiliicoccus in-
testinalis” (42). A tRNA gene for selenocysteine is not present in
any of the genomes.

The methyl-reducing pathway. Like all other members of
Methanomassiliicoccales, “Ca. Methanoplasma termitum” pos-
sesses the complete gene sets encoding methanol transferase
(MtaABC) and methyl-CoM reductase (McrABCDG), the key en-
zymes of the methyl reduction pathway (43). Also, a methyl violo-
gen-dependent hydrogenase/heterodisulfide reductase complex
(MvhADG/HdrABC), which is required for the regeneration of
CoM, is encoded by the genome (Fig. 2). The genes required for
the reduction of CO2 to the methyl level, however, are lacking in
all strains.

The conspicuous absence of the CO2 reduction pathway in all
Methanomassiliicoccales (14; also this study) is in agreement with
the obligate dependence of methanogenesis on methanol, which
has been experimentally confirmed for Mmc. luminyensis (21)
(Fig. 3A) and “Ca. Methanoplasma termitum” (Fig. 3B). The ab-

TABLE 1 Comparison of the genome features of “Ca. Methanoplasma termitum” and other members of the order Methanomassiliicoccalesa

Parameter

Intestinal cluster Methanomassiliicoccaceae

“Ca. Methanoplasma termitum”
strain MpT1

“Ca. Methanomethylophilus alvus”
strain Mx1201

Mmc. luminyensis strain
B10

“Ca. Methanomassiliicoccus
intestinalis” strain Mx1

Isolation source Termite gut (12) Human feces (17) Human feces (13) Human feces (18)
Accession no. (GenBank) CP010070 CP004049 CAJE01000001 to -26b CP005934
GOLD IDc Gi21292 Gc0042696 Gi17673 Gc0050196
Genome size (bp) 1,488,669 1,666,795 �2,620,233b 1,931,651
G�C content (mol%) 49.2 55.6 60.5 41.3
No. of protein-coding genes 1,415 1,653 2,625 1,826
No. of rRNA genes 3 4d 4d 4d

No. of tRNA genes 46 48e 48f 46
a Genome features of “Ca. Methanomethylophilus alvus,” Mmc. luminyensis, and “Ca. Methanomassiliicoccus intestinalis” are based on the latest report by Borrel et al. (22).
b The draft genome consists of 26 scaffolds.
c Accession number in the Genomes Online database (http://genomesonline.org).
d Genome contains two copies of the 5S rRNA gene.
e Three of the 48 tRNA genes are pseudogenized.
f Five of the 48 tRNA genes are pseudogenized. The original genome announcement (13) reported 42 tRNAs.

FIG 2 Energy metabolism of “Ca. Methanoplasma termitum” and other members of the order Methanomassiliicoccales. Black arrows indicate reactions whose
enzymes are encoded in all genomes; red arrows indicate the proposed reaction of the heterodisulfide reductase (HdrD) coupled to the Fpo-like complex (Fig.
6). Blue-green arrows indicate that the enzymes are not present in “Ca. Methanoplasma termitum” but are present in the genomes indicated by colored dots
(blue, Methanomassiliicoccus luminyensis; green, “Ca. Methanomassiliicoccus intestinalis,” red, “Ca. Methanomethylophilus alvus”). Abbreviations: Mta, meth-
anol:CoM methyltransferase; Mvh, non-F420-reducing hydrogenase; Hdr, heterodisulfide reductase; Mcr, methyl-CoM reductase; Fpo-like, F420H2-dehydroge-
nase-like complex; MtbA, methylcobamide:CoM methyltransferase; Mtm, monomethylamine methyltransferase; Mtb, dimethylamine methyltransferase; Mtt,
trimethylamine methyltransferase; Aha, AoA1-ATP synthase.
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sence of this pathway also precludes the oxidation of methyl
groups to CO2, which explains the obligate hydrogen requirement
of methanogenesis in Mmc. luminyensis (21), a trait that is corrob-
orated by the present study (Fig. 3A). Moreover, it substantiates
the proposal that methane formation from methanol alone by
“Ca. Methanoplasma termitum” (Fig. 3B) is driven by an internal
hydrogen production of the clostridia present in the enrichment
culture (12).

The inability to disproportionate methanol is found also in
Methanosphaera stadtmanae (Methanobacteriales). In contrast to
Methanomassiliicoccales, M. stadtmanae possesses all genes re-
quired for the reduction of CO2 to methane and for the oxidation
of methanol to CO2 (9), but the activities of the corresponding
enzymes in cell extracts are either low or absent (44, 45). It has
been speculated that the absence of Mtr activity indicates that the
enzyme is not required for methanogenesis from methanol and
H2, and the low specific activities of formylmethanofuran dehy-
drogenase, together with the apparent molybdopterin auxotrophy
of M. stadtmanae, may be related to an exclusively anabolic func-
tion of this enzyme (9). Also in the obligately methylotrophic

Methanomicrococcus blatticola (Methanosarcinales), the low activ-
ities of F420-dependent enzymes indicate an inability to oxidize
methyl groups (11). Further insights into the pathway will be pos-
sible when a genome sequence is available also for this strain.

Growth on methylamines. The previously reported presence
of the complete gene sets for the utilization of mono-, di-, and
trimethylamine in all genomes of Methanomassiliicoccales (17, 18,
42) (Fig. 2) suggested that methylamines can be used as substrates
by all strains investigated so far. However, experimental evidence
for this trait is available only for Mmc. luminyensis (21), correcting
a contradictory statement in the original species description con-
cerning methane formation from trimethylamine (13). Our study
extends these results with detailed time courses of H2-dependent
methanogenesis from all three methylamines (Fig. 3C).

The genome of “Ca. Methanoplasma termitum,” however,
contains only homologs encoding the substrate-specific mono-
methylamine methyltransferase (MtmB) and the monomethyl-
amine corrinoid protein (MtmC) (Fig. 2). As in all other Metha-
nomassiliicoccales (42), the mtmB gene of “Ca. Methanoplasma
termitum” is interrupted by an in-frame amber codon, which in-

FIG 3 Time course of methane accumulation in the culture headspace of Methanomassiliicoccus luminyensis (A and C) and “Ca. Methanoplasma termitum” (B
and D) incubated in bicarbonate-buffered medium supplemented with H2 (ca. 50 kPa), methanol (50 mM), or acetate (30 mM) (A and B) or H2 combined with
different methylamines (10 mM) (C and D). To avoid a transfer of residual methanol with the inoculum, the precultures were grown under methanol limitation.
The values are means of three replicate cultures; standard deviations are shown only if they are larger than the symbols.
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dicates that the enzyme contains pyrrolysine (46, 47), a common
feature of all methylamine methyltransferases that serves to acti-
vate and orient the methylamine for methyl transfer to the cobalt
ion of the corrinoid protein (48). Although the genome lacks the
gene for the methylcobamide:CoM methyltransferase (MtbA)
present in all methylamine utilization complexes (49), the capac-
ity to produce methane from monomethylamine (Fig. 3D) indi-
cates that “Ca. Methanoplasma termitum” possesses a functional
complex, in which MtbA is probably replaced by MtaA, its ho-
molog in the methanol methyltransferase complex.

The lack of capacity of di- and trimethylamine utilization and
the putative loss of the mtbA gene may be related to streamlining
of the “Ca. Methanoplasma termitum” genome, which is even
smaller than that of the closely related “Ca. Methanomethylophi-
lus alvus.” Since also their relatives in the bovine rumen (rumen
cluster C [50]) can utilize all three methylamines (51), the capacity
to metabolize methylamines may have been lost because it does
not provide an advantage in termite guts.

Energy metabolism. It has remained entirely obscure how
members of the Methanomassiliicoccales reoxidize reduced ferre-
doxin formed by electron bifurcation at the soluble heterodisul-
fide reductase (HdrABC) and how they couple this process with

the generation of an electrochemical membrane potential. In the
case of the obligately methyl-reducing M. stadtmanae, it has been
speculated that both tasks are accomplished by the energy-con-
verting [NiFe] hydrogenase Ehb (2), a homolog of the anaplerotic
Eha complex of hydrogenotrophic methanogens (52, 53). How-
ever, homologs of the Eha and Ehb gene clusters are entirely ab-
sent in all Methanomassiliicoccales. Also, ferredoxin-dependent
hydrogenases of the Ech type (54, 55), which are involved in en-
ergy conversion in most Methanosarcina species (56, 57), are ab-
sent in “Ca. Methanoplasma termitum” and “Ca. Methanom-
ethylophilus alvus,” members of the intestinal cluster. The two
complete gene sets in the genomes of Mmc. luminyensis and “Ca.
Methanomassiliicoccus intestinalis” (see Table S2 in the supple-
mental material), which have highest sequence similarity to the
Ech genes of Methanosarcina barkeri (Fig. 4) and the canonical
NiFe-binding motif of [NiFe] hydrogenases (Fig. 5), are probably
involved in the redox cycling of ferredoxin produced/consumed
by the CO dehydrogenase/acetyl-CoA synthetase complex present
only in the Methanomassiliicoccaceae (see below).

The only other putative hydrogenases in Methanomassiliicoc-
cales are the Hyf-like complexes encoded in the genomes of “Ca.
Methanoplasma termitum” and Mmc. luminyensis (see Table S3

Nuo/11-subunit complexes of Proteobacteria 
and other phyla

11-subunit complex of Firmicutes 

11-subunit complex of Thermoplasmatales

11-subunit complex of Chlorobia

11-subunit complex of Bacteroidetes

Fpo-like complex of Methanomassiliicoccales 

Fpo complex of Methanosarcina 

Fpo-like complex of Methanosaeta

11-subunit complex of Halobacteriales

11-subunit complex of Archaeoglobales

11-subunit complex of Sulfolobales
11-subunit complex of Pyrobaculum islandicum

11-subunit complex of Thermoprotei

11-subunit complex of Ca. Korarchaeum cryptofilum 

11-subunit complex of Nitrosopumilales 

11-subunit complex of Ca. Aciduliprofundum boonei
11-subunit complex of Thermosphaera aggregans

MbhL complex of Thermococcus 

Ech complex of Methanosarcina and Methanomassiliicoccus spp.

Hyc/Hyf complexes of Escherichia coli 

Hyf-like complex of Methanomassiliicoccus luminyensis and
Ca. Methanoplasma termitidum 

Eha/Ehb complexes of Methanothermobacter marburgensis
0.10

FIG 4 Phylogenetic tree of Fpo, Nuo, and related 11-subunit complexes and [NiFe] hydrogenases of bacteria and archaea. The Fpo-like complexes of Metha-
nomassiliicoccales do not cluster with the 11-subunit complexes of their closest relatives, Thermoplasmatales and “Ca. Aciduliprofundum boonei,” but share high
sequence similarity with the Fpo and Fpo-like complexes of Methanosarcinales (strains indicated in bold). The tree is based on a translated amino acid alignment
of the homologs encoding the large subunit of the respective complex and was reconstructed using a maximum-likelihood algorithm (PhyML). Nodes that were
not supported by neighbor-joining and maximum-parsimony (MP) analyses are shown as multifurcations; highly supported nodes (1,000 bootstraps, MP) are
marked (solid circles, �95%; open circles, �70%). Scale bar indicates 0.1 substitution per site.
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in the supplemental material). Their large subunits are most
closely related to the [NiFe] hydrogenases Hyc and Hyf of Esche-
richia coli (Fig. 4). However, genes for several subunits of Hyc and
Hyf are missing (see Table S3), and the large subunit of the Hyf-
like complex (HyfG) shows several deviations from the canonical
[NiFe]-binding motif (Fig. 5). Even if the Hyf-like complexes were
functional energy-converting hydrogenases, their absence in “Ca.
Methanomethylophilus alvus” and “Ca. Methanomassiliicoccus
intestinalis” makes them unlikely candidates for energy metabo-
lism, which should be conserved among all Methanomassiliicocca-
les. It is also not possible that Ech and Hyf-like complexes substi-
tute for each other, because none of the complexes are present in
“Ca. Methanomethylophilus alvus.” Therefore, it seems safe to

conclude that the reoxidation of ferredoxin in Methanomassili-
icoccales does not involve an energy-converting hydrogenase.

The Fpo-like complex of Methanomassiliicoccales. The ge-
nomes of all Methanomassiliicoccales have a gene cluster that en-
codes homologs of the 11 core subunits shared by the membrane-
bound F420-methanophenazine oxidoreductase complex (Fpo) of
methanogens and the NADH-ubiquinone oxidoreductase com-
plex (Nuo) and its homologs in many bacteria. However, ho-
mologs of the subunits responsible for binding and oxidation of
F420 (FpoFO) or NADH (NuoEFG) are lacking (Table 2). Phylo-
genetic analysis of the amino acid sequences of the large subunit
revealed that the 11-subunit complex of Methanomassiliicoccales is
more closely related to the Fpo and Fpo-like complexes of Metha-

FIG 5 Comparison of the [NiFe]-binding motif in the large subunit of selected [NiFe] hydrogenases with the corresponding amino acid residues in the
homologous complexes encoded in the genomes of Methanomassiliicoccales (in bold). Blue shading indicates the typical motif of bona fide hydrogenases. Like the
homologous subunits in Fpo and Nuo, which do not contain a [NiFe] cofactor, both the Hyf-like and Fpo-like complexes of Methanomassiliicoccales deviate
strongly from this consensus.

TABLE 2 Genes encoding the different subunits of Fpo in Methanosarcina mazei and their homologs in the 11-subunit complex present in all
Methanomassiliicoccalesa

Protein(s) or
subunit

Fpo,
Methanosarcina
mazei

11-subunit complex

Nuo, E.
coli

“Ca. Methanoplasma
termitum”

“Ca. Methanomethylophilus
alvus”

Mmc.
luminyensis

“Ca. Methanomassiliicoccus
intestinalis”

Large subunit fpoD Mpt1_c12630 MMALV_01980 WP_019176180 MMINT_02020 nuoD
Small subunit fpoB Mpt1_c12650 MMALV_01960 WP_019176182 MMINT_02000 nuoB
4Fe/4S-Fd fpoI Mpt1_c12610 MMALV_02000 WP_019176178 MMINT_02040 nuoI
Small protein fpoC Mpt1_c12640 MMALV_01970 WP_019176181 MMINT_02010 nuoC

Transmembrane
proteins

fpoL Mpt1_c12570 MMALV_02040 WP_019176174 MMINT_02080 nuoL
fpoM Mpt1_c12560 MMALV_02050 WP_019176173 MMINT_02090 nuoM
fpoN Mpt1_c12550 MMALV_02060 WP_019176172 MMINT_02100 nuoN
fpoH Mpt1_c12620 MMALV_01990 WP_019176179 MMINT_02030 nuoH
fpoK Mpt1_c12580 MMALV_02030 WP_019176175 MMINT_02070 nuoK
fpoJ Mpt1_c12600 MMALV_02010 WP_019176177 MMINT_02050 nuoJ
fpoA Mpt1_c12660 MMALV_01955 WP_019176183 MMINT_01985 nuoA

F420 and phenazine
binding module

fpoFO — — — — —

NADH-oxidizing
module

— — — — — nuoEFG

a The homologs in the Nuo complex of Escherichia coli are shown for comparison. —, not present.
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nosarcina and Methanosaeta spp. than to bacterial 11-subunit
complexes (including Nuo) or the [NiFe] hydrogenases of meth-
anogens (Fig. 4). The numerous deviations from the canonical
[NiFe]-binding motifs in the large subunit (Fig. 5) make it un-
likely that the new complex is an [NiFe] hydrogenase.

It has been proposed that 11-subunit complexes are derived
from [NiFe] hydrogenases that lost their [NiFe] cluster and gained
new functions by association with additional electron-transfer-
ring subunits, such as NuoEFG or FpoFO (58). Although 11-sub-
unit complexes are present in many bacteria and archaea, their
interacting partner proteins or the redox process catalyzed by the
respective complex are often unclear (58).

A novel mechanism of energy conversion. Recently, Welte
and Deppenmeier (59) provided strong evidence that the Fpo-like
complex in the obligately aceticlastic Methanosaeta (Mt.) thermo-
phila does not oxidize cofactor F420 but catalyzes the ferredoxin-
dependent reduction of methanophenazine (Fig. 6). Unlike the
aceticlastic Methanosarcina species, which reoxidize the ferre-
doxin produced during the cleavage of acetyl-CoA by using either
an Ech hydrogenase or an Rnf complex, Mt. thermophila directly
channels the electrons of ferredoxin into a membrane-bound
electron transport chain consisting of a ferredoxin:methano-
phenazine oxidoreductase (the Fpo-like complex) and the canon-
ical methanophenazine-dependent heterodisulfide reductase
(HdrDE) (57). The assumption that the “headless” Fpo-like 11-

subunit complex (lacking FpoF) does not interact with F420H2 but
accepts electrons directly from Fdred is consistent with the absence
of F420-dependent activities and the presence of ferredoxin-de-
pendent heterodisulfide reductase activities in the membrane
fraction of Mt. thermophila (59). There is also no evidence for the
presence of F420-dependent enzymes in any of the four Methano-
massiliicoccales genomes, and although autofluorescence at 420
nm is mentioned in the species description of Mmc. luminyensis
(13), we could not detect the characteristic autofluorescence of
cofactor F420 in Mmc. luminyensis or “Ca. Methanoplasma termi-
tum” (12; also this study). Therefore, we assume that also the
Fpo-like 11-subunit complex of Methanomassiliicoccales must in-
teract directly with ferredoxin.

It is striking that all Methanomassiliicoccales genomes encode a
homolog of HdrD, the heterodisulfide-reducing subunit of the
membrane-bound heterodisulfide reductase complex (HdrDE) in
Methanosarcinales, but lack the hdrE gene, which encodes the cy-
tochrome b-containing membrane anchor of the complex that
accepts electrons from methanophenazine (60). Since there is also
no evidence for other enzymes with cytochromes or cytochrome
biosynthesis in any of the genomes (see below), the Fpo-like com-
plex of Methanomassiliicoccales cannot couple ferredoxin oxida-
tion to heterodisulfide reduction the same way as proposed for Mt.
thermophila, i.e., via methanophenazine and a canonical hetero-
disulfide reductase (HdrDE) (59). Instead, we propose that it in-
teracts directly with HdrD, imparting to the entire complex the
function of an energy-converting ferredoxin:heterodisulfide oxi-
doreductase (Fig. 6). Also, a recent comparative analysis of the
three previously published genomes came to a similar conclusion
but assumed that the electrons of the Fpo-like complex are trans-
ferred to a (possibly heterodisulfide-reducing) membrane-bound
protein complex via an unidentified membrane-soluble electron
carrier (22), analogous to the situation in Mt. thermophila (59).

The subunit of the Fpo-like complex responsible for ferredoxin
oxidation remains to be identified. It has been suggested that the
unusual density of lysine at the extended C terminus of FpoI in Mt.
thermophila (see Fig. S1 in the supplemental material) may serve
for interaction with the acidic ferredoxin (57). Although also the C
terminus of the FpoI subunit of Methanomassiliicoccales species is
extended and rich in lysine, it is noteworthy that these features are
not present in the homologous subunits of the ferredoxin-oxidiz-
ing [NiFe] hydrogenases (HycF and HyfH) (see Fig. S1).

Energetic aspects. Welte and Deppenmeier (57) have pointed
out that the more negative redox potential of ferredoxin (E0= �
�500 mV) compared to that of cofactor F420 (�360 mV) renders
the reaction with methanophenazine catalyzed by the Fpo-like
complex of Mt. thermophila more exergonic than that of the ca-
nonical F420-dependent Fpo of Methanosarcina species. In the case
of the Methanomassiliicoccales, the direct reduction of the hetero-
disulfide via HdrD should be even more favorable, since the mid-
point potential of the heterodisulfide (�140 mV) is slightly more
positive than that of methanophenazine (�165 mV [57]). It
would be premature to speculate on the number of protons trans-
located by the Fpo-like complex of Methanomassiliicoccales, but
we want to point out that electron bifurcation at the soluble
heterodisulfide reductase dictates that only the electrons of every
second hydrogen oxidized by the Mvh/HdrABC complex will
feed into the energy-converting ferredoxin:heterodisulfide oxi-
doreductase (Fpo-like/HdrD) complex (Fig. 2). This should neg-

FIG 6 Redox processes catalyzed by the 11-subunit core complexes and their
specific electron-transferring modules in Methanosarcina mazei (Fpo) and
Escherichia coli (Nuo) and hypothetical processes and potential interaction
partners of the Fpo-like complexes in Methanosaeta thermophila (59) and
Methanomassiliicoccales (this study). The common core complex of 11 sub-
units is shown in gray, and specific subunits of the different complexes are
indicated by different colors. In all cases, the complex serves as a redox-driven
proton pump. For further explanations, see the text. F420, coenzyme F420; Fd,
ferredoxin; MP, methanophenazine; UQ, ubiquinone.
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atively affect growth yield but may also increase the competiveness
by decreasing the threshold for hydrogen (see below).

All genomes of Methanomassiliicoccales encode an H�/Na�

antiporter and the typical AoA1-ATP synthase of archaea. The C
subunit of the ATP synthase (AhaC) has the same conserved Na�-
binding motif as in Methanosarcina acetivorans and Methanosar-
cina mazei, but also in those organisms the ion specificity of ATP
synthase is not fully resolved (4). Since all 11-subunit complexes
are considered to be proton pumps (61) and since the Fpo-like
complex is the only energy-converting complex in Methanomassi-
liicoccales, it is likely that methanogenesis is coupled to ATP syn-
thesis via a proton motive force.

Acetyl-CoA synthesis. Like the other Methanomassiliicoccales,
“Ca. Methanoplasma termitum” possesses a homolog of the acsA
gene encoding an ADP-forming acetyl-CoA synthetase, which al-
lows heterotrophic growth on acetate (Fig. 7). The presence of
gene clusters encoding a CO dehydrogenase/acetyl-CoA synthase
complex, two Ech hydrogenases, and a 5,10-methylenetetrahy-
drofolate reductase (MetF) in Mmc. luminyensis and “Ca. Metha-
nomassiliicoccus intestinalis” suggests that the members of the
Methanomassiliicoccaceae may be able to synthesize acetyl-CoA
also from formate and CO2 (Fig. 7). However, it should be noted
that the structure of the gene cluster encoding CO dehydrogenase/
acetyl-CoA synthase differs from that in other methanogens (see
Fig. S2 in the supplemental material). It lacks the gene encoding
the epsilon subunit (CdhB) typical of methanogens, and the genes
encoding the alpha and beta subunits (CdhA/C) seem to be fused
and truncated compared to the cdhA gene of other methanogens.
The fused gene shows highest sequence similarity to a homolog in
the homoacetogenic Acetonema longum, although the latter pos-
sesses also a second, nontruncated cdhA gene. In addition, the
beta-part of the cdhA/C gene of Mmc. luminyensis is interrupted
by several insertions, which suggests that the gene may no longer
encode a functional enzyme.

One-carbon metabolism. All Methanomassiliicoccales possess
the genes required to generate 5,10-methylenetetrahydrofolate
from formate. However, the absence of formate dehydrogenase
suggests that the pathway operates in the reverse direction, gener-
ating both 5,10-methylenetetrahydrofolate (for pyrimidine bio-
synthesis) and formate (for purine biosynthesis and as a cosub-
strate of the ribonucleotide reductase) from serine (Fig. 7). The
same anabolic role of the C1 pathway has been postulated for M.
stadtmanae (9). The CO dehydrogenase/acetyl-CoA synthase of
Methanomassiliicoccales, if at all functional, also may serve to gen-
erate C1 compounds from acetyl-CoA.

Gluconeogenesis and glycolysis. All Methanomassiliicoccales
possess the genes required for gluconeogenesis via pyruvate-ferre-
doxin oxidoreductase and a 2,3-bisphosphoglycerate-indepen-
dent phosphoglycerate mutase (ApgM), which is characteristic of
archaea (62). Only “Ca. Methanomethylophilus alvus” possesses
the bacterial, bisphosphoglycerate-dependent variant (GpmA).
Also the bifunctional fructose-1,6-bisphosphate aldolase/phos-
phatase present in all strains is typical for archaeal gluconeogene-
sis (63). The genome of “Ca. Methanoplasma termitum” lacks a
homolog encoding phosphoglucoisomerase (Pgi), but since the
pathway of gluconeogenesis is otherwise complete, this step may
involve an unknown enzyme. Genes for glycogen biosynthesis or
degradation are not present in any of the strains. Only Mmc. lu-
minyensis, the strain with the largest genome, may be capable of

glycolysis because it possesses a phosphofructokinase (PfkB) and
an archaeal class I fructose-bisphosphate aldolase (FbaA) (Fig. 7).

Intermediary metabolism. As in all methanogens, the tricar-
boxylic acid (TCA) cycle of Methanomassiliicoccales is incomplete.
Mmc. luminyensis and “Ca. Methanomassiliicoccus intestinalis”
both possess a phosphoenolpyruvate carboxykinase (PckA) for
providing oxaloacetate, a Si-citrate synthase (GltA), and the re-
maining enzymes of the oxidative branch (a homolog encoding
aconitase [AcnA] is missing in the draft genome of Mmc. luminy-
ensis). Both Methanomassiliicoccus species should also have the
capacity to synthesize succinyl-CoA, either via 2-oxoglutarate
(“Ca. Methanomassiliicoccus intestinalis”) or via the reductive
branch (Mmc. luminyensis), involving a cytochrome-free succi-
nate dehydrogenase (ShdAB) and succinyl-CoA synthetase
(SucCD). All four strains should be able to synthesize malate from
pyruvate via malic enzyme (MaeA) but lack a malate dehydroge-
nase, which should cause aspartate auxotrophy in members of the
intestinal cluster. The latter should also be unable to synthesize
2-oxoglutarate and succinyl CoA, resulting in a requirement for
glutamate and methionine.

Amino acid and nucleotide biosynthesis. Although all strains
may be unable to form glutamate and/or aspartate de novo, the
pathways for the biosynthesis of other amino acids are mostly
complete (see Fig. S3 in the supplemental material). The absence
of genes encoding threonine aldolase (ItaE) and homoserine O-
acetyltransferase (MetX) in all strains except Mmc. luminyensis
suggests methionine auxotrophy in the former strains. “Ca.
Methanomassiliicoccus intestinalis” is the only strain that lacks
genes required for tryptophan synthesis from serine and choris-
mate. As in all methanogens, the gene coding for histidinol phos-
phatase (HisJ) remains to be identified. The genes required to
operate the pentose phosphate pathway and for biosynthesis of
phosphoribosyl pyrophosphate (PRPP) and nucleic acids are
present in all strains (see Table S1).

Coenzyme biosynthesis. All methanogens can synthesize co-
factor F430, an Ni porphyrinoid that functions as the prosthetic
group of Mcr and is essential for methanogenesis (64, 65). All
Methanomassiliicoccales possess the genes for the entire pathway
of corrinoid biosynthesis via glutamyl-tRNA reductase via precor-
rin-2 (HemABCDL and CobA) (66), and the genes required for
cobalamin biosynthesis from precorrin-2 are almost complete.
Like all other methanogens, they lack the typical pathway for heme
biosynthesis via coproporphyrinogen III, but also the genes for the
alternative pathway for heme biosynthesis via precorrin-2 (67) are
absent in the genomes, underscoring the inability of Methano-
massiliicoccales to synthesize cytochromes. Since none of the
strains has the capacity to synthesize methionine, the methyl
group donor in the biosynthesis of factor F430 (68), neither via the
methionine biosynthesis pathway I (which would require succi-
nyl-CoA) nor via one of the other pathways (see Fig. S2 in the
supplemental material), they must depend on an external source
of this amino acid.

While the genes for the classical pathway of coenzyme M bio-
synthesis via sulfolactate (69) are absent from the genomes of all
Methanomassiliicoccales, the three strains from the human gut en-
code the genes for the alternative pathway via L-cysteate (70),
which explains the requirement of “Ca. Methanoplasma termi-
tum” for 2-mercaptoethanesulfonate. The situation is less clear in
the case of methanophenazine, for which the only known enzyme
of the biosynthetic pathway is a geranylfarnesyl diphosphate syn-
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thase, which is responsible for the addition of the polyprenyl side
chain in Methanosarcina mazei (71) but may also be involved in
the synthesis of C25 diether lipids, as in other archaea (72). Ho-
mologs of the corresponding gene are present in all Methano-
massiliicoccales.

Lipid biosynthesis. Archaea produce unique membrane lipids
in which isoprenoid alkyl chains are bound to glycerol moieties via

ether linkages (73). Like all Methanomassiliicoccales, “Ca. Metha-
noplasma termitum” possesses the genes for the mevalonate path-
way, the subsequent condensation of isopentenyl diphosphate
(IPP) units with dimethylallyl diphosphate (DMAPP) to gera-
nylgeranyl diphosphate (GGPP), and the prenyltransferases that
form the ether bonds in geranylgeranylglyceryl phosphate
(GGGP) and digeranylgeranylglyceryl phosphate (DGGGP) (see

FIG 7 Intermediary metabolism and glycolysis/gluconeogenesis of “Ca. Methanoplasma termitum” and other Methanomassiliicoccales. Black arrows indicate
reactions whose enzymes are encoded by all genomes. Blue-green arrows indicate that the enzymes are not present in “Ca. Methanoplasma termitum” but are
present in the genomes indicated by the colored dots. Purple arrows indicate link points to amino acid and nucleic acid biosynthesis. Gray arrows indicate
important enzymes not encoded by any of the four genomes. *, “Ca. Methanomethylophilus alvus” has gpmA instead of apgM; #, acnA was not found in Mmc.
luminyensis.
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Table S1 in the supplemental material). The enzymes responsible
for the activation of the diglyceride, the addition of polar head
groups to the glycerol moiety, and the final production of archaeol
via the subsequent reduction of the unsaturated isoprenoid chains
are also represented.

Ultrastructure. Negative stains of “Ca. Methanoplasma termi-
tum” strain MpT1 and the closely related strain MpM2 from a
millipede showed coccoid cells with diameters between 500 and
800 nm (Fig. 8). No obvious dividing cells were observed. A small
number of cells carried appendages, but generally not more than
one per cell. Although the diameter (12 nm) of the appendage
matches the typical size of an archaellum, none of the Methano-
massiliicoccales genomes contain the typical archaellum operon
present in other archaea (74). Only “Ca. Methanoplasma termi-
tum,” Mmc. luminyensis, and “Ca. Methanomethylophilus alvus”
possess genes that may represent homologs of the archaellum bio-
synthesis pathway, such as prearchaellin peptidase (FlaK; all three
strains), secretion ATPase (FlaI; only Mmc. luminyensis), and a
polytopic membrane protein (FlaJ; only Mmc. luminyensis) that
interacts with ATPase (74). However, genes encoding archaellin

(FlaB), the major filament component of the archaellum, are ab-
sent in all strains. Since the same is true also for all genes poten-
tially involved in pilus biosynthesis, the nature of the cell append-
ages observed in the negative stains remains obscure.

In ultrathin sections, both strains showed a homogenous cyto-
plasm surrounded by a cytoplasmic membrane and an outermost
layer that resembled a second membrane (Fig. 8C and F). Al-
though great care was taken to preserve the structure during prep-
aration, the outermost layer was often not present or seemed to be
detached from the cells (Fig. 8E). The distance between the two
membranes ranged from 10 and 300 nm, often even within the
same cell. Since the integrity of its structure was affected by cen-
trifugation, fixation, and freeze substitution, the possibility of ar-
tifacts cannot be excluded.

Interestingly, the species description of Mmc. luminyensis (13)
also contains evidence for a second membrane system. The trans-
mission electron micrograph of an ultrathin section shows a single
cell surrounded by two electron-dense layers, one enclosing the
cytoplasm and the other separated from the former by a wide
electron-lucent ring. Although this interpretation differs from

FIG 8 Ultrastructure of “Ca. Methanoplasma termitum” strain MpT1 (A to C) and the closely related strain MpM2 from a millipede (D to F). Panels A and D
show cells negatively stained with uranyl acetate, illustrating the coccoid shape and occasional cell appendages (arrowheads). Ultrathin sections of high-pressure
frozen cells at intermediate (B and E) and high magnification (C and F) show the homogenous cytoplasm surrounded by a cytoplasmic membrane (IM) and an
additional outermost membrane (OM) that occasionally showed the characteristics of a lipid bilayer (F). Scale bars: 500 nm.
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that of the authors (13), and despite obvious differences to our
preparations in structure and contrast, we are confident that the
cell envelopes of both “Ca. Methanoplasma termitum” and Mmc.
luminyensis do not consist of a single lipid membrane covered by a
proteinaceous S-layer, as in most other archaea (75, 76), but that
the cells have a two-membrane system. Dual membranes in ar-
chaea have so far been restricted to Ignicoccus species (77) and the
ultrasmall ARMAN cells (78). However, in view of the sensitivity
to manipulation of the outermost membrane of “Ca. Methano-
plasma termitum,” it is possible that this structure is more wide-
spread than it appears.

Neither the ultrathin sections of “Ca. Methanoplasma termi-
tum” (this study) nor the image of Mmc. luminyensis (13) shows
indications of a proper cell wall. This is in agreement with the
absence of most genes involved in the synthesis of UDP-N-acetyl-
D-glucosamine, the precursor of pseudomurein (79), from the
genomes of “Ca. Methanoplasma termitum” and “Ca. Metha-
nomethylophilus alvus.” Interestingly, both Mmc. luminyensis
and Ca. Methanomassiliicoccus intestinalis retain all genes re-
quired to synthesize this compound.

Evolution. Although the Euryarchaeota comprise several non-
methanogenic lineages, the apparent cocladogenesis of phyloge-
netic (16S rRNA genes) and functional marker (mcrA) genes sug-
gests that methanogens and anaerobic methane oxidizers are a
monophyletic group (3, 80). Also, a recent phylogenomic analysis
supports the hypothesis that the Methanomassiliicoccales are de-
rived from methanogenic ancestors (14).

Other lineages in the Thermoplasmata obviously lost the capac-
ity for methanogenesis and acquired other modes of energy me-
tabolism. The Thermoplasmatales are facultative anaerobes (81),
whereas their closest relatives from deep sea hydrothermal vent
group II (which includes “Ca. Aciduliprofundum boonei,” whose
complete genome is now available) possess a sulfur-based energy
metabolism (82). There is also no evidence for the presence of mcr
genes for other deep-branching lineages of Thermoplasmata
found in marine sediments or the deep subsurface (12, 14, 83, 84)
(Fig. 1).

While the soluble heterodisulfide reductase (HdrABC) is a
common feature of all methanogens, its membrane-bound analog
is present only in the apical lineages. Interestingly, Methanocellales
and Methanomassiliicoccales possess only a homolog of the sub-
unit carrying the catalytic domain (HdrD), whereas the cyto-
chrome-containing membrane anchor (HdrE) must have been
acquired at a later stage, since HdrDE is present only in the Metha-
nosarcinales. It is not clear whether the homologs in Archaeoglo-
bales (HmeDC) are derived from their methanogenic ancestor or
the result of lateral gene transfer, which would also explain the
presence of HdrD in Methanosphaerula palustris (Methanomicro-
biales).

Homologs of the 11-subunit complex are present in only a few
euryarchaeotal lineages. They are entirely absent from all basal
Euryarchaeota but present in the Thermoplasmata (Thermoplas-
matales and Methanomassiliicoccales) and the euryarchaeotal
crown groups (Archaeoglobales, Methanosarcinales, and Halobac-
teriales). The phylogeny of the large subunit of the Fpo-like com-
plex of Methanomassiliicoccales is more similar to those of the
homologous subunits in the Fpo and Fpo-like complexes of
Methanosarcina and Methanosaeta spp. than to those in their
closer, nonmethanogenic relatives, the strictly anaerobic “Ca.
Aciduliprofundum boonei” (82) and the facultatively anaerobic

Thermoplasmatales (85), which suggests that some of them have
acquired the complex by lateral gene transfer (Fig. 4). However,
the function of related complexes may change by interaction with
different electron-accepting modules. This is nicely illustrated by
the Fpo-like complexes of Methanomassiliicoccales and Methano-
sarcinales, which may be of common origin but interact with dif-
ferent electron donors (ferredoxin of cofactor F420) or electron
acceptors (HdrD or methanophenazine).

Ecological considerations. It is striking that obligately methyl-
reducing methanogens have so far been isolated only from intes-
tinal tracts (8, 10, 13), although they are apparently not restricted
to this habitat (12, 19). The decisive factor limiting their distribu-
tion is obviously the simultaneous production of methanol (or
methylamines) and hydrogen by the bacterial microbiota, but
also, the competition with other microorganisms for one of these
substrates should affect their ecological amplitude. For instance,
the hydrogen-dependent reduction of methanol to methane
(H2 � CH3OH ¡ CH4 � H2O; �G°= � �112.5 kJ per mol of
CH4) is thermodynamically more favorable than its dispropor-
tionation to methane and CO2 (4 CH3OH ¡ 3 CH4 � CO2 � 2
H2O; �G°=� �103.7 kJ per mol of CH4) under standard condi-
tions (calculated after Thauer et al. [86]). However, the difference
becomes smaller with decreasing hydrogen concentrations, and
methanol disproportionation would be energetically superior al-
ready at moderate hydrogen partial pressures (PH2 	 103 Pa).

It is likely that the hydrogen thresholds of methyl-reducing
methanogens differ between members of particular phylogenetic
groups. Generally, methanogens with cytochromes have higher
hydrogen thresholds than those without cytochromes because
they have a more efficient mode of energy conservation and en-
counter a thermodynamic equilibrium of energy metabolism and
ATP synthesis already at relatively high hydrogen partial pressures
(2). Unfortunately, only a little is known about the hydrogen
thresholds of methanogens during growth on methanol. The hy-
drogen threshold of the obligately hydrogen-dependent methyl-
otroph Methanomicrococcus blatticola, which is a member of
Methanosarcinales and possesses F420 and cytochromes, is only
slightly lower than that of Methanosarcina barkeri growing on H2

and CO2 (87). In M. stadtmanae, the only methylotrophic mem-
ber of Methanobacteriales, the proposed coupling of methanogen-
esis to energy conservation via an energy-converting hydrogenase
(2) would improve with decreasing hydrogen partial pressure, but
the hydrogen threshold— determined by the equilibrium point of
energy metabolism and ATP synthesis— depends on the number
of sodium ions transported by Ehb. The energy metabolism of
Methanomassiliicoccales may also serve to increase their affinity for
hydrogen. The proposed bifunctional role of heterodisulfide in
the production of reduced ferredoxin (via electron bifurcation at
the HdrABC complex) and its subsequent oxidation (via the Fpo-
like complex and HdrD) would allow only every second event of
CH4 production to be coupled with the generation of a membrane
potential (Fig. 2), but again, the equilibrium point of energy me-
tabolism and ATP synthesis depends on the stoichiometry of pro-
ton translocation (for a discussion of the number of protons
transported by the Fpo-like complex, see the review by Welte and
Deppenmeier [57]). The presence of lower hydrogen thresholds in
Methanomassiliicoccales and M. stadtmanae remains to be experi-
mentally determined, but a similar trade-off between substrate
affinity and growth yield is encountered also in aceticlastic meth-
anogens; Methanosaeta spp. achieve an increased affinity for their
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substrate by investing an additional ATP into acetate activation
(57).

The small genome size of “Ca. Methanoplasma termitum” and
“Ca. Methanomethylophilus alvus” indicates that the members of
the intestinal cluster have experienced a substantial streamlining
of their genomes, possibly an adaptation to the rich nutrient sup-
ply in the intestinal habitat. So far, none of the strains has been
isolated in pure culture, probably due to still-unrecognized de-
pendencies on metabolites provided by bacterial members of the
enrichment culture. An interesting aspect is the requirement of
“Ca. Methanoplasma termitum” for coenzyme M, which is not a
typical bacterial product and probably supplied by other meth-
anogens colonizing the termite gut. This would agree with the
observation that Methanomassiliicoccales are never the only meth-
anogens present in the gut microbiota of termites (unpublished
results).

The many variations in the metabolic pathways of methyl-
otrophic methanogens may represent adaptations to cope with
special environmental conditions. Understanding these strategies
will require detailed physiological and biochemical studies of the
groups in question.

Description of “Candidatus Methanoplasma termitum.”
Me.tha.no.plas’ma. N.L. n. methanum [from French n. meth(yle)
and chemical suffix -ane], methane, N.L. pref. methano-, pertain-
ing to methane, Gr. neut. n. plasma, something formed or molded,
a form, N.L. neut. n. Methanoplasma, a methane-producing form.

ter’mi.tum. L. masc. n. termes, termitis (variant of tarmes), a
woodworm, a termite, L. masc. n. gen. pl. termitum, of termites,
referring to the habitat of the organism.

Short description: roundish cells, 0.5 to 0.8 �m in diameter,
without apparent cell wall, surrounded by two membranes, pos-
sess archaellum-like cell appendages. Obligate anaerobe. Metha-
nogenic metabolism, obligately methylotrophic, methyl donors:
methanol and monomethylamine but not di- or trimethylamine.
Obligately hydrogen dependent. Form a monophyletic group
within the radiation of the “intestinal cluster” of Methanomassili-
icoccales. Habitat: intestinal tracts of termites and cockroaches.
Basis of assignment: strain MpT1 from Cubitermes ugandensis
(16S rRNA gene sequence JX266068, complete genome sequence
CP010070), and 16S rRNA gene sequences of so-far-uncultured
representatives (accession numbers JX266062 to JX266070).
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