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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.

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 (Flal; only Mmc. luminyensis), and a
polytopic membrane protein (FlaJ; only Mmc. luminyensis) that
interacts with ATPase (74). However, genes encoding archaellin
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(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 Mmnc. 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
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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 HArD 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
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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 F,,,) 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
(H, + CH;0H — CH, + H,0; AG*" = —112.5 k] per mol of
CH,) is thermodynamically more favorable than its dispropor-
tionation to methane and CO, (4 CH;OH — 3 CH, + CO, + 2
H,0; AG®" = —103.7 k] per mol of CH,) 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 (Py, < 10° 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 F,,, and cytochromes, is only
slightly lower than that of Methanosarcina barkeri growing on H,
and CO, (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 HAdrABC complex) and its subsequent oxidation (via the Fpo-
like complex and HdrD) would allow only every second event of
CH, 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,
aform, 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 wm 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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