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Two morphologically distinct, H2- and CO2-utilizing methanogens were isolated from gut homogenates of the
subterranean termite, Reticulitermes flavipes (Kollar) (Rhinotermitidae). Strain RFM-1 was a short straight rod
(0.4 by 1.2 mm), whereas strain RFM-2 was a slightly curved rod (0.34 by 1.6 mm) that possessed polar fibers.
Their morphology, gram-positive staining reaction, resistance to cell lysis by chemical agents, and narrow
range of utilizable substrates were typical of species belonging to the family Methanobacteriaceae. Analysis of
the nearly complete sequences of the small-subunit rRNA-encoding genes confirmed this affiliation and
supported their recognition as new species of Methanobrevibacter: M. cuticularis (RFM-1) and M. curvatus
(RFM-2). The per cell rates of methanogenesis by strains RFM-1 and RFM-2 in vitro, taken together with their
in situ population densities (ca. 106 cells z gut21; equivalent to 109 cells z ml of gut fluid21), could fully account
for the rate of methane emission by the live termites. UV epifluorescence and electron microscopy confirmed
that RFM-1- and RFM-2-type cells were the dominant methanogens in R. flavipes collected in Michigan (but
were not the only methanogens associated with this species) and that they colonized the peripheral, microoxic
region of the hindgut, i.e., residing on or near the hindgut epithelium and also attached to filamentous
prokaryotes associated with the gut wall. An examination of their oxygen tolerance revealed that both strains
possessed catalase-like activity. Moreover, when dispersed in tubes of agar medium under H2-CO2-O2 (75:
18.8:6.2, vol/vol/vol), both strains grew to form a thin plate about 6 mm below the meniscus, just beneath the
oxic-anoxic interface. Such growth plates were capable of mediating a net consumption of O2 that otherwise
penetrated much deeper into uninoculated control tubes. Similar results were obtained with an authentic
strain ofMethanobrevibacter arboriphilicus. This is the first detailed description of an important and often cited
but poorly understood component of the termite gut microbiota.

Termites emit methane, and they are one of the few terres-
trial arthropods to do so (1, 6, 24, 46). The methane emitted
(#1.30 mmol g [fresh weight]21 h21 [4]) arises from members
of the methanogenic Archaea, which reside in the gut and
appear to be one of the terminal “H2 sink” organisms of the
hindgut fermentation, i.e., catalyzing the reaction 4H2 1
CO23CH4 1 2H2O (10, 44). Owing to this property and to
their high biomass densities, particularly in tropical habitats,
termites have been cited as a potentially significant source of
atmospheric methane. However, their precise contribution to
global methane emissions has been hotly debated (reference 4
and references therein). Among the uncertainties in global
estimates of methane emission by termites are knowledge of
the exact number of termites on Earth and of the extent of
intra- and interspecific variation in emission rates among the
2,000 or so known species, as well as of environmental factors
which may affect these rates.
Microbial H2-CO2 acetogenesis (4H21 2CO23CH3COOH1

2H2O) also occurs in the hindgut of termites, and rates range
from 0.01 to 5.96 mmol of acetate formed g (fresh weight)21

h21 (4). Considering the overall reaction for acetogenesis, it
would appear that acetogens are in competition with methano-
gens for the same reductant, i.e., H2. Curiously, however, the
extent to which H2 flows to CO2-reducing methanogenesis
versus acetogenesis varies with the feeding guild to which ter-
mites belong. In soil-feeding and fungus-cultivating termites,

methanogenesis dominates acetogenesis as an H2 sink; how-
ever, the reverse is true for wood- and grass-feeding termites
(4). This in itself is enigmatic, because in most anoxic habitats
in which CO2 reduction is the primary electron sink reaction,
methanogenesis almost always outprocesses acetogenesis (7).
We seek a better understanding of factors that affect the

competition for H2 between termite gut methanogens and ace-
togens. A key step toward that goal is the isolation of the
relevant organisms for study under controlled conditions in the
laboratory. Several species of H2-CO2 acetogens, including
Sporomusa termitida (11), Acetonema longum (29), and Clos-
tridium mayombei (28), have already been isolated from ter-
mite guts and characterized. However, aside from the visual-
ization of methanogens by F420 epifluorescence microscopy of
termite gut contents (39, 44) and brief descriptions of the
enrichment and isolation of such forms (58; unpublished result
of D. A. Odelson and J. A. Breznak cited in reference 6), our
understanding of the physiological ecology of termite gut
methanogens is virtually nonexistent (8). Accordingly, the
present effort was initiated.
Herein, we describe the isolation, characteristics, and in situ

location of two new methanogens from Reticulitermes flavipes
(Kollar), the common eastern subterranean termite. In this
wood-feeding termite, H2-CO2 acetogenesis (0.93 mmol of ac-
etate formed g [fresh weight]21 h21) typically outcompetes
methanogenesis (0.10 mmol g [fresh weight]21 h21) as the
primary electron sink of the hindgut fermentation (4).
(A preliminary report of these findings has been presented

[37]).
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MATERIALS AND METHODS

Termites. Workers (i.e., externally undifferentiated larvae beyond the third
instar) of R. flavipes (Kollar) (Rhinotermitidae) were used for all experiments.
Unless indicated otherwise, they were collected in a wooded area in Dansville,
Mich., and used within 48 h or after various periods of maintenance in the
laboratory as previously described (46).
Media and cultivation methods. Anoxic cultivation was routinely done by

using CO2- and bicarbonate-buffered, dithiothreitol (DTT)-reduced media un-
der an O2-free atmosphere containing 80% H2 and 20% CO2 (11). Medium
JM-1 contained (in grams per liter) NaCl, 1.0; KCl, 0.5; MgCl2 z 6H2O, 0.4;
CaCl2 z 2H2O, 0.1; NH4Cl, 0.3; KH2PO4, 0.2; Na2SO4, 0.15; NaHCO3, 5.8; trace
element solution no. 2 and selenite-tungstate solution (56); and seven-vitamin
solution (57). The last four components and any further supplements (where
specifically noted) were added to the autoclaved medium from sterile stock
solutions as described by Widdel and Pfennig (57). The pH was adjusted to 7.4,
when necessary, with sterile 1 M solutions of either HCl or Na2CO3. Prior to
inoculation, DTT (1 mM final concentration) was added to the medium as a
reductant. Medium JM-2 was identical to JM-1 but also contained 0.05% (wt/vol)
Casamino Acids (Difco) and 0.05% (wt/vol) yeast extract. Medium JM-3 was
identical to JM-2 but also contained bovine rumen fluid (2%, vol/vol) prepared
as described below. Medium JM-4 was identical to JM-1 but also contained
nutrient broth (0.2%; Difco) and clarified rumen fluid (40%, vol/vol). For solid
media, agar (Difco; water washed before use) was incorporated at a final con-
centration of 0.8%.
Cells were grown in 16-mm tubes containing 4.5 ml of liquid medium (dilution-

to-extinction series [see below]), 18-mm anaerobe tubes (no. 2048-18150; Bellco)
containing 4.5 ml of liquid medium or 8 ml of agar medium (for routine culture
or agar dilution series, respectively), or serum bottles containing one-quarter to
one-third of their total volume of liquid medium. Some of the serum bottles were
custom fitted with sampling ports and lateral arms (for spectrophotometric
determination of culture turbidity) that were derived from the mouth and bottom
portion, respectively, of anaerobe tubes (above). All culture vessels were sealed
with butyl rubber stoppers, and all incubations took place at 308C in the dark
unless indicated otherwise. Liquid cultures were held static until visible turbidity
developed, at which time they were placed horizontally (tubes) or vertically
(bottles) on a reciprocal shaker operating at 130 cycles min21.
The antibacterial drugs rifamycin SV and cephalothin (final concentration of

each, 10 mg/ml) were included in the media to help achieve or ensure culture
purity in two instances (45): during the first agar dilution series for isolation of
pure cultures, and in cultures to be harvested for enzyme assays. The methano-
gens were naturally resistant to these antibiotics. In all instances, culture purity
was routinely checked by phase-contrast and UV epifluorescence microscopy
(below).
Enumeration and isolation of methanogens. Methanogens were enumerated

by a dilution-to-extinction enrichment culture method. Termites were degutted
while held in an anoxic glove box (9) to yield the entire hindgut, along with a
nearly full length of attached midgut. Nine extracted guts were pooled in 4.5 ml
of DTT-reduced buffered salts solution (BSS; containing 10.8 mM K2HPO4, 6.9
mM KH2PO4, 21.5 mM KCl, 24.5 mM NaCl, and 1 mM DTT [pH 7.2]) at two
guts ml21 and homogenized (10). Six independent replicates of gut homogenate
were prepared, and each was subjected to a serial 10-fold dilution in tubes of
medium JM-2, JM-3, or JM-4 such that the final tube contained 1028 gut
equivalent. The tubes were scored positive for the presence of methanogens
when, after 8 weeks of incubation a negative pressure had developed in the tube,
methane accumulated in the headspace gas, and F420 autofluorescent cells were
observed by UV epifluorescence microscopy.
For differential enumeration of gut epithelium-attached and nonattached (or

loosely attached) methanogens, a similar approach was used but with the fol-
lowing modifications. Extracted guts were placed individually on a small square
of Parafilm M (American National Can, Greenwich, Conn.), and the hindgut
region was sliced longitudinally with a razor blade. The sliced gut was then
flooded with a 100-ml drop of BSS, in which it was agitated while being held with
fine-tipped forceps. The liquid portion, now containing the liberated gut con-
tents, was taken up with a syringe and transferred to a small test tube. The gut
was rinsed in another drop of BSS, which was subsequently pooled with the first,
and the rinsed gut was transferred to a separate tube containing 1.0 ml of BSS.
This procedure was repeated with eight more guts, combining all like fractions.
The tube containing the nine pooled guts was then held for 30 s on a vortex
mixer, after which the gut pieces were allowed to settle and the liquid phase was
transferred to the tube containing expressed gut contents. This step was repeated
once more after adding 1.0 ml of fresh BSS to the pooled guts. At this point, the
guts were somewhat translucent, most of the contents having been washed from
them. They were then transferred to a homogenizer tube with 4.5 ml of BSS,
homogenized, and used as an inoculum for one serial 10-fold dilution series in
medium JM-3 (as described above) to estimate the number of “gut wall-at-
tached” methanogens. The tube containing the pooled gut contents was also
made up to 4.5 ml, homogenized, and used for a separate dilution series to
estimate the number of “nonattached or loosely attached” methanogens. The
entire dissection, washing, and dilution procedure was repeated in triplicate.
From the highest-dilution tubes containing methanogens, pure cultures were

isolated by preparing an agar dilution series in medium JM-2 for strain RFM-1

and medium JM-3 for strain RFM-2. The purity of the strains was assumed when,
after passage through three successive agar dilution series, all colonies from the
last tube were uniform in size, color, and morphology and exhibited F420
autofluorescence; all cells in the colony (and liquid cultures established from
such colonies) were of similar morphology and exhibited F420 autofluorescence;
and liquid cultures exhibited no growth when inoculated into tubes of medium
JM-2 under a headspace of N2-CO2 (80:20, vol/vol) or into tubes of fluid thio-
glycolate broth USP (BBL Microbiology Systems, Cockeysville, Md.) under
100% N2.
Growth of cells in and measurement of O2 gradients. Growth of cells in O2

gradients was examined by inoculating and mixing ca. 107 cells per ml (final
concentration) in DTT-reduced molten JM-4 agar medium in anaerobe tubes (11
ml per tube) held at 458C under a headspace of N2-CO2 (80:20, vol/vol). Imme-
diately after inoculation, the tubes were allowed to solidify in a vertical position
and the composition of the headspace gas (ca. 14 ml) was changed to H2-CO2-O2
(75:18.8:6.2, vol/vol/vol). When growth plates were apparent in the agar (see
Results), the O2 gradient existing in the agar was determined with microelec-
trodes (12) immediately after removal of the butyl rubber stopper. Such mea-
surements were completed within 2 min, well before any significant change
occurred in the O2 gradient preexisting throughout most of the agar.
Localization of methanogens in situ. Termite guts were visually inspected for

the presence and location of putative methanogens by F420 and F350 (i.e., meth-
anopterin) epifluorescence microscopy (19). A Nikon Optiphot microscope was
used and was equipped with a mercury vapor UV light source and excitation and
emission filter sets analogous to those described by the authors. This same
microscope was used for phase-contrast microscopy.
The free (i.e., unattached to the wall) gut contents were inspected by removing

guts as above, placing them in a 100-ml drop of BSS or JM-3 medium on a glass
microscope slide, and puncturing them with the tip of forceps to liberate the
contents. The preparation was then covered with a coverslip for viewing.
To inspect the luminal (i.e., inward-facing) surface of the hindgut epithelium

for attached methanogens, sliced pieces of hindgut, prepared in a manner similar
to that used for differential enumeration (above), were laid onto a microscope
slide and teased fully open with fine needles such that the luminal surface was
facing upward, i.e., toward the objective lens of the light microscope. This
manipulation was done with the aid of a stereomicroscope and was facilitated by
two factors. First, the luminal surface was recognizable, because it was covered
with an array of regularly spaced, circular depressions or “cups” (9) that created
a dotted pattern on it. Second, the luminal surface was somewhat hydrophobic,
such that pieces of hindgut floating in a small pool of buffer on the slide were
usually presented in the upward orientation. Once properly oriented on the
microscope slide, the hindgut pieces were covered with a coverslip for viewing.
For examining the radial distribution of methanogens in termite guts, frozen

thin sections of hindguts were made perpendicular to their long axis. Extracted
guts were first placed onto the surface of a 1-cm3 block of agar (3% [wt/vol] in
BSS), whereupon they were then totally encased in an additional layer of molten
(478C) agar, which quickly solidified. After the block containing the guts was
trimmed, it was fixed to a cork stopper and flash frozen by immersion in super-
cooled (with liquid N2) isopentane. Excess isopentane was washed from the block
by brief immersion in the liquid N2 itself, and after the block was properly
oriented on a cryostat, 3- to 5-mm-thick sections were cut. Appropriate sections
were placed on a microscope slide, quickly covered with a coverslip to minimize
evaporation, and then viewed immediately by phase-contrast and UV epifluo-
rescence microscopy.
Electron microscopy. Samples for transmission electron microscopy (TEM)

were fixed with glutaraldehyde, postfixed with OsO4, and embedded in an ERL
4206-Quetol 653-NSA resin mixture, as described by Spurr (53) and Kushida
(34). Thin sections were then made and poststained with uranyl acetate and lead
citrate, as previously described (9). Nonsectioned whole-cell preparations for
TEM were negatively stained by using equal parts of fresh cells in BSS and a
saturated (ca. 5% [wt/vol]) uranyl acetate solution. Preparations were examined
with a Philips model CM10 or EM300 electron microscope.
Nucleotide sequence analysis of SSU rDNA. Nearly complete nucleotide se-

quences of the small-subunit (SSU) rRNA of strains RFM-1 and RFM-2 were
inferred from their corresponding rDNA genes, which were amplified by PCR.
To prepare cell extracts of strain RFM-1, dense cell suspensions (10 mg of dry
mass equivalent per ml of H2O) were sonically disrupted (5 min, constant, at
setting 6 of a Branson Sonifier model 450 [Branson Ultrasonics, Danbury,
Conn.]). Cell extracts of strain RFM-2 were made by French pressure cell
treatment (three successive treatments, each at 100 MPa) of 10 mg of dry-mass
equivalent in 10 ml TE (10 mM Tris HCl, 1 mM EDTA [pH 8.0]). Nucleic acid
present in this latter extract was precipitated with 20 ml of ethanol (100%) and
3 ml of NH4CH3COO (3.0 M), sedimented, air dried, and resuspended in 1 ml
of H2O (42). Both RFM-1 and RFM-2 preparations were then treated with
RNase (10 mg/ml) (42) and used as template DNA for PCR under the following
conditions: 1 ml of template DNA (ca. 50 ng) was added to 24 ml of PCR solution
(33). The Archaea-specific PCR primers ARCH 21BF [59-TTC CGC TTG ATC
C(C/T)G CC(A/G) G-39; modified from reference 16] or ARCH69F [59-TAA
GCC ATG C(A/G)A GTC GAA (C/T)G-39; this study] were used with either of
two “universal” reverse primers, 1391R [59-GAC GGG CGG TGT GT(A/G)
CA-39; modified from reference 35] or 1492R [59-GGT TAC CTT GTT ACG
ACT T-39; modified from reference 35] both of which were gifts from T. M.
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Schmidt. Prior to use, they were purified by denaturing polyacrylamide gel
electrophoresis (42) and then passed through a TSK-DEAE (Supelco, Belle-
fonte, Pa.) column with 1 M NH4CH3COO as the eluent (51a). PCR amplifica-
tion consisted of the following schedule: 958C for 5 min followed by 34 cycles of
948C for 1 min, 428C for 1 min, and 728C for 1 min, and finally 728C for 5 min.
PCR products were purified by electrophoresing the desired DNA bands out of
an agarose gel essentially as described by Girvitz et al. (22) and then ligated into
the pCRII cloning vector with the TA cloning kit (no. K2000-01; Invitrogen, San
Diego, Calif.). Insert-containing plasmids were then obtained from transformed
Escherichia coli (INVaF9) cells with a Midi Plasmid kit (no. 12145; QIAGEN,
Chatsworth, Calif.) and quantified by using a DyNA Quant 200 fluorometer and
Hoechst dye 33258, as described by the manufacturer (Hoefer Pharmacia Inc.,
San Francisco, Calif.). Nucleotide sequencing from the plasmid was done by the
staff of the Nucleic Acid Sequencing Facility of Michigan State University with
an ABI Prism sequencer (Applied Biosystems). The following sequencing prim-
ers were used: 519R [59-G(A/T)A TTA CCG CGGC(G/T)G CTG-39 (35)]; 533F
[59-GTG CCA GC(A/C) GCC GCG GTA A-39; modified from reference 35];
922F [59-GAA ACT TAA A(G/T)G AAT TG-39; modified from reference 35];
958R [59-(C/T)C CGG CGT TGA (A/C)T CCAATT-39 (16)]; and standard M13
forward and M13 reverse primers. An edited, contiguous sequence was con-
structed from the data obtained from the sequencing of both DNA strands, using
Sequencher 3.0 software for Power Macintosh (Gene Codes, Ann Arbor, Mich.).
Phylogenetic analysis of the deduced 59-to-39 rRNA sequence was initiated with
its submission to the “Similarity_Rank” routine (41) at the Ribosomal Database
Project (University of Illinois, Urbana-Champaign). This was done to build a list
of known sequences that were most similar to the ones submitted, so that the best
intra- and interspecific alignments could be made. Sequences were then manually
aligned with Genome Database Environment version 2.2 (available from the
Ribosomal Database Project) operating on a Sun SPARC station. Similarity
matrices were constructed with the Jukes and Cantor (27) correction for base
changes, using unambiguously aligned data. Phylogenetic trees were constructed
from the same alignments by distance (DeSoete algorithm [17] with Jukes and
Cantor [27] correction for base changes), maximum-parsimony, and maximum-
likelihood methods (the last two were bootstrapped with SEQBOOT). These
analyses were run with PHYLIP version 3.55c (J. Felsenstein and the University
of Washington, Seattle [public domain]) as incorporated into the Genome Da-
tabase Environment version 2.2 program.
Enzyme assays. Enzyme activities were measured in crude cell extracts pre-

pared by French pressure cell treatment (three times at 100 MPa). Catalase (EC
1.11.1.6) was assayed by measuring the rate of decrease in the A240 of H2O2 (2).
Peroxidase (EC 1.11.1.7) was assayed by measuring the rate of increase in A414
of the radical formed by reduction of 2,29-azino-di-(3-ethylbenzthiazoline-6-
sulfonic acid) (15). NADH oxidase (EC 1.6.99.3) was determined by measuring
the decrease in A340 caused by the oxidation of NADH (54). Superoxide dis-
mutase (EC 1.15.1.1) was assayed by the xanthine/xanthine oxidase-cytochrome
c reduction method (43). Catalase, peroxidase, and superoxide dismutase prep-
arations (for calibrations and positive controls) were obtained from Sigma.
Analytical methods. H2 and CH4 were analyzed by gas chromatography with a

TCD or flame ionization detector, respectively (46), and organic acids were
determined by high-pressure liquid chromatography with RI detection (10).
Turbidity measurements of cell suspensions or growing cultures were made at
600 nm with a Spectronic 20 colorimeter or a Gilson 2451-A spectrophotometer.
Protein was determined by the Bradford method, using an assay kit (no. 500-
0006) purchased from Bio-Rad (Richmond, Calif.) with bovine serum albumin as
the standard.
Other procedures and materials. Direct cell counts were made in a Petroff-

Hausser counting chamber (32). Per-cell rates of methanogenesis were deter-
mined by removing a 50-ml sample of known cell density from a late-log-phase
culture to a 120-ml, butyl-rubber-stoppered serum vial under H2-CO2 (80:20,
vol/vol) and measuring the rate of methanogenesis over a short time interval (3
to 4 h). Rumen fluid was prepared by straining freshly collected rumen contents
(obtained from a fistulated, forage-fed dairy cow at the Michigan State Univer-
sity Dairy Facility) through cheesecloth and then incubating the fluid at 378C for
ca. 18 h. It was then neutralized with NaOH, clarified by centrifugation (three
cycles at 20,0003 g for 20 min each), dispensed into serum bottles under N2, and
autoclaved. Soluble hot-water extracts of strain RFM-1 were prepared by sus-
pending ca. 5 mg (dry mass equivalent) of freshly harvested cells in 10 ml of BSS,
autoclaving the suspension under N2, and then removing insoluble material by
centrifugation. Liver infusion consisted of the supernatant fluid recovered, by
centrifugation, after autoclaving a 40% aqueous suspension of dried liver (Difco)
for 20 min. Termite extract was prepared by grinding 1 g (fresh weight) of live
termites in 10 ml of BSS with a mortar and pestle, autoclaving the mixture for 15
min under N2, and harvesting the supernatant liquid after centrifugation. All
other chemicals were of reagent grade and were obtained from commercial
sources.
Accession numbers of microbial strains and nucleotide sequences. Cultures of

Methanobrevibacter cuticularis RFM-1 (DSM number has not yet been assigned;
the culture is currently available from the authors) and M. curvatus RFM-2
(DSM 11111) have been deposited in the Deutsche Sammlung von Microorgan-
ismen, Göttingen, Germany.M. arboriphilicus DH1 (ATCC 33747) was obtained
from the American Type Culture Collection, Rockville, Md. The SSU rDNA
sequences of strains RFM-1 and RFM-2 have been submitted to GenBank

(accession numbers U41095 and U62533, respectively). Other sequences used in
the analysis were obtained from the Ribosomal Database Project (M. ruminan-
tium and M. arboriphilicus, for which no publications or authors are credited) or
GenBank (M. stadtmanae, M59139 [51]; M. formicicum, M36508 [38]; M. ther-
moautotrophicum, X15364 [48]; and the R. speratus clone, D64027 [47]). The
rRNA sequence forM. smithii is unpublished and was obtained from David Stahl
(see Acknowledgments).

RESULTS

Enumeration and isolation of methanogens. Enumeration
of H2- and CO2-consuming methanogens in R. flavipes by using
medium JM-2 implied a population of ca. 106 viable cells gut21

after 8 weeks of incubation (i.e., all three tubes inoculated with
1025 gut equivalent yielded methanogens, as did two of three
inoculated with 1026 gut equivalent). No higher population
densities were inferred by extending the incubation time to 6
months. Considering that the methanogens are located in the
hindgut region of R. flavipes (see below), whose cell-free fluid
volume is only about 0.27 ml (46), this value translates to an in
situ population density of about 3.53 109 methanogen cells ml
of hindgut fluid21. Similar population densities were inferred
when gut homogenates were serially diluted in medium JM-3
(one independent gut homogenate) and JM-4 (two indepen-
dent gut homogenates), since all three tubes inoculated with
1025 gut equivalent yielded methanogens, as did two of three
inoculated with 1026 gut equivalent (one tube each of JM-3
and JM-4).
Microscopic examination of dilution tubes scored positive

for methanogenesis usually revealed a uniform population of
F420 fluorescent, nonmotile, short, straight rods approximately
0.4 by 0.9 to 1.8 mm in size, regardless of whether medium
JM-2 or JM-4 was used. However, from the one dilution series
made with medium JM-3, the tube inoculated with 1026 ho-
mogenized gut equivalent contained F420 fluorescent rods that
were curved and morphologically distinct from the short
straight rods. From the highest-dilution tubes containing each
methanogen morphotype, pure cultures were isolated by an
agar dilution series.
No H2- and CO2-consuming acetogenesis occurred in any of

the dilution tubes, as measured by acetate production, even
when 5 mM bromoethanesulfonate was included in the me-
dium as a methanogenesis inhibitor and tubes were left to
incubate for up to 6 months.
General properties of strains RFM-1 and RFM-2. A meth-

anogen isolate representing the short, straight-rod morphotype
was designated strain RFM-1 (Fig. 1), and one representing
the curved-rod morphotype was designated strain RFM-2 (Fig.
2). TEM of thin sections revealed that the cell wall of both
strains lacked an outer membrane and resembled that of gram-
positive members of the Bacteria (Fig. 1B and 2B and C). TEM
also revealed that although both strains had slightly tapered
ends, RFM-2 was distinguished by its possession of polar fi-
bers, each measuring approximately 3 by 300 nm (Fig. 2B to
D). No such fibers were observed on cells of strain RFM-1
(Fig. 1B). Additionally, cells of RFM-2 occasionally remained
together after cell division, giving rise to loosely coiled helical
chains up to 50 mm long (data not shown). This cell arrange-
ment was common in colonies in agar dilution tubes. Strain
RFM-1 rarely formed chains more than two cells in length.
The general characteristics of strain RFM-1 and RFM-2

(which are considered to be two new species of Methanobre-
vibacter [see below]) are summarized in Table 1. Both strains
were essentially limited to H2 plus CO2 as energy source.
Strain RFM-1 also used formate but poorly so, requiring sev-
eral months to achieve visible turbidity in broth cultures. Strain
RFM-1 was capable of chemoautotrophic growth, although the
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doubling time under these conditions was rather long (.200
h). The growth rate of strain RFM-1 was markedly stimulated
by inclusion of 0.05% yeast extract, 0.05% Casamino Acids, or
2% (vol/vol) bovine rumen fluid in the media (doubling time,
,50 h). With all of these supplements together (i.e. medium

JM-3), cells grew at 378C and pH 7.7 with a doubling time of
35 h and, with periodic replenishment of H2 and CO2, attained
cell yields in excess of 350 mg (dry mass)/ml (optical density at
600 nm, $1.0).
Strain RFM-2 required complex supplements for growth.

Among the best supplements was bovine rumen fluid, which
gave linear cell yield increases up to a concentration of 40%
(vol/vol), the highest concentration tested. Hence, 40% rumen
fluid was used in media for routine cultivation. Rumen fluid
could not be replaced by coenzyme M (mercaptoethanesulfon-
ate) or by a soluble, hot-water extract of strain RFM-1 cells.
Growth of RFM-2 in rumen fluid-containing media was further
stimulated by inclusion of 0.2% nutrient broth (Difco) but not
by an equal amount of yeast extract (Difco), Casamino Acids
(Difco), tryptic soy broth (Difco), liver infusion (Difco), or
termite extract (see Materials and Methods). With rumen fluid
and nutrient broth as supplements (i.e., medium JM-4), strain
RFM-2 grew at 308C and pH 7.2 with a doubling time of 40 h
but, even with periodic replenishment of H2 and CO2, attained
cell yields no greater than 79 mg (dry mass) ml21 (optical
density at 600 nm, #0.2).
A representative growth curve of strain RFM-1 with H2 plus

CO2 as the energy source is shown in Fig. 3. Under such
conditions, recovery of H2-derived electrons as CH4 was con-
sistent with the equation 4H2 1 CO23CH4 1 2H2O (Table 1,
footnote d) and molar growth yields were 1.55 and 1.28 g (dry
mass) per mol of CH4 for strains RFM-1 and RFM-2, respec-
tively (Table 1). Per cell rates of methanogenesis just prior to
entering the stationary phase were about 2.853 10210 mmol of
CH4 cell

21 h21 for strain RFM-1 and 7.55 3 10210 mmol of
CH4 cell

21 h21 for strain RFM-2. Given the total in situ
population density of RFM-1- and RFM-2-type methanogens
estimated by the dilution-to-extinction method (ca. 106 cells of
each per gut [see above]), both strains together could produce
about 1.04 3 1023 mmol of CH4 termite

21 h21 (equivalent to
0.30 mmol of CH4 g [fresh weight]

21 h21 for R. flavipes worker
larvae weighing 3.5 mg). This would more than account for the

FIG. 1. Morphology of strain RFM-1 by F420 epifluorescence microscopy (A)
and by TEM of a thin section (B). Bars, 5 mm (A) and 0.4 mm (B).

FIG. 2. Morphology of strain RFM-2 by F420 epifluorescence microscopy (A) and by TEM (B to D). Polar fibers are visible on thin-sectioned cells (B and C), as
well as on negatively stained, unsectioned cells (D). Bars, 5 mm (A), 0.5 mm (B), and 0.2 mm (C and D).
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actual rate of CH4 emission by live R. flavipes workers, which
is typically 0.07 to 0.10 mmol of CH4 g (fresh weight)

21 h21 (4,
5) and suggests that the methanogens may be H2 limited in
situ.
SSU rRNA sequence analysis. Nearly complete sequences of

the SSU rDNAs of both strains RFM-1 and RFM-2 were
obtained. The sequence for RFM-1 corresponded to E. coli
SSU rRNA nucleotide positions 2 through 1408. Initially, we
were unable to obtain a PCR product from strain RFM-2 with
the ARCH21BF primer. This may have been due to mis-
matches between the primer and the target sequence. How-
ever, PCR amplification of the rDNA gene from RFM-2 was
obtained with a newly designed primer, ARCH69F. The prod-
uct corresponded to E. coli SSU rRNA nucleotide positions 49

through 1511. Phylogenetic analysis of these sequences indi-
cated that both RFM-1 and RFM-2 belong to the genus Meth-
anobrevibacter. Strain RFM-1 has 96.9, 93.8, and 93.2% se-
quence similarities to Methanobrevibacter arboriphilicus, M.
smithii, and M. ruminantium, respectively. Strain RFM-2 has
95.3, 93.3, and 93.1% sequence similarities to these same spe-
cies. Both isolates have 93.5% sequence similarity to a partial
16S rDNA clone from the gut of the Japanese termite, Reticu-
litermes speratus, and 95.4% similarity to each other (Table 2).
The topologies of the unrooted phylogenetic trees constructed
from the data were identical by both maximum-likelihood (Fig.
4) and maximum-parsimony analyses (tree not shown). The
distance method also grouped strains RFM-1 and RFM-2
within the genus Methanobrevibacter; however, the topology of
the tree depicting the phylogeny within the genus differed
slightly from that obtained by the other methods, in that strain
RFM-2 clustered with strain RFM-1 and M. arboriphilicus
whereas M. ruminantium formed a deep branch separate from
the other methanobrevibacters. The grouping of strains
RFM-1 and RFM-2 within the genus Methanobrevibacter was
supported by bootstrap values of 96% (maximum parsimony;
data not shown) and 99% (maximum likelihood; Fig. 4) for the
node from which these strains—and the other members of the
genus—radiate, and the possession, by both strains, of a sig-
nature sequence [59-TGT GAG (A/C)AA TCG CG-39; corre-
sponding to E. coli positions 375 to 388] shared only with other
members of the genus. The SSU rDNA of RFM-1 had four
dual-compensatory differences (8 nucleotide changes corre-
sponding to E. coli base-paired positions 451 and 493, 453 and
491, 607 and 646, and 835 and 851) from its closest relative,M.
arboriphilicus, and the SSU rDNA gene of strain RFM-2 en-
coded a unique nucleotide bulge (59-TTC TTA TGT T-39;
corresponding to a stem-loop structure at E. coli positions 200
to 218) not shared with either RFM-1 or the other members of
the genus, which instead shared a different sequence (59-Tn-39;
n 5 6 or 8). This latter region was not used in the phylogenetic
analysis owing to our uncertainty about its correct alignment,
yet its presence is consistent with the results of the maximum-
parsimony and maximum-likelihood analyses, which place
strain RFM-2 as a separate, deep branch within the genus (Fig.
4).
In situ morphology and localization of methanogens. We

were surprised by the relatively large number of methanogens
in gut homogenates of R. flavipes (i.e., '106 per gut), because

FIG. 3. Growth of, and methanogenesis by, strain RFM-1 with H2-CO2 (80:
20, vol/vol; 101 kPa) as the energy source. Cells were grown in medium JM-2 at
308C with shaking, and the decrease in headspace gas pressure was periodically
compensated for by the addition of N2-CO2 (80:20, vol/vol). Initial CH4 and final
H2 concentrations were not plotted, because they were far below the lowest
ordinate value. OD600 nm, optical density at 600 nm.

TABLE 1. Properties of methanogens isolated from R. flavipes termitesa

Strain Cell morphology Polar
fibers

pH optimum
(range)

Temp
optimum
(range)
(8C)b

Growth substratesc
Growth yield on
H2 1 CO2
(g [dry mass]/
mol of CH4)d

Growth stimulants

M. cuticularis
RFM-1

Straight rods, 0.4
by 1.2 mm

None 7.7 (6.5–8.5) 37 (10–37) H2 1 CO2, formate
e 1.55 Casamino Acids, yeast

extract, rumen fluid
M. curvatus
RFM-2

Curved rods, 0.34
by 1.6 mm;
often form
helical chains
.50 mm long

3 by 300
nm

7.1–7.2 (6.5–8.5) 30 (10–30) H2 1 CO2 1.28 Rumen fluid, nutrient
broth

a Both strains were gram positive by staining, exhibited F420 and F350 autofluorescence, and were catalase positive. Neither strain was motile, nor were the cells lysed
by exposure to distilled H2O, 1% SDS, or 0.2 M NaOH.
b Strains RFM-1 and RFM-2 did not grow at 42 and 378C, respectively.
c Substrates tested but not used were methanol, methanol plus H2, CO, acetate, ethanol, isopropanol, trimethylamine, dimethylamine, theobromine, theophylline,

trimethoxybenzoate, lactate, pyruvate, glucose, and, for RFM-2, formate.
d Recovery of H2-derived electrons as CH4 during growth was 102.45% (RFM-1; medium JM-2) and 102.65% (RFM-2; medium JM-4), according to the equation

4H2 1 CO23CH4 1 2H2O.
e Growth on formate was poor.
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F420 fluorescent cells were actually quite scarce in contents
expressed from punctured hindguts. Methanogens were not
seen as free cells among the numerous other prokaryotes in
hindgut contents, and they were not associated in significant
numbers with flagellate protozoa, which are also abundant in
the hindgut of R. flavipes (9). However, an abundance of F420
fluorescent cells was associated with the hindgut epithelium,
either attached to the cuticle surface directly or mixed among
other prokaryotes that were attached to it (Fig. 5) or attached
as epibionts to larger (up to 1.5 mm in diameter) filamentous
prokaryotes, which themselves were associated with the hind-
gut wall (Fig. 6). Some of the latter filaments appeared to
possess endospores (Fig. 6C).
The morphologies of such F420 fluorescent cells in situ were

indistinguishable from those of RFM-1 (Fig. 5A and 6B and D;
compare with Fig. 1A) and RFM-2 (Fig. 5B; compare with Fig.
2A), and the two morphologies were seen with comparable
frequency. TEM of thin sections of hindguts also revealed cells
whose size and ultrastructure were similar to those of RFM-1
and which were often seen surrounding thicker (presumably
filamentous) cells with diameters of 0.8 mm (Fig. 7A; compare
with Fig. 1B). Such arrangements may represent one of the
epibiontic associations of methanogens seen by UV epifluo-
rescence microscopy (Fig. 6). Likewise, TEM revealed RFM-
2-like cells (0.35 by 1.1 mm) with polar fibers that, in situ, may
facilitate their attachment to the hindgut cuticle (Fig. 7B; com-
pare with Fig. 2B and C). No F420 fluorescent methanogens
were ever observed in the midgut region of extracted guts.
Additional evidence that strains RFM-1 and RFM-2 were

among the dominant methanogens in guts of R. flavipes col-
lected in Michigan and were attached onto or near the hindgut
epithelium in situ was as follows: (i) the density of F420 fluo-
rescent cells on randomly viewed portions of the hindgut wall
(8 to 80/100 mm2), when multiplied by the total surface area of
the hindgut cuticle (ca. 6 mm2), was approximately equal to the
viable cell count of methanogens as determined by the dilu-
tion-to-extinction method, i.e., 106 per gut (see above); (ii)
frozen transverse sections of the hindgut revealed that F420
fluorescent RFM-1-like and RFM-2-like cells were located
within the 10- to 20-mm zone adjacent to the cuticular surface
of the hindgut epithelium (data not shown); and (iii) differen-
tial enumeration indicated that over half of the cultivable
methanogens were tightly attached to the hindgut wall, at least
to the extent that they were resistant to detachment by vigor-
ous vortex mixing. The combined recovery of methanogens
inferred from such enumerations was of the same order of
magnitude as that recovered when homogenates of entire guts
were used as inocula (above).
Although strains RFM-1 and RFM-2 appeared to be the

only methanogens present in R. flavipes collected in Dansville,
Mich., they are not the only methanogens associated with this
termite species. Specimens of R. flavipes recently collected in
Woods Hole, Mass., had not only RFM-1- and RFM-2-like
methanogens associated with their hindgut wall but also a thin
filamentous form (Fig. 8). Cells of the latter measured 0.3 mm
in diameter and at least 100 mm in length. This filamentous
methanogen morphotype, which we have designated RFM-3,
grew slowly and produced methane from H2 plus CO2 in all

FIG. 4. Phylogenetic positions of strains RFM-1 and RFM-2 within the Methanobacteriaceae, based on 1,183 unambiguous nucleotide positions in rDNA used in
a maximum-likelihood analysis. The bar represents a 5% difference in evolutionary distance as determined by measuring the lengths of the horizontal lines connecting
the species. Bootstrap values are placed to the immediate left of each node. Methanosphaera stadtmanae was used as the outgroup in the construction of the tree.

TABLE 2. Distance matrix from the comparison of 16S rRNA sequences of strain RFM-1, RFM-2, and other selected members of the
Archaea belonging to the familyMethanobacteriaceaea

Organism
Evolutionary distance (%)b

1 2 3 4 5 6 7 8 9

1. Strain RFM-1 6.3
2. Methanobrevibacter arboriphilicus 3.1 5.6
3. Strain RFM-2 4.6 4.7 6.3
4. Methanobrevibacter smithii 6.3 5.2 6.8 8.5
5. Reticulitermes speratus (termite) clone 9.4 9.3 9.7 11.9
6. Methanobrevibacter ruminantium 6.8 6.1 6.9 6.1
7. Methanobacterium thermoautotrophicum 9.1 8.7 8.8 9.9 10.7
8. Methanobacterium formicicum 10.0 9.1 8.8 10.3 9.1 8.4
9. Methanosphaera stadtmanae 11.9 11.3 10.8 12.3 10.6 12.9 10.5

a For the sources of these sequences, see Materials and Methods.
b Distances are based on the percent differences among 1,183 unambiguously aligned nucleotides, except for sequence 5, which was based on 845 unambiguously

aligned nucleotides and for which evolutionary distances are given in italics.
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dilution tubes of JM-4 medium up to and including a 5 3 1026

dilution of gut homogenate. We have recently isolated a rep-
resentative strain of the RFM-3 morphotype and have begun a
characterization of it.

Tolerance to oxygen. The in situ location of strains RFM-1
and RFM-2 (i.e., on or within 10 to 20 mm of the cuticular
surface of the hindgut epithelium) was entirely unexpected,
because the concentration of O2 near the cuticular surface may
be as much as 25 to 50 mM (corresponding to about 10% air
saturation), diminishing to anoxia 100 to 200 mm below the
epithelial surface, in the central region of the hindgut (12).
Consequently, the tolerance of the isolates to oxygen was in-
vestigated.
When inoculated into anoxic, DTT-reduced, molten agar

medium whose gas phase was changed to H2-CO2-O2 (75:18.8:
6.2, vol/vol/vol) after solidification of the agar, cells of RFM-1
and RFM-2 grew as a plate approximately 200 mm thick and
located about 6 mm below the meniscus of the medium. The
position of such plates in the agar was just beneath the point at
which O2 could no longer be detected with microelectrodes
(O2 , 200 nM) and coincided with the zone of transition
between the oxidized (pink) and reduced (colorless) forms of
resorufin, included in the medium as a visual redox indicator
(Fig. 9). By contrast, penetration of O2 in uninoculated control
tubes was about three times deeper into the agar, as was the
resorufin redox transition zone (Fig. 9). (Note that readings
obtained from the top 2 mm of each tube should be disre-
garded, because they are largely due to the intrusion of O2
when the stoppers were removed from tubes to perform the
measurements.) These results indicated that RFM-1 and
RFM-2 cells within such plates were somehow mediating a
small net consumption of O2. However, neither strain grew in
such tubes unless a reducing agent (e.g., 1 mM DTT) was
included in the medium. This was true whether the headspace
gas was H2-CO2-O2 (75:18.8:6.2, vol/vol/vol) or O2-free H2-
CO2 (80:20, vol/vol). Virtually identical results were obtained
with M. arboriphilicus DH1 (ATCC 33747).
Strains RFM-1 and RFM-2, as well as M. arboriphilicus

DH1, also possessed catalase activity, as judged by the evolu-
tion of gas bubbles when a drop of 3% H2O2 was added to cells
on a microscope slide (Table 1, footnote a). The specific ac-
tivity of catalase-like enzyme in crude cell extracts of RFM-1

FIG. 5. In situ morphology of RFM-1-type cells (A) and RFM-2-type cells
(B) on the cuticular surface of the hindgut epithelium, as seen by F420 epifluo-
rescence microscopy. Bar, 5 mm.

FIG. 6. RFM-1-type cells attached to filamentous prokaryotes associated with the hindgut wall. (A and C) Phase-contrast micrographs; (B and D) F420 epifluo-
rescence micrographs of the same respective fields. Note the presence of endospores in the filament shown in panel C (arrow). Bar, 5 mm.
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was 54 mmol of H2O2 decomposed min
21 mg of protein21.

However, such extracts did not exhibit NADH oxidase, perox-
idase, or superoxide dismutase activities. Exposure of RFM-1
cells to oxygen for 18 h had no measurable effect on any of the
aforementioned enzyme activities.

DISCUSSION

Results presented here show that H2-CO2-utilizing meth-
anogens are present in hindguts of R. flavipes termites in rel-
atively large numbers (ca. 106 viable cells gut21; equivalent to
109 viable cells ml of gut fluid21) and are represented by
strains RFM-1 and RFM-2 and by the morphotype RFM-3.
The overall density of methanogens in hindguts of R. flavipes is
as great as that in many other methanogenic habitats, including

the bovine rumen and nonruminant large bowel (40, 45). Al-
though most dilution tubes used to enumerate methanogens
from Michigan-collected R. flavipes termites gave rise to RFM-
1-type cells, RFM-1- and RFM-2-type cells appear to be
present in roughly equal numbers in situ. Cells of both strains
were seen with comparable frequency by F420 epifluorescence
microscopy and TEM of gut preparations, and development of

FIG. 7. TEM of putative methanogens in transverse sections of the hindgut of R. flavipes. (A) RFM-1-type cells (arrow) attached to a thicker, central prokaryotic
cell. (B) RFM-2-type cell (straight arrow) apparently attached to the cuticle of the hindgut epithelium (e) by means of polar fibers (curved arrow). Bars, 1 mm.

FIG. 8. F420 epifluorescence micrograph of the hindgut epithelium of R.
flavipes collected in Woods Hole, Mass. Note the presence of filamentous meth-
anogens (RFM-3 type) intermixed with the much shorter RFM-1- and RFM-2-
type methanogens. Bar, 5 mm.

FIG. 9. Oxygen profile in JM-4 agar medium inoculated with strain RFM-1
(tube A and inset A) and in an uninoculated control (tube B and inset B) after
18 days under a headspace of H2-CO2-O2 (75:18.8:6.2, vol/vol/vol). Incubation
was carried out at 308C. The dashed horizontal line represents the position of the
thin growth plate of RFM-1 cells, which develops about 6 to 7 mm below the agar
surface in tube A (also shown in inset A, at the arrow) within the redox transition
zone of resorufin. The arrow near tube B (inset) indicates the redox transition
zone of resorufin in the uninoculated control. Inset bar, 15 mm.
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RFM-2-type cells in a dilution tube (albeit single) of JM-3
medium inoculated with 1026 gut equivalent suggested that its
cell density was at least of the same order of magnitude as that
of RFM-1. RFM-1-type cells may simply tend to outgrow
RFM-2-type cells in dilution tubes, because the latter are more
fastidious and have longer doubling times and lower growth
yields. It may also be that attachment of the RFM-2-type cells
to the hindgut cuticle, via their polar fibers (Fig. 7B), is tighter
than that of RFM-1-type cells, making it more difficult to
liberate individual cells of the former by homogenization of
extracted guts.
F420 epifluorescence microscopy revealed that methanogens

in R. flavipes were associated primarily with the hindgut wall,
either attached to it directly or existing among other pro-
karyotes attached to it or attached as epibionts to prokaryotic
filaments, which were also associated with the hindgut wall. To
our knowledge, the attachment of methanogens to filamentous
prokaryotes as described here has not been previously docu-
mented. The basis for such attachment is still obscure, inas-
much as the filamentous organism(s) has not yet been obtained
in pure culture. However, this physical association may reflect
a syntrophic interaction between the cells based on interspe-
cies H2 transfer (14). Given their abundance, it was not difficult
to find cells resembling RFM-1 and RFM-2 in thin sections of
hindguts examined by TEM also (Fig. 7A and B, respectively)
and which were referred to as morphotypes 1 and R-2, respec-
tively, in an earlier study (see Fig. 3, 9, 10, 18, and 19 in
reference 9). That previous study also described short rods
attached, as epibionts, to endospore-forming prokaryotic fila-
ments. However those epibionts, whose ultrastructure was that
of gram-negative cells (see Fig. 14 to 17 in reference 9), bear
no resemblance to strain RFM-1 (Fig. 1B, 6, and 7A). Obvi-
ously, such attachments between prokaryotes are not restricted
to methanogens.
Methanogens are also known to occur on and within free-

living as well as host-associated anaerobic protozoa (references
21 and 24 and references therein). However, such associations
were not apparent or were rare in hindguts of R. flavipes. This
finding was similar to the observations of Hackstein and
Stumm (24) for Reticulitermes santonensis and several other
termites but stood in contrast to those of Lee et al. (39) and
Messer and Lee (44) for certain hindgut protozoa from Zoo-
termopsis angusticollis termites. There may be particular phys-
iological and/or morphological properties of protozoa that
affect their ability to harbor methanogenic ecto- or endosym-
bionts, because even for Z. angusticollis, it appeared that only
some species of flagellates did so.
Association of methanogens with the hindgut wall of R.

flavipes almost certainly facilitates colonization and discour-
ages washout. Hackstein and Stumm (24) described analogous
attachments of F420 fluorescent methanogens to bristle- and
brush-like structures that protrude into the hindgut lumen of
members of the Blattidae (cockroaches) and Cetoniidae (rose
chafers). However, R. flavipes possesses no such protrusions,
and the peripheral region of the hindgut near the wall appears
to be microoxic (12), suggesting that some mechanisms exist
that enable strains RFM-1 and RFM-2 to avoid toxicity of O2
and/or by-products of O2 metabolism. One passive mechanism
may be the consumption of O2 by some members of the dense
and diverse flora of nonmethanogens that also colonize the
hindgut epithelium and which are known to constitute an “ox-
ygen sink” (12, 13), a role analogous to that played by facul-
tative bacteria in conferring O2 tolerance on methanogens
present in sludge granules (30). On the other hand, one adap-
tive mechanism appears to be the possession by strains RFM-1
and RFM-2 of a catalase-like activity, which would help to

detoxify any H2O2 that may inadvertently be formed by them
or by their neighbors from a partial reduction of O2. In fact, the
specific activity of catalase-like enzyme in strain RFM-1 is
similar to that in E. coli (50). To our knowledge, this is the first
report of a catalase-like activity in methanogens.
Another, more cryptic, adaptation may be represented by

the growth plates of RFM-1 and RFM-2 cells that develop in
agar tubes under a gas phase of H2-CO2-O2 (Fig. 9). Presum-
ably, plate formation occurred several millimeters below the
meniscus, because H2 (i.e., the growth-limiting energy source)
was in a headspace gas mixture that also contained 6% O2.
Hence, although cells were initially distributed throughout the
tube, the only ones capable of significant growth were those as
close to the source of the H2 gradient as permitted by their
tolerance to O2, which also diffused down from the same head-
space. In similar tubes under H2-CO2 (80:20, vol/vol), cells
grew primarily at the meniscus, i.e., at the agar-gas phase
interface (not shown). The ability of cells to initiate growth in
oxygen gradient tubes in the first place was probably facilitated
by the fact that H2, which was present in roughly 10-fold
greater concentration than O2 but which is 16 times smaller in
molecular mass, would diffuse more rapidly through the agar
than would O2, which was also being scavenged by the reducing
agent present (DTT). However, it was also apparent that the
growth plates effected a net consumption of O2 that otherwise
penetrated much deeper in uninoculated control tubes. We do
not yet know what such “consumption” of oxygen means in
biochemical terms, although it does not necessarily mean that
cells were performing aerobic respiration. One explanation
may be that anaerobic metabolism of the methanogens in the
growth plate serves to rereduce some O2-oxidized reducing
agent or the redox dye resorufin, which then diffuses away from
the cells to scavenge more oxygen. In this regard, we wish to
reemphasize that cells did not initiate growth in any medium
unless a reducing agent was present, regardless of whether the
headspace gas contained O2 or was completely anoxic. What-
ever its basis, one wonders whether such O2-consuming activity
observed in vitro might have an in situ correlate. We do not
know the nature, concentration, or rate of turnover of natural
reducing agents that may exist in the hindgut of R. flavipes.
However, Ritter (49) obtained preliminary evidence that glu-
tathione (or a similar compound) might be a natural reducing
agent in the gut fluid of the wood-eating cockroach, Cryptocer-
cus punctulatus.
Oxygen tolerance may also be important for the recoloniza-

tion of guts by RFM-1 and RFM-2 following molting of R.
flavipes, which includes the expulsion of the hindgut contents.
Reinoculation is then achieved, in part, by transfer of hindgut
contents solicited from colony mates—a process which exposes
cells in the inoculum to air. However, tolerance to oxygen is
not restricted to methanogens from termite guts. Virtually
identical results were obtained with M. arboriphilicus DH1, a
methanogen originally isolated from wetwood disease of trees
(59). Although methanogens are generally thought of as strict
anaerobes, their metabolic responses to the presence of oxygen
and their sensitivity to it vary with the species (references 20,
23, 25, 30, 31, and 60 and references therein), but this is an
aspect of methanogen physiology that has not been studied
extensively. It seems likely that various mechanisms conferring
oxygen tolerance are present in methanogenic members of the
Archaea and are of adaptive significance for those species con-
fronting periodic, or constant, exposure to O2.
The fact that strains RFM-1 and RFM-2 were virtually re-

stricted to H2 plus CO2 as the energy source implies that they
are in direct competition with H2-CO2-acetogens for this re-
source in situ. This interpretation is also consistent with the
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ability of gut homogenates of R. flavipes to form 14CH4 from
14CO2 plus H2 but not from

14C-UL-acetate (10). However, it
is still puzzling that methanogens are the only H2-CO2-utilizing
anaerobes that we have ever been able to culture from R.
flavipes, even though H2-CO2 acetogenesis surpasses metha-
nogenesis as the principal H2 sink of the hindgut fermentation
(10). Numerous, specific attempts to enrich or isolate H2-CO2
acetogens from R. flavipes have met with frustration and fail-
ure, even if methanogenesis inhibitors (e.g., bromoethanesul-
fonate) were included in the media (this study) or enrichments
were tried by using noncompetitive substrates, e.g., methoxy-
lated aromatic compounds (unpublished results). This has
made us question whether methanogens such as RFM-1 and
RFM-2, which perform a quantitative conversion of H2 plus
CO2 to CH4 in vitro (Table 1, footnote d; Fig. 3), might actu-
ally be responsible for H2-CO2 acetogenesis in situ. Many
methanogens possess key enzymes of the acetyl coenzyme A
pathway for assimilation of CO2 or for aceticlastic methano-
genesis (reference 52 and references therein), and some strains
of Methanosarcina excrete acetate (albeit in small amounts)
during growth on H2 plus CO2 (55). Conceivably, there may be
some condition(s) in the gut of R. flavipes that suppresses
CO2-reductive methanogenesis and provokes the synthesis and
excretion of acetate by such cells. Although we have no direct
evidence to support this notion, the possession of pure cultures
of termite gut methanogens now enables us to explore this
bizarre possibility, as well as their seemingly inferior ability to
compete with termite gut acetogens for H2. Such studies have
already been initiated in our laboratory.
Taxonomy and description of new species. The following

phenotypic properties of strains RFM-1 and RFM-2 support
their assignment to the genus Methanobrevibacter within the
family Methanobacteriaceae (3, 26): their rod shape; their
gram-positive staining reaction and cell wall morphology,
which were similar to those of gram-positive members of the
Bacteria (Fig. 1B and 2B and C); their resistance to lysis when
exposed to distilled H2O, sodium dodecyl sulfate, or NaOH;
their mesothermal temperature optima for growth (37 and
308C, respectively); and their narrow spectrum of utilizable
energy sources, which was essentially limited to H2 plus CO2
(Table 1).
On the basis of its SSU rDNA nucleotide sequence (which

differs from that of M. arboriphilicus by .3% [Table 2]), strain
RFM-1 is considered to be a new species, for which the name
M. cuticularis is herein proposed (see below). Likewise, the
curved morphology and polar fibers of strain RFM-2 (Fig. 2B
to D) are properties not shared by any other species of Meth-
anobrevibacter, although the fibers were similar to the fibers
observed on certain strains ofMethanobacterium (18, 36). Nev-
ertheless, the SSU rDNA sequence of strain RFM-2 indicates
that it should also be regarded as a new species within the
genus Methanobrevibacter (Table 2; Fig. 4), for which we pro-
pose the epithet M. curvatus (see below).
It is interesting that an abstract by Yang et al. (58) reported

the presence of M. arboriphilicus andMethanobacterium bryan-
tii in guts of wood-eating “higher” termites (Nasutitermes cos-
talis and N. nigriceps), a group of termites (family Termitidae)
considered to be phylogenetically remote from “lower” ter-
mites such as R. flavipes. More recently, a partial rDNA se-
quence of an uncultivated methanogen was obtained after
PCR amplification of DNA from gut contents of R. speratus.
This clone was affiliated with the order Methanobacteriales and
was stated to represent a novel lineage within the order (47).
However, the authors did not report any comparisons of their
clone with SSU rRNA sequences obtained from methanobre-
vibacters, to which their sequence seems related by our analysis

(Table 2). In any case, it is tempting to speculate that termite
hindguts may be a rich reservoir of novel methanogen diversity,
as reflected by the two new species isolated in this study and
whose formal description follows.
Description of Methanobrevibacter cuticularis sp. nov. Meth-

anobrevibacter cuticularis (cu.tic9ul.ar9is. L. cuticula, dim. skin;
L. adj. cuticularis, referring to the cuticular surface of the
termite hindgut epithelium which is colonized by this organ-
ism).
Straight short rods with slightly tapered ends, 0.4 by 1.2 mm

in size, occurring singly, in pairs, or in short chains. Nonmotile.
Gram positive-like by staining and cell wall ultrastructure. No
endospores formed.
Strict anaerobe. Catalase positive, oxidase negative. Metab-

olizes H2 plus CO2 and formate (the latter very poorly), yield-
ing CH4 as the sole product. Methanol, methanol plus H2, CO,
acetate, ethanol, isopropanol, trimethylamine, dimethylamine,
theobromine, theophylline, trimethoxybenzoate, lactate, pyru-
vate, and glucose are not metabolized.
pH optimum, 7.7 (range, 6.5 to 8.5); temperature optimum,

378C (range, 10 to 378C). Chemolithotrophic growth occurs
very slowly. Yeast extract, a source of amino acids (e.g.,
Casamino Acids), and ca. 2% clarified rumen fluid are mark-
edly stimulatory to growth.
Source: Hindgut contents of the termite Reticulitermes fla-

vipes (Kollar) (Rhinotermitidae).
Type strain: RFM-1. Deposited in the Deutsche Sammlung

von Mikroorganismen, Göttingen, Germany (DSM number
not yet assigned; culture currently available from the authors).
Description ofMethanobrevibacter curvatus sp. nov.Methano-

brevibacter curvatus (cur.va9tus. L. curva, bent; L. adj. curvatus,
referring to the curved shape of the cell).
Curved rods with slightly tapered ends, 0.34 by 1.6 mm in

size, occurring singly or in pairs. Nonmotile. Gram positive-like
by staining and cell wall ultrastructure. Cells have polar fibers
of 3 by 300 nm. No endospores formed.
Strict anaerobe. Catalase positive, oxidase negative. Metab-

olizes H2 plus CO2, yielding CH4 as the sole product. Metha-
nol, methanol plus H2, CO, acetate, ethanol, isopropanol, tri-
methylamine, dimethylamine, theobromine, theophylline,
trimethoxybenzoate, lactate, pyruvate, glucose, and formate
are not metabolized.
pH optimum, 7.1 to 7.2 (range, 6.5 to 8.5); temperature

optimum, 308C (range, 10 to 308C). Complex nutritional sup-
plements, e.g., 40% (vol/vol) clarified rumen fluid and nutrient
broth (Difco), required for growth.
Source: Hindgut contents of the termite Reticulitermes fla-

vipes (Kollar) (Rhinotermitidae).
Type strain: RFM-2. Deposited in the Deutsche Sammlung

von Mikroorganismen, Göttingen, Germany (DSM 11111).
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