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The phylogenetic relationships among seven strains of methylotrophic methane-producing bacteria were
determined by ribosomal ribonucleic acid hybridization and deoxyribonucleic acid homology techniques.
The strains tested had deoxyribonucleic acid guanine-plus-cytosine contents of 39 to 43 mol% and
represented a diversity of phenotypic characteristics. Our results indicate that these strains should be
divided into six species within the genera Methanosarcina, Methanolobus, and Methanococcoides. The
genus Methanosarcina includes Methanosarcina barkeri strains MS and 227, Methanosarcina sp. strain
TM-1, Methanosarcina acetivorans strain C2A, and Methanosarcina mazei strain S-6. The genus
Methanolobus is represented by Methanolobus tindarius strain Tindari 3, and the genus Methanococcoides
is represented by Methanococcoides methylutens strain TMA-10. Despite phenotypic similarities between
Methanolobus tindarius and Methanococcoides methylutens, we propose that these species remain in
separate genera based on differences in ribosomal ribonucleic acid homology and fractional differences in
midpoint temperatures. The divisions indicated by deoxyribonucleic acid homology experiments comple-
mented the ribosomal ribonucleic acid hybridization results. Phenotypic characteristics were consistent
with these phylogenetic divisions; an apparent exception was cell wall composition, which is a conserved
trait. Methanosarcina acetivorans had only a thin protein cell wall, but all other strans of Methanosarcina
previously studied have been reported to have heteropolysaccharide cell walls. We present evidence which
indicates that a protein component may be associated with the heteropolysaccharide cell wall of

Methanosarcina barkeri strain 227.

The methane-producing bacteria belong to the archaeo-
bacteria, which, based on 16S oligonucleotide cataloging (6),
are phylogenetically distinct from the eubacteria and eucary-
otes. The most comprehensive phylogenetic study of the
methanogenic bacteria was done by Balch et al. (1), who
proposed the presently accepted divisions among this group.
In that study, the Methanosarcinaceae, the only methano-
genic family with methylotrophic species, was represented
by three strains of one species. Since then, several methylo-
trophic methane-producing species have been described.
These include Methanosarcina mazei (17), Methanothrix
soehngenii (8), Methanolobus tindarius (15), Methanococ-
coides methylutens (26), and Methanosarcina acetivorans
(25a). The taxonomic positions of only Methanothrix soehn-
genii (27) and Methanosarcina mazei (17) are phylogeneti-
cally classified by 16S ribosomal ribonucleic acid (rRNA)
oligonucleotide cataloging; the other taxa are based on
phenotypic characteristics and guanine-plus-cytosine (G+C)
contents of deoxyribonucleic acids (DNAs). Another isolate,
Methanosarcina sp. strain TM-1, also has been described
(35), but a specific epithet has not been proposed. The
electrophoretic patterns of ribosomal proteins suggest that
there are important phylogenetic differences between pheno-
typically similar strains of Methanosarcina that may not be
detected by rRNA oligonucleotide cataloging (5). Although
the methanogenic bacteria have been previously studied by
rRNA hybridization techniques, only one methylotrophic
strain was included in that study (29). In this study the
phylogenetic relationships of seven strains of methylotro-
phic methane-producing bacteria were determined by rRNA
hybridization and DNA reassociation techniques, and taxo-
nomic divisions are proposed.

* Corresponding author.

444

MATERIALS AND METHODS

Bacterial strains. Methanosarcina barkeri strain MS (=
DSM 800) was obtained from M. P. Bryant. Methanosarcina
barkeri strain 227 (= DSM 1538), Methanosarcina sp. strain
TM-1 (= DSM 1825), and Methanosarcina mazei strain S-6
(= DSM 2053) were obtained from R. A. Mah. Methanolo-
bus tindarius strain Tindari 3 (= DSM 2278) was obtained
from K. O. Stetter. Methanococcoides methylutens strain
TMA-10 (= DSM 2657) and Methanosarcina acetivorans
strain C2A (= DSM 2834) have been described previously
(25a, 26).

Media and growth conditions. Sterile media were prepared
anaerobically in an atmosphere containing N, and CO,
(80:20) (7). Gases were passed through a column of reduced
copper filings at 350°C to remove traces of O,. Nonmarine
strains were maintained on agar slants of MPB medium that
contained the following constituents in demineralized water
(in final concentrations, wt/vol): Na,COs, 0.3%; NH,CI,
0.14%; K,HPO,, 0.13%; KH,PO,, 0.13%; NaCl, 0.05%;
MgSO,, 0.05%; cysteine hydrochloride - H,O, 0.027%;
Na,S - 9H,0, 0.027%; CaCl, - 2H,0, 0.006%:;
Fe(NH,)»(SO04),, 0.001%; yeast extract, 0.1%; Trypticase,
0.1%; and sodium acetate, 0.41%. In addition, 1% (vol/vol)
vitamin solution and 1% (vol/vol) trace element solution
were added to the medium (31). The pH of the medium was
adjusted to 7.0 with HCI before autoclaving. The agar slants
used for maintenance of Methanosarcina acetivorans, Meth-
anococcoides methylutens, and Methanolobus tindarius
have been described previously (25a, 26). Cultures were
stored at 20°C and transferred monthly.

Large-scale production of cell material. The cells used for
extraction of nucleic acids and for cell wall isolation were
grown in a 14-liter fermentor modified to operate as a pH
auxostat (22), with acetic acid as the substrate. Strains that
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TABLE 1. Levels of DNA homology and G+C contents®

% DNA homology with reference
DNA from strain:

G+C content

Strain® (mol%)
MS 227 TM-1 C2A T3
MS 39 100® 98 34 27
227 39 93 100 33 25
T™-1 42 24 23 100 18
C2A 42 12 11 14 100
S-6 42 19 16 24 28
TMA-10 42 1 1 3 2 4
Tindari 3 40 2 2 2 2 100

@ Methanosarcina barkeri strains MS and 227, Methanosarcina sp. strain
TM-1, Methanosarcina acetivorans strain C2A, Methanosarcina mazei strain
S-6, Methanococcoides methylutens strain TMA-10, and Methanolobus tin-
darius strain Tindari 3.

* Homologous values are reported as 100%.

were unable to use acetate were grown on trimethylamine
hydrochloride. The trimethylamine hydrochloride concen-
tration was monitored with a gas chromatograph that con-
tained a column (0.64 by 183 cm) packed with Carbopak B—
4% Carbowax 20M-0.8% KOH (Supelco, Inc.). Trimethyl-
amine hydrochloride was added to the culture to replace the
depleted substrate. Late exponential phase cultures were
harvested with a continuous flow centrifuge as described
previously (22) and were stored in liquid nitrogen.

Cell wall preparation. Cell paste was suspended in 15 mM
trisodium citrate buffer at pH 7.0 at a ratio of 1:2 (vol/vol)
and was passed twice through a French pressure cell at 137
MPa. Cell walls were isolated and purified as described
previously (26), with the following modification: whole cells
were separated from cell wall fragments by centrifugation in
a sucrose gradient. The lysate was layered over a linear (25
to 40%) sucrose gradient in citrate buffer (40 ml) in a tube (25
by 9.0 cm) and centrifuged at 3,000 X g for 15 min. The cell
wall fragments that banded near the surface of the gradient
were removed with a Pasteur pipette. These cell wall prepa-
rations were free of whole cells, as determined by phase-
contrast microscopy. Analyses for amino acids and amino
sugars were performed as described previously (26).

DNA isolation. The frozen cells were suspended in a 0.15
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M NaCl-0.01 M ethylenediaminetetraacetic acid salt solu-
tion (pH 8.0) supplemented with 0.2% (vol/vol) ribonuclease
T; (2,500 U/ml) (10). The DNA was then isolated by one of
two methods. Strains that had protein cell walls (strains
C2A, TMA-10, and Tindari 3) were lysed by adding 20%
sodium dodecyl sulfate to a final concentration of 1%. The
DNA was then isolated by the ethanol precipitation method
of Marmur (19). Strains with heteropolysaccharide cell walls
(strains MS, 227, TM-1, and S-6) were lysed by one passage
through a French pressure cell at 137 MPa into a flask that
contained 20% sodium dodecyl sulfate (final concentration,
1%). Then 50 pg of proteinase K per ml was added to the
lysate, and the preparation was incubated at 50°C for 1 h.
The DNA was then isolated by the hydroxylapatite proce-
dure (10), with the following modification: after the phenol
extraction, the preparations were dialyzed in NaCl-ethylene-
diaminetetraacetic acid buffer to remove the phenol and then
treated with ribonuclease before hydroxylapatite extraction.
The DNA preparations were stored in 15 mM NaCl-1.5 mM
sodium citrate (pH 7.0) at —20°C.

RNA isolation. rRNA was isolated as described previously
(10). The procedure was modified by suspending the ribonu-
cleic acid (RNA) pellet in 3 M sodium acetate (pH 6.0) after
the first ethanol precipitation (25). The RNA was centrifuged
and suspended in 150 mM NaCl-15 mM sodium citrate (1 X
SSC) at pH 7.0 before the second ethanol precipitation.
RNA preparations were stored in 1x SSC supplemented
with 0.5% sodium dodecyl sulfate at —20°C.

Competitor rRNA preparations were adjusted to a concen-
tration of 2 mg/ml. The 23S and 16S rRNA components were
isolated by sucrose gradient centrifugation (25) and com-
bined for labeling (11). The purities of the preparations were
determined by polyacrylamide gel electrophoresis (2). The
preparations were labeled with '°T as described previously
(25).

G+C content of DNA. The G+C contents of the DNA
preparations were determined by thermal denaturation with
a spectrophotometer and thermal programmer (Gilford In-
strument Laboratories, Inc., Oberlin, Ohio) (10). DNA from
Escherichia coli b isolated by both of the methods described
above was used as a standard.
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FIG. 1. Dendrograms of the phylogenetic relationships among the methylotrophic methane-producing bacteria. The dendrograms are
based on average linkage clustering of the rRNA and DNA percent homology values from Tables 1 and 2. The standard deviations from the

means are indicated by dotted lines.






