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A new genus of marine methanogenic bacteria is described that utilizes
trimethylamine, diethylamine, monomethylamine, and methanol as substrates for
growth and methanogenesis. Methane was not produced from H,-CO,, sodium
formate, or sodium acetate. Growth on trimethylamine was stimulated by yeast
extract, Trypticase (BBL Microbiology Systems, Cockeysville, Md.), rumen
fluid, or B vitamins. The optimal growth temperature was 30 to 35°C. The
maximum growth rate was between pH 7.0 and 7.5. Na™* (0.4 M) and MgSO, (0.05
M) were required for maximum growth. Colonies of the type strain, TMA-10,
were yellow, circular, and convex with entire edges. Cells were nonmotile,
nonsporeforming, irregular cocci 1 wm in diameter which stained gram negative
and occurred singly or in pairs. Micrographs of thin sections revealed a mono-
layered cell wall approximately 10-nm thick which consisted of protein. Cells
were lysed in 0.01% sodium dodecyl sulfate or 0.001% Triton X-100. The DNA
base composition was 42 mol% guanine plus cytosine. Methanococcoides is the
proposed genus and Methanococcoides methylutens is the type species. TMA-10

is the type strain (ATCC 33938).

In anaerobic marine sediments, methanogens
are inhibited by the sulfate-reducing bacteria
which compete for the same substrates (27, 31).
Methanogenesis is greater in sulfate-depleted
sediments that receive large amounts of organic
matter (23) and in sediments that are not readily
replenished with sulfate, such as marine trench-
es (6, 25) and elevated portions of marine
marshes (15). Methylated amines and methanol,
not known to be utilized by sulfate-reducing
bacteria, are potential substrates for methano-
gens in marine sediments (24). Trimethylamine
oxide, produced by marine animals, is reduced
to trimethylamine (TMA) by organisms that uti-
lize it as an electron acceptor for anaerobic
respiration (33, 38). TMA is present in marine
algae (14) and also may be formed from microbi-
al degradation of choline, a component of plants
and animal tissues (7). Methanol is a product of
pectin degradation (30). We describe here the
isolation and characterization of a marine meth-
ylotrophic methanogen that utilizes TMA, me-
thylamine, and methanol as substrates for
growth and methanogenesis.

(This work was reported in part at the 82nd
Annual Meeting of the American Society for
Microbiology [K. R. Sowers and J. G. Ferry,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1982,
1100, p. 111].)

MATERIALS AND METHODS

Source of inoculum. Sediment (0 to 60 cm) was
obtained by a diver assisted with SCUBA at a depth of
65 feet (ca. 19.8 m) from the Sumner branch of Scripps
Canyon located near La Jolla, Calif. The sediment
consisted of an interwoven mat of algae, sea grass
debris, and sand deposited by longshore currents.

Media. Sterile media were prepared under a N,-CO,
(80:20) atmosphere by a modification of the Hungate
technique (2). Enrichment medium contained a mix-
ture of 20% deionized water and 80% artificial sea
water (18a) augmented with the following constituents
at the indicated final percent compositions (wt/vol):
NH4C1, 005; N32CO3, 0.1, NazHPO4, 0035,
NaH,PO,, 0.030; cysteine-HCI - H,O, 0.025; Na,S
+ 9H,0, 0.025; resazurin, 0.0001; FeSO,, 0.001; TMA-
HCI, 0.12. In addition, 1% (vol/vol) of vitamin solution
and 1% (vol/vol) of trace element solution were added
(37). The pH of the medium was adjusted to 7.5 by the
addition of 6 N HCI before autoclaving. Roll tubes
were prepared by addition of 2% purified agar (Difco
Laboratories) to the medium. Maintenance medium
contained the following constituents at the indicated
final percent compositions (wt/vol) in deionized water:
NaCl, 2.34; MgS0,, 0.63; Na,COs, 0.50; yeast extract
(Difco), 0.10; NH,CI, 0.5; KCl, 0.08; CaCl, - 2H,0,
0.014; Na,HPO,, 0.06; resazurin, 0.0001; cysteine-
HCI - H,0, 0.025; Na,S - 9H,0, 0.025; TMA-HCI,
0.30. In addition, 1% (vol/vol) of vitamin solution and
1% (vol/vol) of trace element solution were added to
the medium. The pH was adjusted to 7.5 with 6 N HCI
before autoclaving. Maintenance slants contained 1%
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purified agar (Difco). The final pH of the media was
7.2 after equilibration with 101 kPa of N,-CO, (80:20).

Enrichment and isolation. A screw-top polyethylene
container was filled with sediment and transported to
the laboratory in an anaerobic jar (BBL Microbiology
Systems). Approximately S g of sample was added to
45 ml of enrichment medium contained in a stoppered
160-ml serum vial. The culture was incubated under an
atmosphere of N,-CO, (80:20) at 25°C in the dark.
After methane production subsided, 5 ml of the culture
was inoculated into 45 ml of fresh sterile enrichment
medium. Serial dilutions of the fifth subculture were
inoculated into agar roll tubes (25 by 150 mm) by the
procedure described by Hungate (8) and modified by
Bryant (5). Colonies were transferred to slants con-
taining filter-sterilized vancomycin (100 mg/liter) that
was added to molten autoclaved maintenance medium.

Analytical procedures. Growth experiments were
performed in culture tubes (16 by 150 mm) that con-
tained 10 ml of maintenance medium, unless indicated
otherwise. Tubes were sealed with a butyl rubber
stopper that was secured with an aluminum crimp
collar (2). Growth was monitored spectrophotometri-
cally at 550 nm-with a Bausch & Lomb Spectronic 20.

Methane was assayed with a gas chromatograph
(model 2440; Varian Instruments) equipped with a
flame ionization detector. The column was 0.32- by
182.88-cm stainless steel which contained silica gel
(80/100 mesh; Supelco). The column oven was operat-
ed at 100°C, and N, was the carrier gas. Purified
methane (Airco) was used as a standard. Chromato-
graphic data were integrated and concentrations calcu-
lated with a CDS-111 data system (Varian).

Crude cell extracts were prepared anaerobically by
passing the cell slurry through a French pressure cell
followed by centrifugation of the suspension (28). The
assays for hydrogenase and formate dehydrogenase
were performed by following hydrogen- or formate-
dependent reduction of coenzyme Fg,q at 420 nm (€420
= 42.5 mM~! cm™!) with a Perkin-Elmer model 552
spectrophotometer (28). Coenzyme F,,, was partially
purified from the cell extract by elution from a DEAE-
cellulose column (0.9 by 6 cm) with 1 M KCI. The
concentration of coenzyme F,,, was determined spec-
trophotometrically (28). Protein was determined by
the Bio-Rad dye-binding assay, using bovine serum
albumin (Sigma Chemical Co.) as a standard (4).

Cell wall preparation. Cell paste (10 g [wet weight])
was suspended in 20 ml of salt buffer (pH 7.0) which
contained trisodium citrate (15 mM), NaCl (400 mM),
and MgSO, (50 mM). The cells were lysed as de-
scribed above. Whole cells were removed by centrifu-
gation at 3,000 X g for 15 min. The cell wall fragments
were removed from the supernatant solution by cen-
trifugation at 48,000 X g for 15 min and washed three
times in salt buffer. The wall fragments were resus-
pended. in salt buffer containing 2% Triton X-100 to
remove cell membranes, then washed once in salt
buffer and twice in buffer containing only trisodium
citrate. The sample was then suspended in buffer with
RNase A (0.25 mg) and T, RNase (1,880 U) and
incubated at 35°C for 30 min. DNase (2,650 U) and
MgCl, - 6H,O (4.1 mg) were added, and the suspen-
sion was incubated for an additional 30 min. The
sample was washed twice with deionized water and
dialyzed overnight in 6 liters of 10 mM EDTA at 1°C.
The sample was dialyzed twice in 6 liters of deionized
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water for 3 h and then freeze dried.

The freeze-dried cell walls were acid hydrolyzed for
24, 48, and 72 h, and the hydrolysate was analyzed
with a Beckman 121 amino acid analyzer. Cysteine
and methionine were determined after performic acid
oxidation. The organic content was determined by
measuring the difference in mass after heating at 425°C
overnight.

Moles percent of guanine plus cytosine (G+C). Cells
were lysed with sodium dodecyl sulfate, and DNA was
obtained from the lysate by the procedure of Marmur
(21). Moles percent G+C was determined by the
thermal denaturation method with a Gilford model
2400 spectrophotometer (11). Bacillus fragilis (VPI
2553) and Escherichia coli B DNA were used as
standards.

Microscopy. Phase-contrast micrographs were made
with a Leitz Dialux microscope. Cells were fixed for
electron microscopy by adding 1 mi of an 8% aqueous
solution of glutaraldehyde to a 10-ml broth culture.
The culture was gently inverted several times and
allowed to stand for 30 min. A drop of the cell
suspension was transferred to a collodion-coated grid
for 1 min, then washed twice with double-distilled
water. Cells were negatively stained for 2 min with a
filtered 0.5% aqueous solution of uranyl acetate. Cells
for thin-section electron microscopy were fixed as
described above, washed twice with double-distilled
water, and then suspended in a 2% aqueous solution of
osmium tetroxide for 1.5 h. The cells were then
washed twice and embedded in 2% Noble agar (Difco).
The agar blocks were suspended in a 0.5% aqueous
uranyl acetate solution for 16 h before dehydration
with a graded series of aqueous-ethanol mixtures. The
ethanol was replaced with acetone before embedding
in Spurr’s medium (32). Thin sections were made with
a Sorvall model MT2b ultramicrotome and poststained
with lead citrate and uranyl acetate (35). Electron
micrographs were taken with a JEOL JEM 100B
transmission electron microscope.

Chemicals. Trimethylamine, dimethylamine, and
methylamine were obtained from Aldrich Chemical
Co. Bovine serum albumin, RNase A, T; RNase, and
DNase I were obtained from Sigma. All other chemi-
cals were reagent grade.

RESULTS

Enrichment cultures became turbid 6 days
after inoculation with sediment. The predomi-
nant organisms in the enrichments were small
irregular cocci that fluoresced blue-green when
examined with a UV-fluorescence microscope
by the method of Mink and Dugan (22). Surface
colonies of these organisms were yellow, circu-
lar, and convex with entire edges. The colonies
were 0.5 mm in diameter 5 days after inoculation
and 1.5 mm after 14 days. Microscopically pure
colonies were reisolated in roll tubes that con-
tained enrichment medium and vancomycin (100
mg/liter). Strain TMA-10 was used throughout
this study to represent organisms with these
characteristics.

Cells of strain TMA-10 were irregular cocci
with an average diameter of 1.0 um (Fig. 1A).






