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Methanogenic bacteria with a coccobacillus morphology similar to Methanobrevibacter ruminantium were
isolated from the bovine rumen. One isolate, 10-16B, represented a previously undescribed rumen population
that, unlike M. ruminantium, synthesized coenzyme M, grew rapidly (. = 0.24 h™') on H,-CO, in a complex
medium, had simple nutritional requirements, and metabolized formate at reported rumen concentrations. H,
was metabolized to partial pressures 10-fold lower than those reported for the rumen. After H, starvation for
26 h, strain 10-16B rapidly resumed growth when H, was made available. The minimum concentrations of
acetate (6 mM) and ammonia (<7 mM) that were required for optimal growth were lower than the reported
acetate and ammonia concentrations in the rumen. Isoleucine and leucine stimulated growth, but only at
concentrations (>50 pnM) higher than those reported for the rumen. Another coccobacillary methanogenic
organism that synthesized coenzyme M was isolated from a different animal as were organisms that required an
exogenous supply of coenzyme M. In general, methanogenic bacteria that required an exogenous supply of
coenzyme M had lower maximum growth rates and more complex nutritional requirements than organisms
that synthesized the cofactor. The ability of all isolates to metabolize formate below the detection limit of 10 pM
indicated that, in contrast to previous reports, methanogenic bacteria have the potential to directly metabolize
formate in the rumen. This study demonstrated that there are physiologically diverse populations of

coccobacillary methanogenic bacteria in the rumen that can interact competitively and cooperatively.

A physiological diversity of H,-utilizing methanogenic
bacteria is expected in the rumen based on the heterogeneity
of the rumen habitat. Concentrations of H, vary during the
feed cycle of the ruminant (11, 25) and between microzones
(25, 30). The availability of nutrients such as amino acids
(36), volatile fatty acids (15, 18), and ammonia (15, 18, 35)
also fluctuates in the rumen. This variability could provide
distinct niches for methanogenic bacteria with different
physiological adaptions, just as a diversity of fermentative
bacteria in the rumen compete for the same substrates (6,
15).

Although Methanomicrobium mobile (Methanobacterium
mobile) (22) and Methanosarcina spp. (12, 21, 26) can be
important methanogenic organisms in the rumen, methano-
genic bacteria with a coccobacillus morphology are the only
H,-utilizing methanogenic organisms that are consistently
isolated from the rumen in high numbers (>10%ml) (5-7, 13,
15, 29). Several coccobacillary methanogenic isolates from
the rumen have been studied (13, 16, 23, 24, 29), but only one
strain, Methanobrevibacter ruminantium (Methanobacte-
rium ruminantium strain M1), has been characterized in
detail (1-8, 17, 31). Therefore, coccobacillary methanogenic
isolates from the rumen were studied to determine whether
there is a physiological diversity within this morphological
group. We report here that the rumen contains several
physiologically distinct populations of coccobacillary meth-
anogenic bacteria.

In addition to H,, formate is a potential methanogenic
substrate that is produced during fermentation in the rumen
(16). However, the inability of a coccobacillary methano-
genic isolate from the rumen to utilize formate down to the
concentrations (5 to 26 uM) found in the rumen has led to the
conclusion that methanogenic bacteria do not metabolize
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formate in the rumen (16). A more recent study indicates that
methanogenic isolates from sewage sludge can metabolize
formate at low concentrations (27). We report here that
several rumen strains of coccobacillary methanogenic bacte-
ria can metabolize formate at the concentrations that have
been reported for the rumen.

MATERIALS AND METHODS

Media. Minimal medium was a modification of the medium
developed for the cultivation of Methanobrevibacter rumin-
atium (2). Minimal medium contained the following constitu-
ents in deionized water at the indicated final concentrations
(grams per liter): KH,POy,, 0.45; K,HPO,, 0.45; (NH,4),SOy,,
0.45; NacCl, 0.9; MgS0O, - 7H,0, 0.18; CaCl, - 2H,0, 0.012;
NaHCOs;, 2.5; resazurin, 0.001; sodium acetate, 2.5; L-
cysteine hydrochloride, 0.5; and Na,S - 9H,0, 0.5. In addi-
tion, 1% (vol/vol) each of a modified trace mineral solution
(1) and a vitamin solution (1) were added. The trace mineral
solution (1) was modified to include 0.025 g (wt/vol) of
Na,MoOy per liter and 0.024 g (wt/vol) of NiCl, - 6H,O per
liter.

Isolation medium A contained the minimal medium con-
stituents and a final concentration in grams per liter as
follows: yeast extract, 2.0; Trypticase, 2.0; sodium formate,
2.0; coenzyme M (sodium 2-mercaptoethanesulfonate), 4.9
x 1073; sodium selenite, 2 X 10™*; clindamycin hydrochlo-
ride, 2.3 x 10~%; and vancomycin, 9.8 x 10~%. Isobutyric, 2-
methylbutyric, isovaleric, and valeric acids were each added
at a final concentration of 0.04% (vol/vol), and Tween 80 was
added to 0.002% (vol/vol).

Isolation medium B was minimal medium supplemented
with 30% (vol/vol) rumen fluid and final concentrations
(grams per liter) as follows: yeast extract, 0.2; Trypticase,
0.2; coenzyme M, 1.65 x 10~3; clindamycin, 1.7 X 107°; and
cephalothin, 6.7 X 107°. Sodium selenite, Tween 80, and
isobutyric, 2-methylbutyric, isovaleric, and valeric acids
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were added at the same concentrations as in isolation
medium A.

Maintenance medium was isolation medium A without
antibiotics, sodium formate, and sodium selenite. Coenzyme
M was added to a final concentration of 1 uM for strains that
required this cofactor. To measure growth rates on formate,
maintenance medium was modified to contain a final concen-
tration of 6 g of sodium formate and 5 g of NaHCOs per liter.

Media were prepared and dispensed (5 or 10 ml) into
anaerobic pressure tubes (18 by 150 mm) (2). The tubes were
pressured (2) to 230 kPa with H,-CO,; (80:20) or to 230 kPa
with CO, for growth on formate. The media under H,-CO,
had a final pH of ca. 6.7 after autoclaving and equilibration at
room temperature. Medium for growth on formate had a pH
of ca. 6.4. Filter-sterilized solutions of antibiotics were
added to sterilized, cooled media. Glassware for nutritional
studies was heated at 550°C for 4 h. Agar was added at a final
concentration of 2% for solid media.

The sources of media constituents were obtained as fol-
lows: yeast extract and vitamin-free Casamino Acids from
Difco Laboratories, Detroit, Mich.; Trypticase from BBL
Microbiology Systems, Cockeysville, Md.; isobutyric, 2-
methylbutyric, isovaleric, and valeric acids from Aldrich
Chemical Co., Inc., Milwaukee, Wis.; and L-isoleucine, DL-
leucine, L-valine, and sodium 2-mercaptoethanesulfonic acid
from Sigma Chemical Co., St. Louis, Mo.

Isolations. Strain 10-16B was isolated from the rumen
contents of a mature, fistulated steer at the Upjohn Co.
farm. The steer was fed a maintenance diet of 40% ground
corn and 60% hay. Rumen contents were serially diluted into
isolation medium A under H,-CO, and incubated at 39°C for
S days. Isolates were obtained from this enrichment by
injecting the dilutions into roll tubes of agar medium A.
Isolates RMB-1, RMB-2, RMB-3, and RMB-4 were obtained
from a steer at the Virginia Polytechnic Institute and State
University dairy barns. Once daily, the steer was fed a ration
of 50% hay, 40% corn, and 10% soybean. Serial dilutions of
the rumen contents were made in isolation medium B under
N,-CO; (80:20) and were immediately used to inoculate agar
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FIG. 1. Growth response of 10-16B isolate to added H, following
starvation. The culture was grown in minimal medium supplemented
with 2 g each of yeast extract and Trypticase per liter. H,-CO, was
not replenished during growth. When the culture lowered the H,
partial pressure to its threshold for uptake (ca. 10 Pa), the culture
was repressurized with N,-CO, (80:20) where indicated. After an
additional 25 h at the threshold H, partial pressure, the atmosphere
was exchanged with H,-CO, (80:20) as indicated.
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roll tubes of medium B. Total viable counts with this
procedure were 2 X 10° cells per ml of rumen fluid. The
isolates were picked as well-isolated colonies from the
highest dilutions and streaked repeatedly on slants to ensure
purity. Checks for heterotrophic contaminants were per-
formed by inoculating media that support the growth of
anaerobic heterotrophic bacteria (14). The isolates were
initially maintained by weekly transfer on agar slants of
isolation medium and then routinely maintained as broth
cultures in maintenance medium.

Growth and substrate uptake. Broth cultures were incubat-
ed in a horizontal position with slight agitation on a wrist
action shaker. All incubations were at 39°C. Growth was
followed spectrophotometrically at 550 nm with a Bausch
and Lomb Spectronic 20. CH,4 was assayed by gas chroma-
tography.

The concentration dependence of coenzyme M-requiring
strains on exogenously supplied coenzyme M was deter-
mined as previously described (2). The coenzyme M-requir-
ing strains were grown to an optical density (OD) greater
than 0.4 in maintenance medium with 1 uM coenzyme M. A
1% inoculum was transferred into coenzyme M-free mainte-
nance medium and incubated for 24 h. A 5% inoculum was
transferred into maintenance media that contained either
known concentrations of coenzyme M or a culture filtrate of
strain 10-16B that had been passed through a 0.2-um filter.

The minimum partial pressures of H, that the isolates
could metabolize were determined with H,-CO,-grown cul-
tures at an OD of 0.3 to 0.4. The H,-CO, atmosphere was
replaced with 230 kPa of N,-CO, (80:20). H, (6 kPa) was
added to the atmosphere, which was sampled periodically.
H, was quantified with a Varian 1400 gas chromatograph
equipped with a thermal conductivity detector. The stainless
steel column (3 m) was packed with carbosieve B (Supelco,
Inc., Bellefonte, Pa.) and was operated at room temperature
with N, (25 ml/min) as the carrier gas.

The rate of formate uptake was determined with either 30
or 80 ml of H,-CO,-grown cultures contained in 60- or 160-ml
serum bottles. Culture density was measured at 660 nm in a
1-cm light path cuvette in a Perkin-Elmer Lambda 1 spectro-
photometer. The H,-CO, atmosphere was replaced with 230
kPa of N,-CO, (80:20). Sodium formate was added to the
cultures from an oxygen-free stock solution. Samples were
removed periodically with a syringe and immediately filtered
through filters (pore size, 0.2 wm) to remove cells and stop
formate metabolism. Formate was measured by loading 20 to
50 pl of the culture filtrate onto a HPX-87H ion-exclusion
high-pressure liquid chromatography column (Bio-Rad Lab-
oratories, Richmond, Calif.). The solvent was 0.01 N H,SOy4
at a flow rate of 0.6 ml/min. The formate was quantified by
measuring absorbance at 210 nm with a UV monitor (model
1305; Bio-Rad Laboratories).

RESULTS

Isolation of strain 10-16B. Four methanogenic isolates
were obtained from the rumen contents of the steer at the
Upjohn Co. farm. The isolates were nonmotile, gram-posi-
tive coccobacilli (0.8 um by 1.2 wm) and were generally in
pairs, although single cells and chains were observed. The
morphology of the isolates, as revealed by phase-contrast
and electron microscopy, was the same as that published for
Methanobrevibacter ruminantium (17, 19, 29) and Methano-
brevibacter smithii (20).

The isolates did not require an exogenous supply of
coenzyme M as shown by a steady growth rate after 10
successive transfers of a 4% inoculum into isolation medium






