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A thermophilic methanogen was isolated from enrichment cultures originally
inoculated with sludge from an anaerobic kelp digester (55°C). This isolate
exhibited a temperature optimum of 55 to 60°C and a maximum near 70°C. Growth
occurred throughout the pH range of 5.5 to 9.0, with optimal growth near pH 7.2.
Although 4% salt was present in the isolation medium, salt was not required for
optimal growth. The thermophile utilized formate or H,-CO, but not acetate,
methanol, or methylamines for growth and methanogenesis. Growth in complex
medium was very rapid, and a minimum doubling time of 1.8 h was recorded in
media supplemented with rumen fluid. Growth in defined media required the
addition of acetate and an unknown factor(s) from digester supernatant, rumen
fluid, or Trypticase. Cells in liquid culture were oval to coccoid, 0.7 to 1.8 um in
diameter, often occurring in pairs. The cells were easily lysed upon exposure to
oxygen or 0.08 mg of sodium dodecyl sulfate per ml. The isolate was sensitive to
tetracycline and chloramphenicol but not penicillin G or cycloserine. The DNA

base composition was 59.69 mol% guanine plus cytosine.

Although thermophilic anaerobic digestion
processes are used for the treatment of organic
wastes (12, 26, 27), little is known about the
bacteria in these systems. In 1928, Coolhaas (6)
reported the utilization of formate, acetate, and
higher fatty acids as substrates for methane
production by enrichment cultures incubated at
60°C. The first axenic culture of a thermophilic
methanogen was the H,-oxidizing Methanobac-
terium thermoautotrophicum reported by Zei-
kus and Wolfe in 1972 (33). Strains of this
species were isolated from other thermophilic
anaerobic environments (18, 19, 31). Two other
thermophilic strains of Methanobacterium were
reported and partially characterized (14). The
only acetate-utilizing thermophilic methanogen
in axenic culture, Methanosarcina sp. strain
TM1, was isolated from a 55°C anaerobic digest-
er (34). Recently, an extreme thermophile,
Methanothermus fervidus, was isolated from an
Icelandic volcanic hot spring (23). This rod-
shaped methanogen utilized H>-CO, and had a
temperature optimum near 83°C.

We describe here the isolation and character-
ization of a previously unreported thermophilic
H>-CO,- and formate-using methanogen.

This work was presented in part at the 1982
meeting of the American Society for Microbiolo-
gy (T.J. Ferguson and R. A. Mah, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1982, 198,
p. 110).

MATERIALS AND METHODS

Inoculum. A thermophilic anaerobic digester was
established by introducing 2 liters of raw ground sea
kelp (Macrocystis pyrifera) into a 3-liter flask connect-
ed to an acid-brine reservoir as previously described
(34). The pH was adjusted t0 6.7 to 7.2. The vessel was
incubated at 55°C for several weeks before methane
was produced. It was then batch fed at approximately
weekly intervals. The pH was maintained near 7.0 by
the addition of NaOH. Acetate enrichments were
initiated by using sludge from this digester.

Culture methods. The anaerobic techniques of Hun-
gate were used throughout these investigations (10).
An anaerobic glovebox (Coy Lab Products, Ann Ar-
bor. Mich.) was used during the preparation of culture
media and anaerobic stock solutions of reagents. The
serum vial technique of Balch et al. was used (1. 2).
and average values for duplicate or triplicate vessels
were reported unless otherwise noted. Stock cultures
were incubated unshaken at S5°C, but experimental
vessels were shaken at 55 to 60°C.

Culture media. Complex media consisted of the
following additions per 900 ml of Milli-Q deionized
water (resistivity = 17 MQ cm): clarified rumen fluid
(RF) or kelp digester supernatant (KS), 100 ml: vita-
min solution (29), 5 ml; trace minerals solution (per
liter of Milli-Q water: H,SeO,, 0.01 g: MnCl, - 4H,0.
0.10 g: FeSO, - 7H,0. 0.10 g: CoCl, - 6H-0. 0.15 g:
ZnCls. 0.10: H;BO;. 0.01 g: NaMoO, - 2H-0, 0.01 g:
CuCl, - 2H-O. 0.02 g: NiSO, - 6H,0. 0.02 g:
AICl; - 6H-0, 0.04 g: disodium EDTA dihydrate, 0.50
g). S ml; NH,CI, 1.0 g: K,HPO,-3H,O. 0.5 g:
KH->PO,. 0.5 g: MgCl, - 6H,0, 0.1 g: KCI, 20.0 g:
NaCl. 10.0 g: yeast extract (Difco Laboratories. De-
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troit, Mich.), 0.2 g; Trypticase (BBL Microbiology
Systems, Cockeysville, Md.), 0.2 g: cysteine-hydro-
chloride, 0.5 g; resazurin (0.1% [wt/vol]), 1 ml. De-
fined medium was composed of the same additions per
liter of Milli-Q water except for the deletion of KS or
RF, vitamin solution, Trypticase, and yeast extract.
Solid media were prepared by the addition of 2.5%
agar (Difco).

The medium was mixed and boiled under O,-free N,
for S min after the reduction of resazurin and cooled
for 10 min at room temperature under N,. The flask
was stoppered and transferred to an anaerobic glove-
box; 30-ml portions of media were dispensed into 120-
ml serum vials (Wheaton Scientific Co., Millville,
N.J.) with a Repipet Junior (Labindustries, Berkeley,
Calif.) dispenser. The vials were stoppered with butyl
rubber closures (Bellco Glass, Inc., Vineland, N.J.)
and removed from the glovebox. The serum vials were
outgassed for 3 min with N,-CO, (70:30) and sealed
with aluminum crimp seals (Wheaton). After autoclav-
ing and before inoculation, the serum vials were
injected with 0.30 ml of 1% Na,S - 9H,0 and 0.30 ml
of 10% Na,CO;. The final pH of the media was 6.9 to
7.1. Roll tube media were prepared in the same
manner, dispensed into Pyrex culture tubes (Bellco) in
4.5-ml quantities, and sealed with no. 00 butyl rubber
stoppers (Arthur H. Thomas Co., Philadelphia, Pa.).
The tubes were outgassed with N,-CO, for 1 min and
autoclaved in a culture tube press. After the media
were autoclaved and before inoculation, 0.05 ml of 1%
Na,S - 9H,0 and 0.05 ml of 10% Na,CO, were added
to obtain a final pH near 7.0.

KS and RF. Kelp digester effluent was clarified by
centrifugation (10,000 rpm), autoclaving, and recentri-
fuging to obtain a clear yellow KS solution. Effluent
prepared in this manner was stored frozen and added
to the complex media before boiling. RF was obtained
by filtering the entire stomach contents of a freshly
slaughtered steer (ACME Meat Packers, Vernon, Cal-
if.) through cheesecloth. The resulting liquid was
processed in the same manner as KS, and a clear, dark
brown liquid was obtained. Sterile anaerobic solutions
of KS were prepared by dispensing 50-ml portions of
the fluid into 120-ml serum vials, outgassing with N,
for 15 to 20 min at 50°C, and autoclaving for 20 min at
15 Ib/in? and 120°C. Before use, these stock solutions
were injected with sterile 1% Na,S - 9H,O to obtain a
final Na,S concentration of 0.01%.

Analytical techniques. Culture headspace gases were
analyzed by gas chromatography as previously de-
scribed (4). Optical density was determined at 660 nm
by using matched culture tubes (1 cm path length) and
a Spectronic 21 spectrophotometer (Bausch & Lomb,
Inc., Rochester, N.Y.). Cell counts were determined
with a Petroff-Hausser counting chamber (Hausser
Scientific Co., Bluebell, Pa.). Molar growth yields
were calculated from gravimetric determinations of
cells concentrated by membrane filtration (34). Rou-
tine mathematical analyses were performed on a pro-
grammable calculator (Texas Instruments, Dallas,
Tex.; model 59) equipped with a PC-100C printer.
Regression analyses (linear, exponential, logarithmic,
and power) were obtained by using a four-curve re-
gression analysis program provided by Texas Instru-
ments (PPX59-208011). Radioactivity was followed by
using the gas chromatographic-gas proportional count-
ing technique as previously reported (4).
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DNA base composition. Whole-cell DNA was ex-
tracted and purified by the method of Price et al. (17).
The buoyant density of the purified DNA was deter-
mined by ultracentrifugation in a cesium chloride
gradient (17). :

Microscopy. A Zeiss Universal Research Micro-
scope (Carl Zeiss, West Germany) equipped with
phase optics, epifiuorescence, and an automatic pho-
tomicrographic exposure system was used to examine
samples at 420 to 430 nm. Methanogenic cells and
colonies exhibited a blue-green fluorescence under
UV epi-illumination. Kodak Ektachrome film (ASA
400) was used for phase and epifluorescent photomi-
crography.

Samples for transmission electron microscopy were
prepared by fixing with glutaraldehyde and osmium
and were treated in a standard manner with Spurrs
plastic (R. Robinson, personal communication).

Reagents, chemicals, and gases. All chemicals were
of reagent quality unless otherwise noted. Mercap-
toethanesulfonic acid was obtained as a 3 N solution
from Pierce Chemicals (Rockford, Ill.). Gas mixtures
were purchased from Matheson (Searle Medical Prod-
ucts, Cucamonga, Calif.). Other gases were purchased
from Liquid Carbonics, Los Angeles, Calif. Radioac-
tive ['*C]sodium carbonate (53.5 mCi/pmol) was pur-
chased from Amersham Corp. (Arlington Heights, 1ll.)
and prepared as an anaerobic stock solution at a final
concentration of 1 nCi/ml.

RESULTS

Isolation of thermophilic methanogens. Ther-
mophilic acetate enrichment cultures were initi-
ated by inoculating complex KS liquid medium
(20 mM sodium acetate) with sludge from the
55°C anaerobic kelp digester. After 1 week of
incubation at 55°C, both H, and CH, were
detected in the headspaces of these enrich-
ments, and microscopic examination of samples
revealed numerous nonfluorescent rod-shaped
and filamentous bacteria. Fluorescent Methano-
sarcina-type clumps surrounded by fluorescent
coccoid bacteria were also present. The cocci
were so small that they were difficult to distin-
guish without epifluorescence microscopy. The
Methanosarcina sp. was eventually isolated in
complex acetate medium by using the antibiotic
roll tube technique of Zinder and Mah (34). It
utilized acetate but not H,-CO, for methanogen-
esis and closely resembled Methanosarcina sp.
strain TM1 in morphology (34).

The coccoid organism was isolated by picking
and diluting fluorescent colonies from H,-CO,
roll tube dilutions from the original acetate en-
richments. The UV fluorescence technique of
Edwards and McBride (8), as modified by Dod-
dema and Vogels (7), facilitated identification of
methanogenic colonies in roll tubes. Colonies of
the thermophilic methanogen were observable
after 12 to 30 h of incubation. An axenic culture
was isolated from these dilutions in H»-CO, roll
tube media without the addition of antibiotics.
Culture purity was established through direct
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FIG. 1. Phase-contrast photomicrograph of the
thermophilic isolate. Cells were pregrown in H,-CO,
in yeast extract- and Trypticase-supplemented liquid
defined medium. Culture fluid was spread on a thin
surface of agar and examined immediately.
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microscopic examination of liquid cultures, ex-
amination of colonies present in roll tube dilu-
tions, and by inoculation of anaerobic and aero-
bic glucose-supplemented nutrient broth
incubated at 55°C. Stock cultures were inoculat-
ed into liquid KS media pressurized to 20 to 30
Ib/in?> with H, and incubated at 55°C without
shaking. Stock liquid cultures were transferred
at 24- to 48-h intervals, and culture purity was
checked periodically through roll tube dilution
and inoculation of glucose-supplemented anaer-
obic nutrient broth.

Morphology of the H,-oxidizing methanogen.
In pure culture, colonies of the methanogen
were small (1 to 3 mm in diameter), convex,
white to tan in color, and smooth with entire
margins. These colonies fluoresced blue-green
at 420-430 nm and were enumerated by micro-
scopic examination of the agar roll tubes. When
wet mounts of whole colonies were examined
under epifluorescence microscopy, individual
cocci with an average diameter of 0.7 to 1.8 pm
(Fig. 1) were observed. In liquid media, the cells
frequently occurred in pairs and were oval to
short rods or coccobacilli. The coccobacilli were
feebly motile in wet mounts, but motility rapidly
diminished upon exposure to air. A well-defined
cell wall was evident in transmission electron
micrographs of the isolate, but no flagella were
observed (Fig. 2). Flagellar and other staining
procedures were not successful, primarily be-

0.10um

FIG. 2. Transmission electron micrograph of the thermophilic isolate. Note the well defined plasma
membrane. The electron-dense nuclear region is probably due to the fixation process.
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FIG. 3. Growth and methane production versus temperature. H,-CO, complex RF medium was incubated
without shaking for 24 h at the temperatures indicated. The increased absorbance at 80°C may be due to factors
other than microbial activity, since no methane was produced and cultures were not contaminated.

cause the cells were extremely fragile and lysed
when heat fixed. Lysis also occurred upon expo-
sure to sodium dodecyl sulfate at a relatively low
concentration (80 mg/liter).

Optimal growth conditions. Methane produc-
tion closely approximated optical density (Fig.
3) and direct counts with a Petroff-Hausser
counting chamber cell (see Fig. 7A). The ther-
mophilic isolate had an optimum growth tem-
perature near 60°C and a maximum near 70°C.
The optimum pH for growth was about 7.2,
although growth occurred throughout the pH
range tested (Fig. 4). Although 3% salt (2% KCl
and 1% NaCl) was included in most media, a
high salt concentration was not required, since
the isolate grew in RF media without added salt
after a short adaptation period (Fig. 5).

Growth requirements. Although excellent
growth on H,-CO, was observed in complex
medium containing RF, poor growth occurred in
defined medium without RF. Nutrient require-
ments of the thermophile were studied by ob-
serving growth in defined medium supplemented
with various nutrient additions. The results (Ta-
ble 1) indicated that the addition of acetate to the
defined medium supported growth equivalent to
that on complex media. However, it was not
possible to transfer such acetate cultures more
than twice in succession on defined medium.
Thus, acetate alone was not sufficient to support

continued growth in defined medium. Since
growth was observed in medium supplemented
with yeast extract and Trypticase, growth kinet-
ics were examined in defined media supplement-
ed with Trypticase, yeast extract, RF, and vita-
mins (Fig. 6). Growth in yeast extract and
Trypticase medium was usually exponential for
12 to 24 h, followed by linear growth until
exhaustion of substrate. The addition of a vita-
min solution had little or no effect. RF at a
concentration of 5% was highly stimulatory.
Trypticase alone was as stimulatory as Trypti-
case and yeast extract mixtures. The factor from
Trypticase which supported growth in defined
media was not identified, but it was not one of
the amino acids or peptides found in vitamin-
free Casamino acids, peptone (Difco), neopep-
tone, or proteose peptone, since none of these
supported growth. The data in Table 2 indicate
that acetate is stimulatory, but acetate alone is
not sufficient to support continued growth.
Combinations of these volatile fatty acids may
satisfy the growth requirements, and experi-
ments to test this are in progress. Although
growth occurred in media supplemented with
acetic acid, growth factors present in the inocu-
lum fluid (approximately 0.10% yeast extract
and Trypticase) were carried over into the new
medium. The increased growth in defined medi-
um with acetate compared to defined medium



VoL. 45, 1983

H,-OXIDIZING THERMOPHILIC METHANOGEN 269

800 |-
600} °
[ ]
L)

[
c -
]
=
I
2 s00}
"]
s
o
g R
au

200 |

0 L L 1 L L ) ] ]
50 6.0 70 80 90
Initial pH

FIG. 4. pH versus methane production. H,-CO, complex RF medium was incubated for 24 h with shaking at
55°C. The pH was adjusted with anaerobic solutions of Na,CO; and NaHCO;.

without acetate supported the hypothesis that
acetate may satisfy part of the growth require-
ment. Yeast extract and Trypticase contained
sufficient basal quantities of acetate to satisfy
this growth requirement. Furthermore, the addi-
tion of acetate to medium containing 0.10%
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FIG. 5. Salt concentration versus methane produc-
tion. H,-CO, complex RF medium was supplemented
with salt (3 parts KCl to 1 part NaCl) as indicated and
incubated with shaking at 55°C. O, Inoculum pre-
grown with three transfers in complex RF medium
without salt; @, inoculum pregrown in complex RF
medium (3% salt).

yeast extract and Trypticase did not stimulate
methane production above the control yeast
extract and Trypticase cultures (data not
shown). Cell morphology differed with the medi-
um composition of liquid cultures. In RF medi-
um, the individual coccobacilli were of regular
size and shape and often occurred in pairs; in
Trypticase medium, the cells usually occurred
singly, were irregular in shape, and lost fluores-

TABLE 1. Nutrient requirements

Added nutrient Concentration Methane

(p.mol)

Cattle RF 5% 1,027
Sheep RF 5% 1,024
KS 5% 946
Wooly colony supernatant® 5% 961
Sodium acetate 20 mM 911
Yeast extract and Trypticase 0.40% each 839
Coenzyme M€ 1.6 mM 139
Vitamin solution? 1% 75
Propionic and butyric acids 3 mM each 64
None 90

“ The basal medium for these experiments was
defined medium (see the text) plus H,-CO,. Nutrients
were added as indicated. Methane production was
determined after 10 days of incubation at 55°C.

# Prepared from cultures of a mesophilic nonmeth-
anogenic anaerobic rod pregrown in complex medium.

¢ 2-Mercaptoethanesulfonic acid (24).

4 As reported by Wolin et al. (29).
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F1G. 6. Growth requirements: effect of nutrient additions on growth rate. H,-CO, defined medium was
incubated at S5°C with shaking. %, 5% RF; B, 0.20% yeast extract and Trypticase: 1, 0.10% yeast extract and
Trypticase; 0, 0.05% yeast extract and Trypticase; O, 0.10% yeast extract; @, 0.10% Trypticase; A, 0.50%

vitamin solution; A, no additions.

cence quickly. Excellent growth of the coccoba-
cillus was obtained by transferring from Trypti-
case to RF medium.

Substrate utilization. Substrate utilization was
studied in complex liquid medium supplemented
with the organic nutrients listed in Table 3. The
coccus produced methane from H,-CO, or for-
mate but none of the other substrates tested. Of
the thermophilic methanogens in axenic culture
(23, 25, 31, 33), only one coccoid isolate (C. J.
Rivard and P. H. Smith, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1982, 199, p. 111) and
perhaps two rods (14) were previously reported
capable of using both H,-CO, and formate for
methanogenesis.

The stoichiometry of the methanogenic reac-
tions was studied in liquid RF medium by the

addition of known quantities of substrate and the
recovery of the gaseous methane end product
upon completion of growth. The results are
summarized in Table 4. The experimental results
closely fit those predicted from the standard
methanogenic reactions, although slightly more
(2 to 4%) substrate was consumed than was
accounted for in CH4. This small difference may
be due to assimilation of substrate for cell car-
bon synthesis. The growth yield obtained for the
thermophilic coccus (Table 4) was similar to that
reported for other hydrogen-oxidizing methano-
gens (20, 25) and probably reflected similarities
in metabolic pathways and substrate conversion
efficiency.

Growth on either H,-CO» or formate in KS or
RF medium was exponential, with little or no lag
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TABLE 2. Nutrient requirements: fatty acids*

Methane

Addition (umol) Turbidity
2% RF 849.0 +++++
Acetic acid 345.6 +4++
Propionic acid 50.7 +
n-Butyric acid 13.8 -
iso-Butyric acid 0 -
n-Valeric acid 96.0 +
iso-Valeric acid 46.4 +
2-Methylbutyric acid 93.9 +
None 90.0 -

“ Growth of the thermophilic coccobacillus on H--
CO; in defined media. Fatty acids were added to final
concentrations of approximately 0.8 mM, and growth
determinations were made after 5 days of incubation at
55°C.

when exponentially growing inocula were used
(Fig. 7). Generation times varied from 2.5 to 3.5
h, but values as low as 1.8 h were obtained on
H,-CO; in complex RF medium. A methane
production rate of 39.3 nmol/min per ml was
calculated for a 1-liter shake flask pressurized
with H, (above the amount of 70% N,-30% CO,
initially present) and incubated at 55°C.

When '*CO, was added to a formate-utilizing
culture under 70% N»-30% CO., the final specif-
ic activity of '*CO, was the same as the specific
activity in '*CH, at the exhaustion of the for-
mate substrate. Thus, methanogenesis from for-
mate by the thermophilic isolate most likely
occurred via reduction of CO, with reducing
equivalents derived from formate.

Effects of oxygen, antibiotics, and sulfide on
growth and methanogenesis. The effect of oxygen
on methanogenesis from H,-CO, was studied by
adding various amounts of O, to active cultures.
Even at the lowest concentration tested, 4.1
pmol of O, per 120-ml vial, methane production
and growth were completely inhibited. This inhi-
bition was partially reversed by outgassing with
N, and regassing with H,-CO,. When 4.1 or
20.5 pmol of O, was added to the 120-ml vials,
the oxidation-reduction indicator (resazurin) re-
mained reduced, and there was no indication
that the medium was oxidized sufficiently to
prevent growth of the methanogen. Even though
the resazurin was not oxidized, the Eh of the
medium could be high enough to prevent growth
of obligate anaerobes.

Due to the unusual composition of the archae-
bacterial cell wall (1, 16), inhibitors of peptido-
glycan synthesis are not effective antibiotics
against methanogenic bacteria. We found that
penicillin G and cycloserine did not inhibit
growth or methanogenesis by the thermophilic
isolate. However, growth and methanogenesis
were completely inhibited by two inhibitors of
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protein synthesis, tetracycline and chloram-
phenicol. Gramicidin, a cyclic polypeptide, ex-
hibited limited effectiveness at the concentration
tested, but this may reflect limited uptake by
growing cells, since this antibiotic was relatively
insoluble in the culture media.

Bromoethanesulfonic acid, a structural analog
of coenzyme M and a potent inhibitor of
methanogenesis (3), completely inhibited
methanogenesis and growth at a concentration
of 0.50 x 107® M. This inhibition diminished
with the addition of 4.0 X 107® M coenzyme M.

Since sulfide is usually added to reduce cul-
ture media for methanogenic bacteria (1) and
since sulfide may stimulate growth of M. ther-
moautotrophicum (18), we examined the effect
of sulfide concentration on the present isolate.
Excellent growth was obtained in media without
added sulfide (sulfide concentration = 0.007 mM
carried over with inoculum); the addition of as
much as 0.832 mM sulfide did not stimulate
growth. High sulfide concentrations, at or above
1.25 mM sulfide in yeast extract and Trypticase
medium at pH 6.9 to 7.1, increased the lag but
did not significantly affect the rate of methane
production.

DNA base composition. The bouyant density of
purified DNA from the thermophilic isolate was
1.7185 g/cm?®, which corresponded to 59.69
mol% guanine plus cytosine.

DISCUSSION

Two thermophilic methanogenic bacteria
were isolated from a 55°C anaerobic kelp digest-
er. One of these isolates used acetate but not H»-
CO, for methanogenesis and closely resembled
Methanosarcina sp. strain TM1 in morphology.
The Methanosarcina sp. was not further charac-

TABLE 3. Substrate Utilization”

Substrate Methane

Substrate (wmol) produced
(nml)
H, alone 205 49.4
H, + sodium formate 500 165.2
H, + sodium formate 2,000 523.4
H, + sodium acetate 500 48.5
H, + propionic acid 500 47.0
H, + butyric acid 500 44.3
H, + methanol 500 41.1
H, + ethanol 500 41.1
H, + methylamine 500 45.5
H, + p-glucose 500 47.3

¢ Culture medium contained RF plus S ml of H, per
vial (205 pmol). Methane production was determined
by gas chromatography after 3 and 25 days of incuba-
tion at 55°C. All culture vessels contained 205 pmol of
H, with substrate added in excess of this concentra-
tion at the values shown.
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TABLE 4. Stoichiometry and growth yield

Substrate consumed/methane

Methanogenic reaction produced Yeu,
Predicted Observed
4H, + CO, — CH, + 2H,0 4.00 4.15 0.90 = 0.21
mg/mmol
4HCOOH — CH, + 3CO; + 2H,0 4.00 4.09 ND“

“ ND, Not determined.

terized. The second isolate was a coccobacillus
which utilized H,-CO, or formate but not ace-
tate for methanogenesis. This isolate was mor-
phologically similar to Methanococcus vannielii
(22) but differed in other characteristics (see
below). Although one other thermophilic meth-
anogenic coccobacillus has been isolated from
ocean sediments (C. J. Rivard, and P. H. Smith,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1982,
199, p. 111), this is the first report of such an
organism from an anaerobic thermophilic digest-
er.

A growth temperature optimum of 60°C and
limited methane production below 50°C indicat-
ed that the coccobacillus is an obligate thermo-
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phile, although not as extreme a thermopbhile as
M. thermoautotrophicum, whose temperature
optimum ranges between 65 to 70°C (31, 33), nor
M. fervidus, with an 83°C optimum (23). Its
growth versus pH relationship resembled that of
M. thermoautotrophicum, except that growth
occurred throughout a wider range for the coc-
cobacillus.

The limited substrate utilization of the present
isolate was not surprising, since few known
axenic species use substrates other than H,-CO,
or formate (13, 30, 34), and only one is thermo-
philic (34). The two recently reported strains of
thermophilic methanogenic bacteria which uti-
lized H,-CO, and formate (14) resembled M.
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FIG. 7. (A) H,-CO, growth curve for the thermophilic coccobacillus. Two-liter shake flasks contained 1 liter
of complex KS medium pressurized (253 kPa) with H,-CO, and incubated at 55°C. @, Total methane produced;
O, Petroff-Hausser cell counts; A, calculated H, consumption (from the stoichiometry presented in Table 4).
Doubling time of the culture based on methane production (30 to 55 h) = 3.23 h; based on cell counts = 2.67 h.
(B) Formate growth curve for the thermophilic coccobacillus. Culture vessels were 2-liter shake flasks with 1
liter of complex KS medium (80 mM sodium formate) incubated at 55°C. @, Total methane produced; A, H,
produced; O, calculated formate consumption. Doubling time of the culture based on methane production (57 to

77.5h) = 3.16 h.
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thermoautotrophicum in morphology but re-
quired growth factor(s) from yeast extract to
support growth on H>-CO» in defined medium.
M. thermoautotrophicum grew auxotrophically
on H,>-CO, but not formate in defined medium
(33).

Generation times for the thermophilic coccoba-
cillus on H>-CO» in complex media were 1.8 to
3.2 h. M. thermoautotrophicum YTB had a
generation time of 2.5 h (31) in complex medium
compared to 5.0 h in defined medium (25, 33).
These generation times are three to six times
faster than those reported for most mesophilic
methanogens (9. 32). except Methanococcus
voltae, which exhibited a generation time of 1.2
h (28).

Generation times on formate (Fig. 7B) were
very similar to those on H,-CO, (Fig. 7A). In
fact, radioisotopic experiments demonstrated
that formate was converted to methane via re-
duction of CO,. Furthermore. since H. was
produced during utilization of formate, H, ap-
peared to be formed from formate during meth-
anogenesis.

H- formation from formate was also reported
in M. vannielli (22), Methanobacterium mobilis
(15), and Methanobacterium formicicum (20).
However. although H> may be produced from
formate, it is probably not an obligate intermedi-
ate, since the K,, for H, oxidation was much
higher than the dissolved H» concentration of
the formate culture medium (20). Thus, the
mechanism of methanogenesis from formate is
still unknown.

The thermophilic isolate was sensitive to the
same antibiotics as other methanogenic isolates
(11, 16). Chloramphenicol was completely in-
hibitory at the concentration tested, but inhibi-
tion by tetracycline diminished after approxi-
mately 8 h of incubation at 55°C. Penicillin G and
cycloserine, inhibitors of peptidoglycan synthe-
sis. were not effective at the concentrations
tested. Similar results were reported for other
methanogenic bacteria (11, 16) and may be at-
tributed to the lack of peptidoglycan in the cell
wall (1).

Growth of the thermophilic methanogen was
inhibited by exposure to 0.109% O, in the gas
phase compared to 0.03% O, for Methanobac-
terium ruminantium (21) and 0.10% O, for M.
mobilis (15). The lower limit of O- sensitivity has
not yet been determined for the thermophilic
coccobacillus. However. sulfide could be omit-
ted from the culture medium without adverse
effect. unlike M. thermoautotrophicum. which
requires sulfide for growth (18). These findings
suggest that the present isolate required less
sulfide than other methanogens and that cyste-
ine may be a sufficient sulfur source for growth.
In addition, the thermophile tolerated sulfide

H,-OXIDIZING THERMOPHILIC METHANOGEN 273

well and was not inhibited by sulfide concentra-
tions approaching 1 mM.

Based on similarities in growth requirements,
substrate utilization and other metabolic proper-
ties. DNA base ratio. and morphology. the cur-
rent thermophilic methanogen probably belongs
to the family Methanomicrobiaceae (1). This is
supported by the results of immunological fin-
gerprinting performed by E. Conway de Macario
(personal communication), which showed no
immunological relationship with methanogens
outside this family for either the S or R probes
(5). In fact, the strongest reaction was a moder-
ate reaction with antiserum prepared from Meth-
anomicrobium mobile.

The characteristics of the thermophilic isolate
are summarized below.

An anaerobic 55°C kelp digester served as the
inoculum source.

Very short rods to cocci. 0.7 to 1.8 um in
diameter. often occurring in pairs but not chains,
were seen. Gram staining was inconclusive due
to the fragile nature of cell wall.

Small (1 to 3 mm) colonies grew; they were
white to tan in color. circular. convex with
entire margins, and smooth. Cultures formed
colonies within 18 to 30 h of incubation which
were highly fluorescent (420 to 430 nm).

The isolate is thermophilic, with an optimum
near 60°C, a maximum slightly above 65°C, and
a minimum below 35°C.

The optimum pH for growth is near 7.2, with
growth throughout a pH range of 5.5 to 9.0.

The DNA base composition was 59.69 mol%
guanine plus cytosine.

There was no immunological reaction with the
S probe (5): the R probe (5) showed weak
reactions with members of Methanomicrobia-
ceae. especially M. mobilis.

The organism is a very strict anaerobe. Expo-
sure to 0.109¢ O, stopped growth and methano-
genesis immediately. It grew well in complex
medium on H>-CO- and formate but not acetate,
methanol, methylamine, or higher fatty acids.
Salt was not required for optimal growth in
complex media., but 4% salt does not inhibit
growth. It was sensitive to sodium dodecyl
sulfate, chloramphenicol, and tetracycline but
not to penicillin G or cycloserine.

Optimal growth was obtained in media supple-
mented with RF. digester effluent, or yeast
extract and Trypticase. The organism requires
an unidentified growth factor(s). which is proba-
bly not an amino acid, single fatty acid. common
vitamin. or coenzyme M.
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