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We studied syntrophic butyrate degradation in thermophilic mixed cultures containing a butyrate-degrading
bacterium isolated in coculture with Methanobacterium thermoautotrophicum or in triculture with M.
thermoautotrophicum and the TAM organism, a thermophilic acetate-utilizing methanogenic bacterium.
Butyrate was ,I-oxidized to acetate with protons as the electron acceptors. Acetate was used concurrently with
its production in the triculture. We found a higher butyrate degradation rate in the triculture, in which both
hydrogen and acetate were utilized, than in the coculture, in which acetate accumulated. Yeast extract, rumen
fluid, and clarified digestor fluid stimulated butyrate degradation, while the effect of Trypticase was less
pronounced. Penicillin G, D-cycloserine, and vancomycin caused complete inhibition of butyrate utilization by
the cultures. No growth or degradation of butyrate occurred when 2-bromoethanesulfonic acid or chloroform,
specific inhibitors of methanogenic bacteria, was added to the cultures and common electron acceptors such as
sulfate, nitrate, and fumarate were not used with butyrate as the electron donor. Addition of hydrogen or
oxygen to the gas phase immediately stopped growth and butyrate degradation by the cultures. Butyrate was,
however, metabolized at approximately the same rate when hydrogen was removed from the cultures and was

metabolized at a reduced rate in the cultures previously exposed to hydrogen.

At least three entirely different groups of bacteria are
active during complete anaerobic conversion of complex
organic molecules to carbon dioxide and methane (8, 9, 15,
24). The fermentative bacteria hydrolyze the polymers to
mono- and oligomers by means of extracellular enzymes.
The soluble products are then absorbed and fermented by
the same group of bacteria to an array of products such as
acetate and other short-chained fatty acids, alcohols, hydro-
gen, and carbon dioxide. The second metabolic group, the
obligately hydrogen-producing acetogenic bacteria, oxidize
propionate, butyrate, and other fatty acids and alcohols to
acetate, hydrogen, and carbon dioxide. Owing to the unfa-
vorable thermodynamics of these reactions, the metabolism
of the acetogenic bacteria demands a low partial pressure of
hydrogen. Terminally, the methanogenic bacteria utilize the
acetate and hydrogen produced by the first two microbial
groups, forming methane.

Normally, propionate and butyrate account for 20% of the
methane produced in an anaerobic digestor (18). Several
mesophilic fatty acid-utilizing acetogenic bacteria in cocul-
ture with either hydrogen-utilizing methanogenic bacteria or
sulfate-reducing bacteria have been described. Syntro-
phomonas wolfei a-oxidizes even- and odd-numbered fatty
acids to acetate and hydrogen or acetate, propionate, and
hydrogen (19, 20). Syntrophobacter wolinii degrades
propionate to acetate, hydrogen, and carbon dioxide (6). A
number of sporeforming bacteria degrading butyrate in
coculture with hydrogen-consuming bacteria have recently
been isolated (21-23). The only thermophilic hydrogen-
producing acetogenic bacterium previously described is a
butyrate-degrading bacterium isolated in coculture with the
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hydrogen-utilizing Methanobacterium thermoautotroph-
icum (11).

In the present paper, we describe the isolation and metab-
olism of a thermophilic butyrate-degrading bacterium when
grown in syntrophic association with M. thermoautotroph-
icum (the coculture) or M. thermoautotrophicum and the
thermophilic acetate-utilizing methanogenic TAM organism
(the triculture).

MATERIALS AND METHODS

Source of organisms. The initial enrichment was made
from a thermophilic bench-scale digestor operating at 600C
on sewage sludge obtained from the sewage treatment plant
in Usser0d, Denmark.
Media and conditions for cultivation. Anaerobic techniques

were used as described by Hungate (13) and modified by
Bryant (7) and Balch and Wolfe (5). The basal medium used
for enrichment and cultivation of the cocultures was basi-
cally the sulfate-free medium used for enrichment and iso-
lation of the TAM organism (1, 2). The butyrate concentra-
tion was 10 mM, added as sodium butyrate, and the basal
medium was usually supplemented with 0.1% yeast extract.
Experiments were performed in serum vials (50 ml, contain-
ing 25 ml of medium) closed with butyl rubber stoppers and
aluminum crimps (5). Unless stated otherwise, the gas phase
in the vials was 80% N2-20% CO2 pressurized to 1 atm (101.3
kPa) overpressure and all incubations were made at 600C in
triplicate. The inocula used were 5% (vol/vol), and the
triculture was obtained from a chemostat.
Enrichment and isolation. Enrichment of the butyrate-

degrading cocultures was carried out in a 1-liter serum bottle
containing 750 ml of butyrate basal medium inoculated with
10 ml of thermophilic digested sludge. The serum bottle was
operated in a semicontinuous system as previously de-
scribed for enrichment of the TAM organism (1), with the
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FIG. 1. Phase-contrast photomicrograph of the triculture. (A)
Butyrate-utilizing bacteria; (B) M. thermoaitotrophicum; (C) TAM
organisms. Bar, 10 ,uM.

exception that butyrate basal medium was used instead of
acetate basal medium.

After 8 months of continuous cultivation, isolation was

performed by serial dilution of the enrichment culture in
basal medium and inoculation of 0.5 ml of each dilution into
agar (3%) roll tubes of medium with and without butyrate.
Before the tubes were solified, half of them received 0.5 ml
of a log-phase M. thermoau(totrophiculm previously isolated
from the thermophilic sludge digestor (3).

Culture purity. Cultures were routinely checked for
heterotrophic contaminants by microscopic examination and
inoculation into thioglycolate medium (Difco Laboratories)
and AC medium (Difco) incubated under anaerobic and
aerobic conditions which allowed no growth of the cultures.
Growth and fermentation balance. Growth of the cultures

was defined in terms of the specific butyrate consumption
rate (.but), calculated as the slope of the linear part of the
half-logarithmic graph of butyrate concentration versus

time. The formation of fermentation products with time was

monitored by inoculating vials with and without butyrate.
Fermentation balances were determined from measurements
at the beginning and end of the incubation period, and the
values were corrected for the small amount of products
produced in vials without substrate.

Analytic procedures. Acetate and butyrate were measured
by gas chromatography with a flame ionization detector as

previously described (1, 4). Gases were separated on

Porapak Q; methane was detected by flame ionization as

previously described (1), and hydrogen and carbon dioxide
were detected by thermal conductivity with H2 or N2 as the
carrier gas, respectively. When carbon dioxide was quanti-
fied, the measured values were corrected for the amount
absorbed in the medium as determined by injection of
different concentrations of CO2 into vials of uninoculated
medium. All gas injections were carried out with Pressure-
lok gastight syringes (Precision Sampling Corp.).

Gases and chemicals. High-purity gases were used, and
traces of oxygen were removed by passing the gases over

heated copper (300°C). All chemicals were reagent grade.

RESULTS

Isolation and description of the cocultures. After several
months of continuous enrichment in butyrate basal medium,
a relatively stable consortium of long, rod-shaped bacteria
together with a smaller number of curved rods developed.
Only a few (103/ml) heterotrophic contaminants could be
counted. Two colony types appeared in roll tubes that were
made from the 10-6 dilution and contained butyrate. One
colony type was approximately 2 mm in diameter, yellow to
brownish, and irregular in shape, while the other type was
smaller, whitish, and with an entire circumference. The
latter type was the more numerous colony in the roll tubes to
which a large inoculum of an actively growing culture of M.
thermoautotrophicum was added before the tubes were
solidified. Microscopic examination showed that this colony
consisted of M. thermoautotrophicum and a slightly curved
rod, while the first type was a three-membered colony also
containing a straight, filamentous rod similar to the
thermophilic acetate-utilizing methanogen, the TAM organ-
ism, previously described (1, 2). Individual colonies were
picked and transferred to the same medium. A photomicro-
graph of the triculture is shown in Fig 1. The butyrate-
degrading bacterium was found to be a nonmotile curved rod
that had tapered to round ends and stained gram negative.
The organism consisted of one or two cells with a mean
dimension of 0.5 to 0.8 pum in width and 2 to 3 iim in length
and contained no spores.

Metabolism of the cultures. Figure 2A and B shows the
consumption of butyrate and production of metabolic prod-
ucts by the cultures. Acetate accumulated in the coculture
but was used concurrently with its production in the
triculture. Carbon dioxide was produced only in the
triculture, and more methane was produced in this culture
than in the coculture. Only low concentrations (10-3 to 10-4
atm; 101.3 to 10.13 Pa) of hydrogen could be detected in the
headspaces during the exponential phase of the butyrate
degradation. The specific butyrate consumption rates deter-
mined from the experiments shown in Fig. 2A and B were
somewhat lower for the coculture (0.0201 h-1) than for the
triculture (0.0323 h-'), indicating that acetate utilization
influences the growth of the butyrate-degrading bacterium.
Table 1 shows the fermentation products formed by the

cultures. Methane and carbon dioxide and methane and
acetate were the principal end products of the triculture and
the coculture, respectively, representing 94 and 96.3% of the
available carbon from butyrate. The results supported the
following stoichiometric reactions: CH3CH2CH2COO- +
2H20 = 2CH3COO + H+ + 2H2 in the coculture and
CH3CH2CH2COO- +2H20 =CH4 + 1CO2 +HCO3f in the2 2
triculture in which butyrate conversion to methane was
complete.

Studies on the cocultures. Addition of clarified rumen fluid
(3 to 5%), yeast extract (0.5 to 2 g/liter), and clarified digestor
fluid (3 to 5%) had a pronounced stimulating effect on the
specific rate of butyrate consumption, while the addition of
Trypticase (BBL Microbiology Systems, Cockeysville, Md.)
(0.5 to 2 g/liter) was not as effective (Table 2).
Complete inhibition of growth and butyrate consumption

was found upon addition of penicillin G (1 g/liter), D-
cycloserine (0.1 g/liter), and vancomycin (0.1 g/liter) to the
cultures. Also, addition of specific inhibitors of methano-
genic bacteria, 2 bromoethanesulfonic acid (2-BES) (2 mM)
and chloroform (5 p.M), was completely inhibitory. Electron
acceptors such as fumarate, nitrate, and sulfate, added to
give a final concentration of 1 mM, were not used by the
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FIG. 2. Time course of butyrate degradation and product formation. (A) Triculture; (B) coculture.

cultures, not even under conditions for which the methano-
genic bacteria were inhibited by 2-BES.

Addition of oxygen to the gas phase of exponentially
growing cultures immediately stopped growth of and butyr-
ate utilization by the cultures (Fig. 3). The butyrate con-

sumption, however, was resumed afer a lag period of 1 to 2
days when the cells were reincubated under anaerobic
conditions, but the rate was lower than the butyrate con-

sumption rate obtained with untreated cocultures. Micro-
scopic examination revealed various numbers of lysed cells
in the cultures exposed to oxygen. Hydrogen in the gas

phase at a concentration of more than 2 x 10-2 atm (2.026 x

103 Pa) was also found to be completely inhibitory to the
consumption of butyrate by the cultures (Fig. 4). In contrast
to the situation with oxygen, however, butyrate consump-
tion continued at the same rate after a lag period, when
hydrogen was eliminated from the cultures.

DISCUSSION

The isolation of cocultures containing a butyrate-
degrading bacterium oxidizing butyrate at thermophilic tem-
peratures in syntrophic association with the hydrogen-
utilizing methanogenic bacterium M. thermoautotrophicum
(11; this work) provides evidence for the existence of ther-
mophilic obligately hydrogen-producing acetogenic bacteria
similar to the bacteria isolated under mesophilic conditions
(6, 9, 19-23). Our butyrate-degrading bacterium was mor-

phologically similar to the thermophilic butyrate-degrading

TABLE 1. Fermentation products produced from 10 mmol of
butyrate liter' by the thermophilic butyrate-degrading coculture

and triculture

Productsa (mmol liter-l)b Carbon

Conditions
rcvrAcetate CH4 Co2 recovery (%)

Coculture 19.3 0.4 5.0 0.2 -4.95c 96.3
Triculture 0 23.3 0.8 14.3 0.8 94.0

a Other fermentation products were not found.
b Values are means of triplicate vials standard deviations.
c Calculated as equal to the amount of methane.

bacterium described by Henson and Smith (11), except that
it was found both singly and in pairs, as was the mesophilic
butyrate-degrading bacterium Syntrophomonas wolfei (19,
20). Furthermore, the acetate-utilizing bacterium in the
butyrate enrichments and in the cultures isolated from
butyrate enrichments by Henson and Smith was a Methan-
osarcina sp. rather than the TAM organism. Our
thermophilic butyrate degrader was stimulated by a growth
factor (factors) present in rumen fluid, yeast extract, and
clarified digestor fluid, while the bacterium isolated by
Henson and Smith (11) required the presence of supplement
in clarified digestor fluid and, to some extent, in rumen fluid.
Butyrate was utilized at a higher rate in our cultures when
incubated with shaking, in contrast to the results obtained by

TABLE 2. Specific butyrate consumption rate (>bu,) of the
coculture and triculture in various media

Pbut (h-I)b for:
Supplementa

Coculture Triculture

None 0.0121 ± 0.002 0.0156 + 0.002
Clarified rumen fluid 0.0198 ± 0.005 0.0310 ± 0.008

(3%, vol/vol)
Clarified rumen fluid 0.0201 ± 0.004 0.0345 ± 0.007

(5%, vol/vol)
Clarified digestor fluid 0.0190 ± 0.006 0.0295 ± 0.009

(3%, vol/vol)
Clarified digestor fluid 0.0192 ± 0.005 0.0311 ± 0.008

(5%, vol/vol)
Yeast extract 0.0195 ± 0.007 0.0290 ± 0.008

(0.5 g/liter)
Yeast extract 0.0210 ± 0.004 0.0325 ± 0.005

(1.0 g/liter)
Yeast extract 0.0201 ± 0.005 0.0330 ± 0.006

(2.0 g/liter)
Trypticase 0.0155 ± 0.008 0.0253 ± 0.009

(0.5 g/liter)
Trypticase 0.0165 ± 0.006 0.0251 ± 0.008

(2 g/liter)
a The butyrate basal medium was supplemented with the indicated growth

factors.
b Values are means of triplicate vials ± standard deviations.
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FIG. 3. Effect of oxygen on butyrate consumption by the
triculture. Oxygen (10% 02-70% N,-20% CO,) was introduced into
the gas phase after 2.5 days of incubation, as indicated by an arrow.
At day 4.5, the cells were reincubated under anaerobic conditions
together with untreated tricultures (controls), as indicated by an
arrow.

Henson and Smith (11), which showed that butyrate was
consumed more quickly when the cocultures were incubated
in static culture.

All fatty acid-oxidizing bacteria described previously were
isolated in roll tubes by using a hydrogen-oxidizing bacte-
rium (a sulfate reducer or a methanogen) as a scavanger for
hydrogen (6, 11, 19-23). The isolation of a thermophilic
butyrate-degrading bacterium described in this paper was
possible without addition of a further inoculum of hydrogen-
utilizing bacteria probably owing to the high numbers of M.
thermoautotrophicum already present in the enrichment
culture (approximately 75% of the bacteria present). Nor-
mally, colonies containing the butyrate-degrading bacterium
together with both M. thermoaiutotrophicum and the TAM
organism dominated in roll tubes made from the enrichment
culture. However, if the roll tubes were supplemented with
a large inoculum of M. thermoautotrophicuim, colonies con-
sisting of the butyrate-degrading bacterium together with M.
thermoaatotrophicum were the most numerous type. No
differences were observed in either morphotypes or metab-
olism between cocultures and tricultures isolated with or
without a lawn of M. thermoautotrophicum.
The products formed from the degradation of butyrate by

the coculture were similar to products of Syntrophornontis
wolJei (19, 20) and imply a 1-oxidation mechanism with
hydrogen as electron sink. In the triculture, the acetate
formed was converted to equimolar amounts of methane and
carbon dioxide, as shown for pure cultures of the TAM
organism (1, 2). The products formed in this culture are in
accordance with the stoichiometry proposed by Lawrence
and McCarty (17).
The higher butyrate consumption rate found for the

triculture utilizing acetate as well as hydrogen can be ex-
plained partially by product inhibition by acetate in the
coculture in which acetate accumulated, since experiments
have shown that acetate concentrations of 10 and 25 mM
cause an inhibition of the butyrate consumption by the
coculture of 6.9 and 33.5%, respectively (manuscript in
preparation). Another reason could be that a higher degree
of stability was found in the triculture, in which the degra-
dation of butyrate was complete. Acetate metabolism has
been shown to be the rate-limiting process for complete
degradation of butyrate, and the numbers of acetate-utilizing
methanogens tend to decrease when the coculture is culti-

vated in batch cultures by repeated transfers of inocula (4).
Batch cultivation of the three-membered coculture over time
resulted in a greater extent of acetate accumulation before its
utilization and a butyrate consumption rate that approached
the rate of that of the two-membered coculture.

Methanogenic bacteria have been shown not to be affected
by antibiotics that have a specific effect on the cell wall
polymers (1, 10, 12, 14). The sensitivity of the cultures to
antibiotics known to act upon the cross-linking reactions of
the cell wall shows that the thermophilic butyrate-degrading
bacterium probably is a eubacterium containing a peptido-
glycan wall, as shown for Syntrophomonas wtolfei (19).
The inhibition of butyrate utilization by specific inhibitors

of methanogenic bacteria, e.g., 2-BES and chloroform,
shows that the butyrate-degrading bacteria are dependent
upon the activity of the hydrogen-utilizing methanogenic
bacteria. The effect of 2-BES was caused merely by an
inhibition of the methanogenic bacteria, and growth and
butyrate utilization were observed after a lag period in
cocultures inhibited with 2-BES, when a large inoculum of a
thermophilic hydrogen-oxidizing Desul'Ovibrio sp. was
added. Common electron acceptors such as fumarate, sul-
fate, and nitrate could not be utilized instead of protons.
The degradation of butyrate by the cultures was possible

only under anaerobic conditions. Oxygen reduced the butyr-
ate consumption rate obtained when the cultures were
reincubated under anaerobic conditions, which could be
explained by the presence of the lysed cells in cocultures
previously exposed to oxygen. Some methanogenic bacteria,
including M. thertnoautotrophictm, have been shown to be
relatively tolerant to oxygen (14, 16). When exponentially
growing cultures of the TAM organism were exposed to
oxygen and afterwards treated as described for the
cocultures, the same methane production rate as that for
untreated cultures was obtained after a short lag period (data
not shown). This indicates that the thermophilic butyrate-
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FIG. 4. Effect of hydrogen on butyrate consumption by the
tricultures. Hydrogen (10% H2-70% N2-20% CO,) was introduced
into the gas phase after 2.5 days of incubation (indicated by an

arrow) and was replaced twice a day until day 5.5, when the H, was

removed (indicated by an arrow). Symbols: 0, tricultures incubated
under 80% N,-20%r CO, for the entire experiment; 0, tricultures
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degrading bacterium is extremely sensitive to oxygen and
that oxygen has a toxic effect on this bacterium.
The presence of hydrogen in the gas phase inhibited

butyrate utilization by the cultures as also shown for
Syntrophomonas wolfei (19) and the thermophilic butyrate-
degrading bacterium isolated by Henson and Smith (11).
Butyrate utilization, however, resumed at the same rate
when hydrogen was removed from the cultures, indicating
that hydrogen merely caused a product inhibition of the
metabolism instead of a toxic effect on the butyrate-
degrading bacterium.
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