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Abstract. A stabilized consortium of microbes which
anaerobically degraded benzoate and produced CH,
was established by inoculation of a benzoate-mineral
salts medium with sewage sludge; the consortium was
routinely subcultured anaerobically in this medium
for 3 years. Acetate, formate, H, and CO, were
identified as intermediates in the overall conversion
of benzoate to CH, by the culture. Radioactivity was
equally divided between the CH, and CO, from the
degradation of uniformly ring-labeled [**C]benzoate.
The methyl group of acetate was stoichiometrically
converted to CH,. Acetate, cyclohexanecarboxylate,
2-hydroxycyclohexanecarboxylate, o-hydroxybenzoic
acid and pimelic acid were converted to CH, without
a lag suggesting that benzoate was degraded by a
reductive pathway. Addition of o-chlorobenzoate in-
hibited benzoate degradation but not acetate degrada-
tion or methane formation. Two methanogenic organ-
isms were isolated from the mixed culture; neither
organism was able to degrade benzoate, showing
that the methanogenic bacteria served as terminal
organisms of a metabolic food chain composed of
several organisms. Removal of intermediates by the
methanogenic bacteria provided thermodynamically
favorable conditions for benzoate degradation.
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Benzoic acid is degraded anaerobically by three differ-
ent groups of organisms. Dutton and Evans (1969)
have shown that Rhodopseudomonas palustris photo-
metabolizes benzoate by a reductive pathway. Taylor
et al. (1970) have isolated a facultative anaerobe,
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Pseudomonas PN-1, which grows anaerobically on
benzoate-nitrate-mineral salts medium. Williams and
Evans (1973) have shown that Pseudomonas PN-1
utilizes a reductive pathway similar to that of R. palus-
tris. Tarvin and Buswell (1934) first reported the
methanogenic fermentation of benzoic acid by a mixed
culture in medium free of nitrate and sulfate. Fina
and Fiskin (1960) later demonstrated that approxi-
mately 209, of the methane was derived from the
reduction of carbon dioxide; they also showed that
the carboxyl carbon of benzoate is equivalent to CO,
by use of benzoate specifically labeled in the carboxyvl
carbon. Benzoic acid specifically labeled in the ring
(benzoate-1-'*C) was converted largely to methane.
Nottingham and Hungate (1969) demonstrated con-
clusively that uniformly ring-labeled '*C-benzoate
was fermented to **CO, and *CH,; the fermentation
was started with sewage sludge and received substrate
quantities of yeast extract, nutrient broth and glucose
in addition to benzoate. It was suggested that the
conversion of benzoate to CH, was accomplished by
a single organism.

Other authors have assumed that methanogenic
bacteria can ferment aromatic compounds (Barker.
1956; Taylor and Heeb, 1972); there is no direct
evidence to support this. We present evidence to show
that benzoate is converted to methane by a microbial
metabolic food chain composed of nonmethanogenic
organisms that degrade benzoate to intermediates
which are further metabolized by methanogenic bac-
teria.

MATERIALS AND METHODS

Cultural Procedures. Sterile media for the isolation. maintenance
and subculture of strict anaerobes were prepared under strictly
anaerobic atmospheres by a modification of the Hungate technique
(Hungate, 1950) as described by Bryant and Robinson (1961). Solid
medium for roll tube cultures and slants was prepared by including
Noble agar (Difco) at a final concentration of 2% (w'v). Mineral
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solutions [ and IT are described by Bryant and Burkey (1953). The
vitamin solution described by Wolin ¢ /. (1963) was used. Benzoate
replacement medium (medium A) contained the following con-
stituents in distilled water at the indicated final concentration in
percent (w/v): sodium benzoate, 0.2; NH,CI, 0.075; K,HPO,,
0.04; MgCl, - 6 H,O, 0.01; resazurin. 0.0001: Na,CO;. 0.15;
Na,S - 9 H,0. 0.025. Before sterilization the medium was adjusted
to pH 7.2 with 1 M HCL. The final pH after sterilization and equili-
bration with a gas mixture of 95°, N,—5", CO, was 7.0.

Medium for methanogenic isolates (medium B) contained the
following constituents at the indicated final percentage composition
(w/v) (unless otherwise indicated): Mineral I, 3.5ml (v/v); MineralII,
3.5 ml (v/v); sodium formate, 0.2 yeast extract (Difco), 0.2; Tryp-
ticase (BBL). 0.2; resazurin, 0.0001; Na,COy;. 0.4; cysteine - HCI,
0.025; Na,S -9 H,0, 0.025; vitamin solution, 1.0 (v/v). Before
sterilization the medium was adjusted to pH 7.2 with 1 M HCL
The final pH after sterilization and equilibration with a gas mixture
of 809 H,—209, CO, was 7.0.

Enrichment cultures were started by adding a 10% inoculum
of sewage sludge to benzoate replacement medium (medium A).
Enrichments were maintained under strict anaerobic conditions by
the Hungate technique; the 95°, N,—35°, CO, gas mixture was
exposed to heated copper prior to passage into the culture tubes.
All cultures were incubated vertically. unshaken, at 37°C in the
dark. About 209, of the fluid above the floc was replaced with
medium A once per week, benzoate being completely degraded
between each replacement. The bacterial floc at the bottom of the
test tube was not disturbed. All experiments utilized benzoate-
degrading cultures which had been subcultured in the above manner
from a stock culture which had been stabilized in carbon balance
for at least 1 year.

Methanogenic organisms were isolated by making serial
dilutions of the culture in medium B; roll-tubes were incubated
with an 80% H,—20% CO, atmosphere. Pure cultures were ob-
tained by subsequent cloning; both isolates were maintained by
weekly transfer on agar slants of medium B.

Analytical Methods. Samples for gas chromatography of ben-
zoate (and derivatives of benzoate) were prepared by centrifuging
culture medium and by drying 100 pl of the supernatant solution
in a stream of nitrogen. The trimethylsilyl derivatives were made
by reacting the dried residue in 100 pl Sil-Prep (Applied Science
Laboratories, Inc.) for 15 min at room temperature. Injection
volumes were 5—25 pl. A six-foot coiled glass column (4 mm i.d.
packed with 109, Apezion L grease on chromosorb-W support)
was connected to a hydrogen flame ionization detector in a Packard
7800 series gas chromatograph. The column temperature was 150°C
and the carrier gas was helium at a flow rate of 60 ml/min.
Quantitation of benzoate and derivatives of benzoate in the culture
medium also was made by measuring the absorbance of the culture
fluid at the absorption maximum of benzoate (222 nm). The
culture was centrifuged, and the absorbance was measured on the
supernatant solution. The culture fluid exhibited very little inter-
ference from extraneous compounds which absorbed at 222 nm.

Formate was determined by the formyltetrahydrofolate
(f-THFA) synthetase method of Rabinowitz and Pricer (1965),
except for the substitution of 0.5 M Tricine (pH 8.0) for the tri-
ethanolamine buffer. Tetrahydrofolate (THFA) was prepared by a
modification of the procedure by Blair and Saunders (1970) as
described by O’Brien and Ljungdahl (1972). Just prior to use
THFA was diluted to 0.01 M with 0.5 M dithiothreitol.

Acetate was determined by gas chromatography with modifi-
cations of the technique described by Rogosa and Love (1967).
A six-foot coiled glass column (4 mm i.d.) packed with Porapack QS
(Waters Associates, Inc.) (80 — 100 mesh) was connected to a hydro-
gen flame ionization detector. The column was operated at 190°C.
A Packard 7800 series gas chromatograph was used. All other con-
ditions were as described by Rogosa and Love (1967). Each of the

1. G. Ferry and R. S. Wolfe

C,—C, fatty acids. methanol and cthyl alcohol could be detected
by this technigue. Acetate also was determined by the acetokinase
(E.C. 1.1.1.1) method of Rose ¢r al. (1934): acctokinase was ob-
tained trom Sigma. Inc.

All gases were measured with a Packard 7800 series gas
chromatograph fitted with a silica gel column. Helium was used
as the carrier gas. For the analysis of methane the column was
operated at 50°C, and a hydrogen flame ionization detector was
cmployed. The column was operated at 0 C in an ice bath and
was connected to an electron capture detector for the analysis of
hydrogen. Carbon dioxide was analyzed at a column temperature
of 150°C and was detected with an electron capture detector.
Dissolved CO, of the culture medium was determined after acidifi-
cation of the medium and release of the CO,.

Radioactivity of the CO, and CHy in the culture was determined
as follows. Initially HCI (final concentration 0.2 M) was added
with a syringe through the rubber stopper to release the dissolved
CO, of the culture fluid. After acidification, the total volume of
the gas phase was determined with a glass piston syringe by re-
cording the volume of excess gas forced into the syringe, when the
needle penetrated the rubber stopper. The total CO, and CH,
present in the gas phase was then determined by gas chromatog-
raphy. A known volume of the atmosphere above the culture was
transferred with a syringe to a serum-stoppered vial which con-
tained 0.1 M NaOH. After absorption of the *CO,, 1 ml of the
gas which contained '*CH, was injected through a rubber septum
into a scintillation vial which contained 15 ml Bray's solution.
After equilibration at 4°C a sample of the atmosphere above the
scintillation fluid was assayed for methane by gas chromatography
to determine the amount of methane that was not dissolved in
Bray’s solution. Results indicated that at 4°C, 45—91 nmoles of
methane are dissolved in 15 ml of Bray's solution depending on
the partial pressure of methane in the atmosphere above the scin-
tillation fluid. The efficiency of counting was 86 + 1°;. The radio-
activity in the CO, fraction was determined by the addition of 100 pul
of NaOH solution (which contained '*CO,) to 15 ml of Bray’s
solution. The specific activity of CO, produced from the degradation
of labeled substrates was determined from the total activity of the
CO, fraction and the increase in total CO, over that initially
present.

Protein of whole cells in the benzoate-degrading cultures was
estimated by the method of Lowry et al. (1951), crystalline bovine
serum albumin being used as a protein standard. Samples for
protein measurement were first dried in vacuo and then hydrolyzed
in NaOH for 2 h at 37°C. The oxidation-reduction potential of the
culture was estimated with indicators as described in the Bio-
chemists’ Handbook (1961).

RESULTS
Characteristics of the Culture

Figure 1 illustrates the floc or organisms in the test
tube culture; there was no turbidity in the culture
fluid above the floc. Benzoate degradation ceased, if
the floc was disrupted by mild vortexing and was
kept suspended by vigorous shaking. Figure 2 shows
the three predominant organisms which comprised
greater than 959 of the total numbers present as
estimated by direct count with a Petroff-Hauser
counter. Organisms in the floc did not show motility,
and spores were never observed. The oxidation-reduc-
tion potential of the culture fluid was found to be be-






