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An anaerobic, motile, gram-negative, rod-shaped, syntrophic, benzoate-degrading bacterium, strain SB, was
isolated in pure culture with crotonate as the energy source. Benzoate was degraded only in association with
an H,-using bacterium. The kinetics of benzoate degradation by cell suspensions of strain SB in coculture with
Desulfovibrio strain G-11 was studied by using progress curve analysis. The coculture degraded benzoate to a
threshold concentration of 214 nM to 6.5 pM, with no further benzoate degradation observed even after
extended incubation times. The value of the threshold depended on the amount of benzoate added and,
consequently, the amount of acetate produced. The addition of sodium acetate, but not that of sodium chloride,
affected the threshold value; higher acetate concentrations resulted in higher threshold values for benzoate.
When a cell suspension that had reached a threshold benzoate concentration was reamended with benzoate,
benzoate was used without a lag. The hydrogen partial pressure was very low and formate was not detected in
cell suspensions that had degraded benzoate to a threshold value. The Gibbs free energy change calculations
showed that the degradation of benzoate was favorable when the threshold was reached. These studies showed
that the threshold for benzoate degradation was not caused by nutritional limitations, the loss of metabolic
activity, or inhibition by hydrogen or formate. The data are consistent with a thermodynamic explanation for
the existence of a threshold, but a kinetic explanation based on acetate inhibition may also account for the

existence of a threshold.

The degradation of aromatic compounds under methano-
genic conditions involves the concerted action of many inter-
acting microbial species (15, 22, 34, 45, 51, 55). The initial
transformations of aromatic compounds involve the removal
or simplification of substituent groups prior to ring cleavage,
resulting in the production of intermediates such as phenol and
benzoate (18, 54). Phenol is further transformed to benzoate
prior to ring cleavage (23, 44). Thus, benzoate is a central
intermediate in the anaerobic mineralization of aromatic com-
pounds, and factors that affect the rate and extent of benzoate
degradation will likely affect the anaerobic degradation of ar-
omatic compounds.

In methanogenic environments, benzoate is degraded to the
methanogenic substrates acetate, CO,, H,, and possibly for-
mate (equation 1) by syntrophic bacteria such as Syntrophus
buswellii BZ-2 and HQGol (33, 34, 45, 47).

benzoate™ + 7H,0—3 acetate” + 3H* + HCO;™ + 3H,
AG® = 74kJ (37)

As shown in equation 1, the oxidation of benzoate with the
production of acetate and hydrogen (or formate) is thermody-
namically unfavorable, which makes the metabolism of benzo-
ate by syntrophic bacteria dependent on H,- or formate-using
bacteria (30, 34). From a thermodynamic viewpoint, acetate as
a product of benzoate metabolism is equivalent to hydrogen,
with 3 mol each being formed from benzoate (equation 1).
Thus, even if hydrogen levels are kept low, the accumulation of
acetate may inhibit benzoate degradation. Dolfing and Tiedje
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(13) reported that the initial rate of benzoate degradation by a
syntrophic coculture of a syntrophic benzoate-degrading bac-
terium and a methanogen was inhibited by acetate (K, 40
mM). However, the rate of benzoate degradation was calcu-
lated from the rate of methane production, and it is not known
whether benzoate was degraded completely or reached a
threshold concentration.

In this paper, we report the isolation of a syntrophic benzo-
ate-degrading bacterium, strain SB, in pure culture on croto-
nate. We show that a coculture of strain SB with a hydrogen-
using sulfate reducer degrades benzoate to a threshold value
and that the benzoate threshold concentration depends on the
acetate concentration.

MATERIALS AND METHODS

Organisms and growth conditions. Strain SB was isolated from sewage sludge
obtained from the secondary anaerobic digestor at the municipal wastewater
treatment plant in Norman, Okla. Desulfovibrio strain G-11 was obtained from
the culture collection of M. P. Bryant, Urbana, Ill. A basal medium (31) with 2%
(vol/vol) clarified ruminal fluid and an 80% N,-20% CO, gas phase was used.
For the growth of strain SB in coculture with Desulfovibrio strain G-11, the basal
medium contained 8.2 mM sodium benzoate and 21 mM sodium sulfate. The
pure culture of strain SB was grown in the basal medium with 10 mM sodium
crotonate. Desulfovibrio strain G-11 was grown in pure culture in the basal
medium with 21 mM sodium sulfate and an 80% H,-20% CO, gas phase. Solid
medium for roll tubes contained 2% agar.

Methods for the preparation and use of anaerobic media and solutions were
essentially those of Bryant (10) as modified by Balch and Wolfe (5). The medium
was dispensed into aluminum crimp seal culture tubes or 2-liter bottles fitted with
black rubber stoppers with the top of a culture tube inserted into the stopper.
Cultures were incubated at 37°C. The purity of cultures was checked routinely by
microscopic examination, Gram reaction, and inoculation of thioglycolate broth
(Difco Laboratories, Inc., Detroit, Mich.), which did not support the growth of
the pure culture of strain SB or the coculture of SB and G-11. Growth was
monitored by the change in Ay, (31).

Enrichment and isolation. A methanogenic benzoate-degrading enrichment
culture was obtained by inoculating anaerobic digestor sludge (10%, vol/vol) into
the basal medium containing 7 mM benzoate. The enrichment was maintained by
transferring 50% of the volume into sterile medium every 2 weeks. A benzoate-
degrading syntrophic coculture with Desulfovibrio strain G-11 was obtained by
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the agar roll tube method, as described previously (31, 34). Strain SB was isolated
in pure culture by serial dilution and repeated inoculation of crotonate agar roll
tubes, as described previously (7).

Cell suspensions. Cells of the benzoate-degrading coculture were concen-
trated prior to progress curve analysis. All manipulations of the cells were done
inside an anaerobic chamber, which contained 1 to 5% H,, with the balance
being N,. About 1.5 liters of the coculture was grown to the late exponential
phase of growth, and the cells were harvested by centrifugation (1,200 X g, 20
min, 4°C). The cell pellet was washed three times by resuspending the pellet in
50 mM sodium phosphate buffer (pH 7.5) and recentrifuging. The final cell pellet
was resuspended in 100 ml of basal medium without vitamins and ruminal fluid,
with 0.5 to 1 mM sodium benzoate, and with 1.5 to 3.0 mM sodium sulfate. The
cell suspension was transferred to a 160-ml serum bottle and closed with a black
rubber stopper.

Progress curves. To ensure that the cells were metabolically active, the cell
suspension was amended with 1.0 mM benzoate and incubated overnight at 37°C.
The consumption of benzoate by the cell suspension indicated that the cells were
metabolically active. The cell suspension was then amended with a solution of
sodium benzoate, sodium sulfate, or sodium acetate. At different time intervals,
1-ml samples were withdrawn. The rate of benzoate degradation was determined
by quantitating the change in benzoate concentration with time. The sampling
frequency increased as the rate of benzoate consumption approached the mixed-
order region of the progress curve. For experiments with radioactive benzoate,
40 pCi of [U-'*C]sodium benzoate (Biomedicals Inc., Costa Mesa, Calif.) was
added to suspensions containing 100 wM sodium benzoate to give a final specific
activity of 4 nCi of benzoate per wmol.

To determine the effect of acetate on the energetics and threshold value for
benzoate degradation, triplicate tubes containing 8 ml of the cell suspension were
each amended with 1 mM sodium benzoate and 20 mM sodium acetate. Controls
tubes received 20 mM NaCl instead of sodium acetate. Concentrations of ben-
zoate, acetate, and hydrogen were determined at the start of the experiment and
when the concentration of benzoate reached the threshold value.

Analytical methods. The concentration of benzoate was determined with high-
pressure liquid chromatography (HPLC); the HPLC was equipped with a re-
verse-phase column (250 by 4.6 mm; 5 wm) and a UV light detector set at 271
nm. HPLC was operated at a flow rate of 1.2 ml/min, using a mobile phase of
80% (vol/vol) sodium acetate (50 mM; pH 4.5)-20% (vol/vol) acetonitrile. To
detect [U-'*CJsodium benzoate, the column effluent was mixed (1:1) in line with
liquid scintillation cocktail (Beckman Ready Flow III), and the mixture was
delivered at a flow rate of 2 ml/min to a radioisotope detector (Beckman model
171). [U-'*C]sodium benzoate of known specific activity served as the standard.
The concentrations of acetate and formate were determined with an HPLC
system equipped with an anion-exclusion column (3). Except for values given in
Table 1, the concentrations of organic acids are reported as the means of
duplicate determinations with the ranges given in parentheses. Hydrogen was
quantitated with a mercury vapor reduction analyzer (41). Whole-cell protein
was determined colorimetrically, using bovine serum albumin as the standard
(28). The samples and the standards were boiled in 0.1 N NaOH for 20 min to
digest the cells prior to protein determination.

RESULTS

Isolation of the syntrophic benzoate-degrading bacterium.
After 2 to 3 months of incubation at 37°C, colonies of a ben-
zoate-degrading syntrophic bacterium (strain SB) in coculture
with Desulfovibrio strain G-11 were observed in roll tubes con-
taining benzoate. The colonies were black, entire, and lens
shaped, about 1 to 2 mm in diameter. Roll tubes without
benzoate had several colony types, but none were black. Sev-
eral well-isolated colonies were picked and transferred to basal
medium with benzoate and sulfate. Growth and degradation of
benzoate were observed after 1 month of incubation. These
cultures contained small, gram-negative, rod-shaped cells with
rounded ends (strain SB) in coculture with strain G-11. A
coculture of strain SB with G-11 was obtained by repeated
application of the roll tube isolation procedure.

The coculture was inoculated into culture tubes containing
the basal medium with crotonate to determine whether SB
uses crotonate and thus to provide a means to isolate the
syntrophic bacterium. Basal medium without crotonate served
as the control. After 60 days of incubation, one tube had a
higher turbidity than control tubes. Growth was observed in a
second crotonate-containing tube after 90 days of incubation.
Growth in the rest of the culture tubes was not observed even
after 6 months of incubation. Cultures which grew with croto-
nate contained large numbers of cells morphologically similar
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FIG. 1. Progress curve of benzoate utilization by a cell suspension of the
syntrophic benzoate-degrading bacterium, strain SB, with Desulfovibrio strain
G-11. (Inset) Natural logarithm (In) of the benzoate concentration plotted versus
time.

to those of strain SB and a few cells similar to those of strain
G-11. Strain SB was isolated in pure culture by using crotonate
agar roll tubes (7). The pure culture of strain SB produced
white, entire, lens-shaped colonies, about 1 mm in diameter.
Cells of strain SB grown in basal medium with crotonate were
rod shaped with rounded ends that occurred singly or in pairs
and stained gram negative. Some of the cells in the early
exponential phase of growth were motile.

The SB-G-11 coculture grew with benzoate as the energy
source with a specific growth rate of 0.005 = 0.001/h and had
an absorbance change of 0.19 after 12 days of incubation. In
pure culture with crotonate as the energy source, SB had an
absorbance change of 0.4 to 0.6 in 10 to 14 days of incubation.
When reassociated with strain G-11, SB degraded 7.6 = 0.1
mM benzoate and produced 19.5 * 1.0 mM acetate (73%
carbon recovery) after 3 weeks of incubation. Alone, SB was
unable to grow with benzoate as the energy source, and only a
trace amount of benzoate was metabolized (2.5 uM). Benzoate
did not support the growth of strain G-11, and G-11 did not
metabolize benzoate. In pure culture, SB produced 18.5 = 1.0
mM acetate and 1.2 = 0.6 mM butyrate from 13 = 0.2 mM
crotonate after 7 days of incubation (78% carbon recovery).

Evidence for a threshold for benzoate metabolism. Figure 1
shows a representative progress curve for benzoate degrada-
tion by concentrated cell suspensions of the coculture. The
protein concentration did not change during the course of the
experiment. Initially, the rate of benzoate degradation exhib-
ited zero-order kinetics; it showed mixed-order kinetics when
the benzoate concentration was below 40 to 50 wM. Michaelis-
Menten kinetics predict (2, 24) that benzoate consumption will
eventually exhibit first-order decay. However, a continual de-
crease in the benzoate degradation was not observed (Fig. 1,
inset). The degradation of benzoate in the coculture ap-
proached a threshold benzoate concentration, and no further
degradation was observed even after extended incubations (7
to 14 days). This pattern of benzoate degradation was consis-
tently observed in repeated experiments with different initial
benzoate concentrations and cell densities (data not shown). A
typical threshold of 1 to 3 wM benzoate was observed in cell
suspensions following an overnight consumption of 1 mM ben-
zoate and the sequential use of 200 wM benzoate. A threshold
for benzoate degradation was also observed in growing cul-



528 HOPKINS ET AL.

2000

Concentration (M)
— —
1) o
S 3
> >

9
S
=3

In [Concentration (pM)]

Time (hours)

Time (hours)

FIG. 2. Effect of acetate on benzoate threshold concentration in cell suspen-
sions of a coculture. Arrows indicate amendments of benzoate and acetate (6
mM). (A) Benzoate concentration versus time; (B) natural logarithm (In) of the
benzoate concentration plotted versus time.

tures. After 19 days of incubation, the SB-G-11 cocultures
degraded 9.0 = 0.1 mM benzoate to a threshold value of 49.5
* 17 M benzoate.

Since the detection limit for benzoate with HPLC was 0.2
uM, the experiment was repeated with [U-'*Clbenzoate to
determine whether the threshold observed in cell suspensions
was the result of a detection problem. In this experiment, the
cell suspension was not incubated overnight with 1.0 mM ben-
zoate. Benzoate degradation was monitored immediately after
suspension of the cells. The cell suspension degraded the la-
beled benzoate to an apparent threshold of about 210 nM. The
cell suspension was amended with labeled benzoate and 10
mM sodium acetate, and benzoate was degraded until a new
threshold benzoate concentration of 7.5 wM benzoate was
reached (data not shown).

Effect of acetate. The threshold value appeared to depend on
how much benzoate was added to the cell suspension, since cell
suspensions that received additional amendments of benzoate
had higher threshold values. This may have been due to the
accumulation of acetate. To investigate the possible influence
of acetate on the threshold for benzoate degradation, progress
curve analysis was conducted with cell suspensions which were
serially amended with sodium benzoate and either 6 mM so-
dium acetate or 6 mM sodium chloride. Resuspension of the
cells in the basal medium resulted in the accumulation of
acetate with a concentration of 3.1 mM. The cells were incu-
bated overnight with 0.5 mM benzoate and produced 1.5 mM
acetate. Thus, a total of 4.6 mM acetate was present in the cell
suspension at the start of the progress curve. The cell suspen-
sion degraded 200 wM benzoate to below the detection limit of
HPLC (0.5 pM) (Fig. 2). The cell suspension was then
amended with 200 wM benzoate and 6 mM sodium acetate,
and a benzoate threshold concentration of 1.0 uM was ob-
served. The cell suspension again received 200 wM benzoate
and 6 mM sodium acetate, and benzoate was degraded to a
threshold of 5.5 uM benzoate. In the control cell suspension
that received 6 mM sodium chloride instead of sodium acetate,
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benzoate was degraded to a concentration below the detection
limit of the HPLC system after each addition of benzoate,
which shows that the sodium ion did not cause the benzoate
threshold concentration. The fact that benzoate was degraded
without a lag by cell suspensions that had degraded benzoate
to a threshold concentration showed that the threshold value
was not due to nutritional limitations or the loss of metabolic
activity. The initial rate of benzoate degradation decreased
after each addition (Fig. 2B), suggesting that inhibitory mate-
rials may have accumulated in the suspension. A benzoate
threshold could have been caused by the buildup of inhibitory
concentrations of H, and formate. The H, partial pressure was
10 Pa. Formate was not detected by the HPLC method used
(<20 pM).

The effect of acetate on the change in free energy for ben-
zoate degradation when the benzoate threshold was reached
was determined (Table 1). Cultures that received 20 mM ace-
tate degraded benzoate to a threshold value of 10.6 M, while
cultures that received an equal concentration of NaCl de-
graded benzoate to a concentration below the detection limit
of the HPLC system. In both cases, the final H, concentration
was very low and much lower than the initial H, concentration.
The change in Gibbs free energy for benzoate degradation
once the threshold value for benzoate degradation was reached
was still favorable.

DISCUSSION

Benzoate consumption by a syntrophic coculture did not
exhibit a gradual substrate disappearance that would be pre-
dicted from first-order or second-order decay models (24, 35)
but stopped at a threshold level at which no further degrada-
tion of benzoate was observed even after extended incubations.
The observed threshold was not the result of an analytical
detection limit since a benzoate threshold was observed
whether the concentration of benzoate was determined by scin-
tillation counting or spectrophotometrically. The fact that ben-
zoate was consumed each time serial amendments were made
indicates that the observed threshold was not due to a nutri-
tional limitation or the loss of metabolic activity. The possibil-
ity that the concentration of the undissociated form of acetate
accumulated to toxic levels, as has been postulated to explain
the toxicity of volatile fatty acids during anaerobic digestion
(16, 17), can also be excluded since benzoate degradation
would not have been observed after reamendment if toxic
levels of acetate were present. Hydrogen levels when the
threshold was reached were low, below those found in other
syntrophic cultures (12, 14). Thus, inhibitory levels of H, can-
not account for the existence of a threshold for benzoate deg-
radation. The buildup of formate to inhibitory levels is also
unlikely since formate was not detected at the time that the
benzoate threshold was reached.

Several lines of evidence suggest a thermodynamic explana-
tion for the existence of a threshold for benzoate degradation.

TABLE 1. Effect of acetate on energetics and threshold value for benzoate degradation by the SB-G-11 coculture

Acetate (mM)

Hydrogen (Pa)

Benzoate

AG® (KIY*

Initial Final Initial Final (M) D
3.3 +(.72¢ 7.1 +0.42 0.20 = 0.19 0.007 = 0.007 <0.2 —54.2 +3.03
203+ 1.0 26.3 = 0.82 1.10 = 0.9 0.011 = 0.0008 10.6 = 1.49 —53.5 = 0.08

“ The change in free energy for benzoate degradation when the threshold was reached was calculated according to Thauer et al. (48), using the above concentrations
and a bicarbonate concentration calculated from the amount of bicarbonate produced (equation 1) plus the initial concentration.
®Mean = standard deviation of three replicates, except for the final hydrogen and AG®’ values, which are the means = standard deviations of two replicates.
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The threshold value was influenced by the amount of benzoate
that the cell suspension received and, consequently, the result-
ing acetate concentration. Higher acetate concentrations re-
sulted in higher threshold values for benzoate degradation by
the coculture. The data suggest that as the concentration of
benzoate becomes small relative to the concentrations or par-
tial pressures of the products (acetate, hydrogen or formate,
and bicarbonate), the change in Gibbs free energy approaches
a minimum value below which further benzoate degradation is
energetically unfavorable. Seitz et al. (42, 43) found that the
Gibbs free energy value associated with syntrophic ethanol
degradation by Pelobacter acetylenicus was independent of the
type of hydrogen user and/or the electron acceptor used, indi-
cating that the hydrogen producer was under energy ho-
meostasis, and that a critical Gibbs free energy value for eth-
anol degradation exists (38). The critical value for ethanol
degradation was close to that required to synthesize one-third
of an ATP (49). The existence of a critical Gibbs free energy
value for benzoate may explain the existence of the threshold.
However, there may be other explanations for the existence of
a threshold for benzoate degradation. Since the rate of ben-
zoate degradation decreased when the acetate concentration
increased (Fig. 2), a kinetic explanation based on acetate in-
hibition (13) cannot be excluded.

A minimum or threshold value for substrate consumption
has been observed for other anaerobic (12, 16, 17, 21, 26, 32,
53) and aerobic (9, 39) bacteria. A threshold for hydrogen use
has been proposed to explain why sulfate reducers outcompete
methanogens for hydrogen (6, 27). The existence of different
threshold values for acetate degradation by different acetoclas-
tic methanogens (16, 32, 53), all of which carry out the same
reaction with the same energetics, is obviously due to factors
other than a thermodynamic barrier. Jetten et al. (21) pro-
posed that the different threshold values for acetate were due
to different uptake systems with differing affinities for acetate.
Min and Zinder (32) proposed that the different acetate
threshold values may represent different minimum concentra-
tions of acetate below which the microorganism can no longer
obtain enough energy to support metabolism. Schmidt et al.
(40) proposed that a threshold for growth will be observed
when the amount of substrate taken up by a bacterial cell is just
adequate to meet its maintenance requirements. Below the
threshold value, the cell will die or enter a state of dormancy
where no significant metabolism will occur.

Operational improvements in the methanogenic digestion of
sewage and other industrial wastes have been based on the
control of potentially inhibitory levels of hydrogen (19, 37, 46)
and/or formate (50) and prevention of toxic levels of the un-
dissociated forms of volatile fatty acids (4, 16, 17). The influ-
ence of acetate on the threshold for benzoate degradation
suggests that the concentration of acetate may also influence
the energetics of volatile fatty acid degradation. The syntrophic
degradation of fatty acids may approach a thermodynamic
barrier if the concentration of acetate accumulates. Ahring and
Westermann (1) studied the effect of acetate on butyrate deg-
radation by a thermophilic syntrophic culture. Butyrate degra-
dation was severely inhibited by the addition of 75 mM acetate.
Our calculations show that the Gibbs free energy would be-
come unfavorable when the butyrate concentration reached 8
mM (initial concentration of 10 mM), assuming a hydrogen
partial pressure of 10 Pa and including in the calculation the
amount of acetate produced from butyrate. Beaty and Mcln-
erney (8) observed that continued butyrate degradation by a
syntrophic coculture of Syntrophomonas wolfei and Methano-
spirillum hungatei required the presence of an acetate-using
methanogen when high levels of acetate were present. If ther-
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modynamic thresholds for the syntrophic degradation of vola-
tile fatty acids exist, then the accumulation of acetate and
hydrogen (or formate) may make the degradation of these
compounds energetically unfavorable. The in situ concentra-
tions of propionate and butyrate are much lower than that of
acetate (11, 29, 52). Thus, the increase in product formation,
acetate, hydrogen, or formate, need not be large to make the
degradation of these compounds energetically unfavorable.

The existence of threshold concentrations for the biodegra-
dation of synthetic and natural organic compounds (9) may
account for the persistence of trace organic compounds in
natural waters (20) and may have some interesting implications
for modeling substrate decay and predicting the fate of a com-
pound. Many kinetic approaches (2, 24, 25, 35, 36, 39) assume
that first-order decay occurs when the substrate concentration
is below the apparent K,. The assumption that continued
substrate removal occurs may not always be valid and may lead
to an overly optimistic estimate of the persistence of the com-
pound if a threshold for substrate degradation exists. This may
be particularly important in methanogenic environments
where syntrophic interactions are required for the degradation
of many compounds.

Here, we report the isolation of a syntrophic benzoate-de-
grading bacterium (strain SB) in pure culture, using crotonate
as the sole source of energy. Preliminary characterization of
strain SB shows that it is morphologically similar to S. buswellii
(33) but differs from S. buswellii and other syntrophic bacteria
that degrade aromatic compounds (33, 34, 45, 47) in that fatty
acids also support its growth in coculture with a hydrogen-
using bacterium (8a). With the exception of strain PA-1 (6), no
other syntrophic bacterium that uses both aromatic compounds
and fatty acids for growth is known. Further characterization is
required to determine the taxonomic status of strain SB.

ACKNOWLEDGMENTS

We thank P. S. Beaty and W. Jenkins for technical assistance.
This work was supported by contract DE-FG05-89ER14003 with the
U.S. Department of Energy.

REFERENCES

1. Ahring, B. K., and P. Westermann. 1988. Product inhibition of butyrate
metabolism by acetate and hydrogen in a thermophillic coculture. Appl.
Environ. Microbiol. 54:2393-2397.

2. Alexander, M., and K. M. Scow. 1989. Kinetics of biodegradation in soil, p.
243-269. In B. Sawhney and K. Brown (ed.), Reactions and movement of
organic chemicals in soils. American Society of Agronomy, Inc., Madison, Wis.

3. Amos, D. A., and M. J. McInerney. 1990. Growth of Syntrophomonas wolfei
on unsaturated short chain fatty acids. Arch. Microbiol. 154:31-36.

4. Anderson, G. T., T. Donnelly, and K. J. McKeown. 1982. Identification and
control of inhibition in anaerobic treatment of industrial wastewaters. Pro-
cess Biochem. 17:28-32.

5. Balch, W. E., and R. S. Wolfe. 1976. New approach to the cultivation of
methanogenic bacteria: 2-mercaptoethanesulfonic acid (HS-CoM)-depen-
dent growth of Methanobacterium ruminantium in a pressurized atmosphere.
Appl. Environ. Microbiol. 32:781-791.

6. Barik, S., W. J. Brulla, and M. P. Bryant. 1985. PA-1, a versatile anaecrobe
obtained in pure culture, catabolizes benzenoids and other compounds in
syntrophy with hydrogenotrophs, and P-2 plus Wolinella sp. degrades ben-
zenoids. Appl. Environ. Microbiol. 50:304-310.

7. Beaty, P. S., and M. J. McInerney. 1987. Growth of Syntrophomonas wolfei
in pure culture on crotonate. Arch. Microbiol. 147:389-393.

8. Beaty, P. S., and M. J. McInerney. 1989. Effect of organic acid anions on the
growth and metabolism of Syntrophomonas wolfei in pure culture and in
defined consortia. Appl. Environ. Microbiol. 55:977-983.

8a.Bhupathiraju, V. K., and M. J. McInerney. Unpublished data.

9. Boethling, R. S., and M. Alexander. 1979. Effect of concentration of organic
chemicals on their biodegradation by natural microbial communities. Appl.
Environ. Microbiol. 37:1211-1216.

10. Bryant, M. P. 1972. Commentary on the Hungate technique for culture of
anaerobic bacteria. Am. J. Clin. Nutr. 25:1324-1328.

11. Conrad, R., B. Schink, and T. J. Phelps. 1986. Thermodynamics of H,-
consuming and H,-producing reactions in diverse methanogenic environ-



530

12.

13.

14.

15.
16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

HOPKINS ET AL.

ments under in situ conditions. FEMS Microbiol. Ecol. 38:353-360.
Cord-Ruwisch, R., H. J. Seitz, and R. Conrad. 1988. The capacity of hydrog-
enotrophic anaerobic bacteria to compete for traces of hydrogen depends on
the redox potential of the terminal electron acceptor. Arch. Microbiol. 149:
350-357.

Dolfing, J., and J. M. Tiedje. 1988. Acetate inhibition of methanogenic
syntrophic benzoate degradation. Appl. Environ. Microbiol. 54:1871-1873.
Dwyer, D. F., E. Weeg-Aerssens, D. R. Shelton, and J. M. Tiedje. 1988.
Bioenergetic conditions of butyrate metabolism by a syntrophic, anaerobic
bacterium in coculture with hydrogen-oxidizing methanogenic and sulfido-
genic bacteria. Appl. Environ. Microbiol. 54:1354-1359.

Ferry, J. G., and R. S. Wolfe. 1976. Anaerobic degradation of benzoate to
methane by a microbial consortium. Arch. Microbiol. 107:33-40.
Fukuzaki, S., N. Nishio, and S. Nagai. 1990. Kinetics of the methanogenic
fermentation of acetate. Appl. Environ. Microbiol. 56:3158-3163.
Fukuzaki, S., N. Nishio, M. Shobayashi, and S. Nagai. 1990. Inhibition of the
fermentation of propionate to methane by hydrogen, acetate, and propi-
onate. Appl. Environ. Microbiol. 56:719-723.

Grbic-Galic, D. 1991. Anaerobic degradation of aromatic compounds, p.
146-161. In E. C. Donaldson (ed.), Microbial enhancement of oil recovery—
recent advances. Elsevier Science Publishers, Amsterdam.

. Harper, S. R, and F. G. Pohland. 1986. Recent developments in hydrogen

management during anaerobic biological wastewater treatment. Biotechnol.
Bioeng. 28:585-602.

Jannasch, H. 1967. Growth of marine bacteria at limiting concentrations of
organic carbon in seawater. Limnol. Oceanogr. 12:267-271.

Jetten, M. S. M., A. J. M. Stams, and A. J. B. Zehnder. 1990. Acetate
threshold values and acetate activating enzymes in methanogenic bacteria.
FEMS Microbiol. Ecol. 73:339-344.

Kaiser, J.-L., and K. W. Hanselmann. 1982. Fermentative metabolism of
substituted monoaromatic compounds by a bacterial community from anaer-
obic sediments. Arch. Microbiol. 133:185-194.

Knoll, G., and J. Winter. 1987. Anaerobic degradation of phenol in sewage
sludge. Benzoate formation from phenol and CO, in the presence of hydro-
gen. Appl. Microbiol. Biotechnol. 25:384-391.

Larson, R. J. 1983. Kinetic and ecological approaches for predicting biodeg-
radation rates of xenobiotic organic chemicals in natural ecosystems, p.
677-686. In M. Klug and L. Reddy (ed.), Current perspectives in microbial
ecology. American Society for Microbiology, Washington, D.C.

Lewis, D. L., R. E. Hodson, and H. Hwang. 1988. Kinetics of mixed microbial
assemblages enhance removal of highly dilute organic substrates. Appl. En-
viron. Microbiol. 54:2054-2057.

Lovely, D. R. 1985. Minimum threshold for metabolism in methanogenic
bacteria. Appl. Environ. Microbiol. 149:1530-1531.

Lovely, D. R., D. F. Dwyer, and M. J. Klug. 1986. Model for the distribution
of sulfate reduction and methanogenesis in fresh water sediments. Geochim.
Cosmochim. Acta 50:11-18.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951. Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275.
Mackie, R. 1., and M. J. Bryant. 1981. Metabolic activity of fatty acid-
oxidizing bacteria and the contribution of acetate, propionate, butyrate, and
CO, to methanogenesis in cattle waste at 40 and 60°C. Appl. Environ.
Microbiol. 41:1363-1373.

McInerney, M. J., and M. P. Bryant. 1981. Basic principles of bioconversions
in anaerobic digestions and methanogenesis, p. 277-296. In S. S. Sofer and
O. R. Zoborsky (ed.), Biomass conversion processes for energy and fuels.
Plenum Publishing Corp., New York.

McInerney, M. J., M. P. Bryant, and N. Pfennig. 1979. Anaerobic bacterium
that degrades fatty acids in syntrophic association with methanogens. Arch.
Microbiol. 122:129-135.

Min, H., and S. H. Zinder. 1989. Kinetics of acetate utilization by two
thermophilic acetotrophic methanogens: Methanosarcina sp. strain CALS-1
and Methanothrix sp. strain CALS-1. Appl. Environ. Microbiol. 55:488-491.
Mountfort, D. O., W. J. Brulla, L. R. Krumholz, and M. P. Bryant. 1984.
Syntrophus buswellii gen. nov., sp. nov.: a benzoate catabolizer from metha-

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

ApPL. ENVIRON. MICROBIOL.

nogenic ecosystems. Int. J. Syst. Bacteriol. 34:216-217.

Mountfort, D. O., and M. P. Bryant. 1982. Isolation and characterization of
an anaerobic syntrophic benzoate-degrading bacterium from sewage sludge.
Arch. Microbiol. 133:249-256.

Paris, D. F., W. C. Steen, G. L. Baughman, and J. T. Barrett, Jr. 1981.
Second-order model to predict microbial degradation of organic compounds
in natural waters. Appl. Environ. Microbiol. 41:603-609.

Pfaender, F. K., and G. W. Bartholomew. 1982. Measurement of aquatic
biodegradation rates by determining heterotrophic uptake of radiolabeled
pollutants. Appl. Environ. Microbiol. 44:159-164.

Poels, J., P. van Assche, and W. Verstraete. 1985. Influence of H, stripping
on methane production in conventional digestors. Biotechnol. Bioeng. 27:
1692-1698.

Schink, B. 1990. Conversion of small amounts of energy in fermenting
bacteria, p. 63-89. In R. K. Finn and P. Prave (ed.), Biotechnology focus 2.
Hansen, Munich.

Schmidt, S. K., M. Alexander, and M. L. Shuler. 1985. Predicting threshold
concentrations of organic substrates for bacterial growth. J. Theor. Biol.
114:1-8.

Schmidt, S. K., S. Simkins, and M. Alexander. 1985. Models for the kinetics
for biodegradation of organic compounds not supporting growth. Appl.
Environ. Microbiol. 50:323-331.

Seiler, W., H. Giehl, and P. Roggendorf. 1980. Detection of carbon monoxide
and hydrogen by conversion of mercury oxide to mercury vapor. Atmos.
Technol. 12:40-45.

Seitz, H.-J., B. Schink, N. Pfennig, and R. Conrad. 1990. Energetics of
syntrophic ethanol oxidation in defined chemostat coculture. 1. Energy re-
quirement for H, production and H, oxidation. Arch. Microbiol. 155:82-88.
Seitz, H.-J., B. Schink, N. Pfennig, and R. Conrad. 1990. Energetics of
syntrophic ethanol oxidation in defined chemostat coculture. 2. Energy shar-
ing in biomass production. Arch. Microbiol. 155:89-93.

Sharak-Genthner, B. R., G. T. Townsend, and P. G. Chapman. 1989. Anaer-
obic transformation of phenol to benzoate via para-carboxylation: use of
fluorinated analogues to elucidate the mechanism of transformation. Bio-
chem. Biophys. Res. Commun. 126:945-951.

Shelton, D. R., and J. M. Teidje. 1984. Isolation and partial characterization
of bacteria in an anerobic consortium that mineralizes 3-chlorobenzoic acid.
Appl. Environ. Microbiol. 48:840-848.

Smith, D. P., and P. L. McCarty. 1989. Energetics and rate effects in the
methanogenesis of ethanol and propionate in perturbed CSTR’s. Biotech-
nol. Bioeng. 34:39-54.

Szewzyk, U., and B. Schink. 1989. Degradation of hydroquinone, gentisate,
and benzoate by fermenting bacterium in pure or defined mixed culture.
Arch. Microbiol. 151:541-545.

Thauer, R. K., K. Jungermann, and K. Decker. 1977. Energy conservation in
chemotrophic anaerobic bacteria. Bacteriol. Rev. 41:100-180.

Thauer, R. K,, and J. G. Morris. 1984. Metabolism of chemotrophic anaer-
obes: old view and new aspects. Symp. Soc. Gen. Microbiol. 36:123-168.
Thiele, J. H., and J. G. Zeikus. 1988. Control of interspecies electron flow
during anaerobic digestion: significance of formate versus hydrogen transfer
during syntrophic methanogenesis in flocs. Appl. Environ. Microbiol. 54:20—
29.

. Tschech, A., and B. Schink. 1985. Fermentative degradation of resorcinol

and recorcylic acids. Arch. Microbiol. 143:52-59.

Varel, V. H,, H. R. Isaacson, and M. P. Bryant. 1977. Thermophilic methane
production from cattle waste. Appl. Environ. Microbiol. 33:298-307.
Westermann, P., B. K. Ahring, and R. A. Mah. 1989. Threshold acetate
concentrations for acetate catabolism by acetoclastic methanogenic bacteria.
Appl. Environ. Microbiol. 55:514-515.

Young, L. Y. 1984. Anaerobic degradation of aromatic compounds, p. 487-
583. In D. T. Gibson (ed.), Microbial degradation of organic compounds.
Marcel Dekker, New York.

Zhang, X., and J. Wiegel. 1990. Sequential anaerobic degradation of 2,4-
dichlorophenol in freshwater sediments. Appl. Environ. Microbiol. 56:1119—
1127.



