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ABSTRACT

Benzoate degradation by an anaerobic, syntrophic bacterium, strain SB, in
coculture with Desulfovibrio strain G-11 reached a threshold value which depended on
the amount of acetate added, and ranged from about 2.5 to 29.9 uM. Increasing acetate
concentrations also uncompetitively inhibited benzoate degradation. The apparent Vipax
and Km for benzoate degradation decreased with increasing acetate concentration, but
the benzoate degradation capacity (Viax/Km) of cell suspensions remained comparable.
The addition of an acetate-using bacterium to cocuitures after the threshold was
reached resulted in the degradation of benzoate to below the detection limit.
Mathematical simulations showed that the benzoate threshold was not predicted by the
inhibitory effect of acetate on benzoate degradation kinetics. With nitrate instead of
sulfate as the terminal electron acceptor, no benzoate threshold was observed in the
preseince of 20 mM acetate even though the degradation capacity ‘was iower with
nitrate than with sulfate. When strain SB was grown with a hydrogen-using partner that
had a 5-fold lower hydrogen utilization capacity, a 5 to 9-fold lower the benzoate
degradation capacity was observed compared to SB/G-11 cocultures. The Gibb's free
energy for benzoate degradation was less negative in cell suspensions with threshold
compared to those without threshold. These studies showed that the threshold was not
a function of the inhibition of benzoate degradation capacity by acetate, or the toxicity of
the undissociated form of acetate. Rather a critical or minimal Gibb's free energy may

exist where thermodynamic constraints preciude further benzoate degradation.




INTRODUCTION

The anaerobic degradation of aromatic compounds involves the concerted action
of many microbial species (18, 26, 54. The initial transformations of aromatic
compounds often involve the alteration of substituent groups, or ring activation reactions
to hydroxylated, carboxylated, or amino derivatives (19). The latter three functional
groups and halogens are often removed prior to ring reduction and cleavage. Many
times, the result of these transformations is the conversion of diverse aromatic
substrates to benzoic acid. Thus, the factors that influence the rate and extent of
benzoate degradation may also influence the anaerobic biodegradation of other
aromatic conipounds: -

In methanogenic environments, benzoate is degraded to acetate, Ho, and
formate, by syntrophic bacteria (18, 34, 45, 49). The degradation of benzoate is
thermodynamically unfavorable unless the reaction is coupled to the use of hydrogen
and/or formate by organisms such as methanogens (18, 30, 34). We have isolated a
new bacterium, strain SB, that degrades benzoate only in coculture with a Ho/formate-

using bacterium such as Desulfovibrio strain G-11 according to equation 1 (24).

benzoate~ + 6 HyO -------- > 3 acetate- + HCOO +2 Ho + 3 Ht §))
AGO" =69.2 kJ/mol (26)

Recently, we showed that SB/G-11 cocultures degrade benzoate to a threshold
concentration below which no further benzoate degradation occurs, even after extended

incubations (24).




Thresholds for the biodegradation of synthetic and natural organic compounds (8,
12, 20, 38, 53), for the utilization of inorganic nutrients (12), and for anaerobic hydrogen
utilization (14, 29) have been reported. The existence of thresholds may explain the
persistence of trace levels of many organic compounds in natural waters (25). Little is
known about the causes of thresholds. The threshold value for benzoate degradation by
the SB/G-11 coculture seemed to be thermodynamically controlled since increased
acetate concentrations increased the benzoate threshold value (24). However, there are
other possible explanations for the existence of the benzoate threshold. Toxic levels of
the undissociated form of acetate have been postulated as the cause of acetate
thresholds in pure cultures of acetoclastic methanogens and in acclimatized sludge (20,
21). Small increases in the levels of hydrogen and/or formate can inhibit the degradation
of ethanol and volatile fatty acids by defined syntrophic consortia and environmentai
samples (1, 10, 17, 23, 31, 36, 47, 52)."Hign concentrations of acetate are also known
to inhibit the substrate degradation by syntrophic consortia (1, 6, 10, 16). Further study
of the causes of substrate thresholds will be important in understanding the factors that
affect the fate of natural and synthetic chemicals in the environment.

We sought to determine if the benzoate threshold was due to: i) the inhibition of
benzoate degradation kinetics by acetate, ii) the toxicity the undissociated form of
acetate, or iii) the result of thermodynamic limitations. We also examined the effect that
different Hp utilization kinetics had on the rate of benzoate degradation by defined

syntrophic cocultures.




MATERIALS AND METHODS

Organisms and growth conditions. A syntrophic, benzoate degrader, strain
SB, was isolated from sewage sludge (24). Desulfovibrio strain DG2 was kindly
provided by J. M. Tiedje, East Lansing, MI. A basal medium (24, 32) with 10 mM
sodium benozate, 30 mM sodium suifate, 2% (vol/vol) clarified rumen fluid, and an 80%
Ny : 20% CO, gas phase was used for the growth of strain SB in coculture with either
Desulfovibrio strain G-11 or Desulfovibrio strain DG2. Pure cultures of Desulfovibrio
strain G-11 and Desulfovibrio strain DG2 were grown in the basal medium with 10 mM
sodium sulfate and 80% H, : 20% CO, gas phase. Pure cultures of Desulfoarculus
baarsii (DSM 2075) was grown in the basal medium with 10 mM each of sodium sulfate
and sodium acetate and an 80% N, : 20% CO, gas phase.

Methods for the preparation and use of anaerobic media and solutions were
essentially those of Bryant (11) and modified by Balch and Wolfe (5). All cultures were
incubated at 370C. Cultures with hydrogen in the gas phase were incubated on their
sides on a rotary shaker, and the headspace of the bottles was repressurized every 2 to
3 days. The purity of cultures was checked routinely by microscopic examination, Gram
reaction and inoculation of thioglycolate broth (Difco Laboratories, Inc., Detroit, Ml).
Growth was monitored by change in absorbance at 600 nm (35).

Cell suspensions. Cells of the benzoate-degrading cocultures of SB/G-11 and
SB/DG2 were concentrated prior to kinetic experiments. All manipulations of cells were
done inside an anaerobic chamber, which contained 1 to 5% of Ho with the balance
being No. About 3 liters of the coculture were grown to mid-exponential phase of growth,
harvested by centrifugation (1200 x g, 20 min, 4°C), and washed three times with 50
mM sodium phosphate buffer (pH 7.5) prior to being resuspended in 100 ml of the basal

medium containing 0.2 to 0.3 mM sodium benzoate and 1 mM sodium sulfate, but




without vitamins and rumen fluid. The cell suspension was transferred to 160-ml serum
bottles which were closed with black rubber stoppers.

Similarly, pure cultures of sulfate reducers were grown to mid-exponential phase
harvested by centrifugation. D. baarsii cells were washed three times as above. The
final cell pellet was placed on ice in the anaerobic glove box. Cell pellets of Desulfovibrio
strains G11 and DG2 were washed twice with anoxic piperazine-N,N'-bis-2-
ethanesulfonic acid (PIPES) buffer (50 mM, pH 7.0), resuspended in 45 ml of the same
buffer, and dispensed into 160-mi serum bottles, which were sealed with black rubber
stoppers. The head space in each bottle was adjusted to 100% N5 (30 kPa).

Benzoate kinetics. Kinetic experiments were designed to follow substrate
depletion through the zero-, mixed-, and first-order regions using at least duplicate cell
suspensions. Each cell suspension was amended with anoxic solutions of sodium
benzodte, somum sulfaie or sodium nitrate and 1-ml samples were periodically
withdrawn for analysis. To determine the effect of acetate on benzoate degradation,
duplicate cell suspensions were amended with sodium benzoate (200 to 300 uM),
sodium sulfate (1 mM), and sodium acetate (0 to 65 mM). Control cell suspensions
received 65 mM sodium chloride instead of sodium acetate. Acetate, formate, and
hydrogen were quantified when the concentration of benzoate either reached a
threshold value, or was degraded to below the HPLC detection limit (0.2 uM).

H, kinetics. Duplicate cell suspensions of Desulfovibrio strains G-11 or DG2
were amended with an anoxic solution of sodium sulfate to give an initial concentration
of 2 mM. Hydrogen was added to each serum bottle with a syringe to give an
overpressure of 60 to 70 kPa. The serum bottles were then incubated at 35°C with
agitation in an orbital shaker at 200 rpm. Autoclaved cell suspensions and buffer without
cells served as controls. The gas pressure was measured using a pressure transducer,
and changes in transducer output were processed through a switching circuit and

digital-analog input-output module to a computer (15). A standard curve relating the




amount of Hy added to the serum bottle versus pressure showed that the transducer
response was linear up to 110 kPa. Also, the electrical output of the pressure transducer
was proportional to the gas pressure in the serum bottle (1 mv/kPa). H, consumption
rates were determined by converting the gas pressure measurements into umoles of Hp
(35) as a function of time. The rate of the Ho use (in umoles) was normalized to the
amount of total protein present in bottles. In some serum bottles the concentration of
hydrogen was measured directly with a gas chromatograph equipped with mercury
vapor detector (41) to confirm the accuracy of the pressure transducer data.

Acetate removal experiment. Cell suspensions of strain SB and Desulfovibrio
strain G-11 amended with 200 to 300 uM benzoate, 1 mM sulfate, and 20 mM acetate
were incubated until a benzoate threshold value was reached. The washed cell pellet of
D. baarsii was then added to duplicate cell suspensions of the coculture to form a
defined ftriculture. “The SB/G=11 ceii éuspensions not inoculated with D. baarsii served
as controls.

Model discrimination. Since the protein concentration did not change during the
progress curve experiments (data not shown), mathematical models not linked to growth
(3, 4) were used to estimate kinetic parameters. A modified second-order model (48)
was also tested for the case where a small increase in biomass occurred during the
experiment, but was undetected by the protein determination method. The modified
second-order model could not be used because no convergence was achieved when
this model was fit to various sets of progress curve data. The integrated forms of
Michaelis-Menten model (equation 2), the first-order model (equation 3) were tested to

determine the model that best described the progress curve data:
Vmax t =S - 8 + K In (S¢/S) 2

S =S, exp (-Vmax/Km 1) (3)




Vmax is the maximum rate of substrate consumption (in nmol minute-! mg-1 protein), Kq,
is the half-saturation constant (in uM), S is the substrate concentration (in uM), t is the
time (in minutes), and S is the initial substrate concentration (in uM).

In experiments where a benzoate threshold concentration was observed, the
modified versions of the integrated forms of Michaelis-Menten model (equation 4) and

the first-order model (equation 5) that included threshold terms were used:

Vmaxt=Sg- S+ (K + Sc) In (S¢ - S¢/S¢ - S) (4)

(Sc - S)=(S¢ - Sp) exp [-Vinax/(Km + S¢) 1] ®)
In equations 4 and 5, S; is the threshold concentration (in pM).

The criteria used to assess the goodness-of-fit of the above models (equations 2-
5) were: a) the model with lowest standard error associated with each parameter
estimate, and b) the model that had residual plots with a random distribution of an equal
number of positive and negative values about the zero level. Based on these criteria, the
integrated form of Michaelis-Menten model (equation 2) or its modified version (equation
4) was superior to the other models and was used to estimate the kinetic parameters of
benzoate degradation from the progress curve data.

Plots of the sensitivity equations of equations 2 and 4 using data in the first-,
mixed- and zero- order regions showed that the curves generated for the three regions
were not multiples of each other (data not shown). Thus, these two equations provided
unigue estimates of the kinetic parameters.

Inhibition model. Estimates of the Michaelis constants associated with

benzoate degradation by Lineweaver-Burk double reciprocal plots suggested that




benzoate degradation was inhibited in the presence of acetate (data not shown).
Equations 2 and 4 were modified to account for competitive, noncompetitive,
uncompetitive, and mixed types of inhibition (39) to obtain estimates of the inhibition
constant (K;). Initial parameter estimates (Vpax and Km) were obtained using equation
2 and data from experiments without acetate added to the cell suspensions. Equations
2 and 4 modified for the four types of inhibition were each solved for S versus t with
different initial acetate concentrations, using the actual values for S, and S; the above
estimates of Vinax » Ky, and Ki. The substrate decay curves generated from each of
simulations were compared to the respective experimental data to determine which
model accurately predicted the mode of acetate inhibition.

Parameter estimation. The least squares method was used for data analysis

using integrated form of Michaelis-Menten model (equation 2) and its modified version

(equatioh 4) using the LeVvenberg-Marquardt algorithm (7) All regression analyses werg: -~

done with an Macintosh Quadra 650 microcomputer (Apple computer, Inc., Cupertino,
CA) using Mathcad (MathSoft Inc., Cambridge, MA ) to perform nonlinear regression
analysis.

Analytical methods. Samples were centrifuged at 12,000 x g for 4 min prior to
analysis by high pressure liquid chromatography. The concentration of benzoate was
determined using a high pressure liquid chromatography (HPLC) system equipped with
a C1g reverse phase column (250 mm x 4.6 mm, 5 microns) and an ultraviolet (uv)
detector set at 271 nm. HPLC was operated at a flow rate of 1.2 mi/min using a mobile
phase of 80% sodium acetate (50 mM; pH 4.5) and 20% acetonitrile. The detection limit
for benzoate was 0.2 uM. The concentration of acetate was also determined with a
HPLC equipped with an ion exclusion column (300 x 7.8 mm) and a fixed wavelength uv
detector (214 nm). A flow rate of 1 mi/min of 0.03 N H,SO, was used. Identification and
quantitation of the eluting compounds were made by comparison with authentic external

standards.




The formate concentration was determined spectrophotometrically using a duel-
beam instrument operated in the time-course mode. The assay is based on measuring
the increase in absorbance at 340 nm due to formate dehydrogenase (FDH)-catalyzed
production of NADH from formate and NAD*. FDH (from yeast), NAD*, and NADH
solutions were prepared in 50 mM HEPES (N-2 hydroxyethylpiperazine N'-2-
ethanesulfonic acid) buffer at pH 7.6. Basal medium was used in the reference cuvette
as a blank. Medium containing a known amount of formate or without the addition of
NAD* served as controls. After the addition of 20 pl of 100 mM NAD* solution to the
sample, the background absorbance was monitored for 2 to 3 min. The assay was
started by the addition of 100 pul of 50 units per ml FDH solution. The reaction was
followed until no further change in absorbance occurred. A standard curve for NADH in
medium (molar extinction coefficient of 5.33 x 103) was generated. The concentration of
formate was calculated-fruimi the AAg4gand the NADH standard curve. The detection
limit of the assay was 0.5 uM.

Whole cell protein was determined using bovine serum albumin as the standard
as described previously (29). The samples and the standards were boiled in 0.1 N
NaOH for 20 min to digest the celis prior to protein determination.

Energetics. At the end of each kinetic experiment, the pH, temperature, and
concentrations of benzoate, acetate, formate, and H, were determined. The Gibb's free
energy (AG?") for benzoate degradation under non-standard conditions was calculated

using the measured concentrations of reactants and products according to equation 6.

(CH5CO093 (Hy)2 (HCOO")
AGO = AGO + RT In (6)
(CgH5CO0")




where (Hy) is the Hy partial pressure (in atm), and the values in brackets are the moiar
concentrations of the respective compounds. The standard Gibb's free energy (AG9) for

benzoate degradation was calculated from the data in Kaiser and Hanselmann (26).

RESULTS

Effect of acetate on benzoate decay. Figure 1 shows representative progress
curves for benzoate degradation by cell suspensions of SB/G-11 with and without a
sodium acetate amendment. Without the amendment, benzoate was degraded to the
detection limit. With 20 mM sodium acetate, the rate of benzoate degradation by the
coculture was inhibited and a threshold benzoate concentration was observed. After the

threshold was reached, no further benzoate degradation was observed an even with
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extended incubation (14 days). "~~~

Experimental manipulation of the acetate concentration (20.0 and 65.7 mM)
resulted in benzoate threshold concentrations of 2.3 uM and 29.8 uM, respectively
(Table 1). In the cell suspensions amended with <10 mM sodium acetate or with 65 mM
NaCl, benzoate was degraded to the detection limit (Table 1). The change in Gibb's free
energy (AG") for benzoate degradation was favorable in all cell suspensions including
those with a benzoate threshold. However, AG" for benzoate degradation was less in
the cell suspensions without threshold (Table 1).

When an acetate-using sulifate reducer, Desulfoarculus baarsii, was added to
cell suspensions of SB/G-11 that had degraded benzoate to a threshold concentration
(7.1 uM), a decrease in both the acetate and benzoate concentrations was observed
(Table 2). In comparable cell suspensions that did not receive D. baarsii, benzoate was
degraded to a threshold value of 3.7 uM (Table 2).

In cell suspensions amended with different concentrations of sodium acetate, the

apparent Vmax for benzoate degradation decreased with increasing acetate
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concentrations (Table 3). However, this decrease in Vmax was offset by a reduction in
the apparent K for benzoate degradation such that the specific benzoate degradation
capacity (Vmax/Km) remained comparable in all cell suspensions (Table 3). In cell
suspensions amended with 65 mM sodium chloride, the apparent kinetic constants for
benzoate degradation were similar to those from cell suspensions without acetate.
Competitive, noncompetitive, uncompetitive, and mixed inhibition models
mathematically modified to account for a threshold predicted K; values of 43.2, 107,
10.0, and 16.8 mM, respectively. Regardless of whether cell suspensions were
amended with 10, 20 or 65 mM acetate, the decrease in the apparent Vimax and K, for
benzoate degradation was > 50 % (data not shown), indicating that the actual K; for
acetate must be < 10 mM. Figure 2 compares the actual and simulated benzoate decay
curves predicted by the four inhibition models with 65 mM acetate, assuming a K; value
"of 10 mbi. Only the  uncompetitive inhibition model: accurately simuizicd -the -
experimental data. A reduction in both the apparent Vmax and Ky (Table 3) is also
consistent with an uncompetitive type of inhibition. Similar results were obtained when
simulated and actual benzoate decay curves were compared with initial acetate
concentrations of 10 mM and 20 mM (data not shown). Therefore, it is most likely that
acetate functioned as an uncompetitive inhibitor with a K; value of 10.0 £ 0.6 mM. None
of the inhibition models accurately described the course of benzoate decay if they failed
to account for the threshold, as illustrated in Figure 3 for the uncompetitive inhibition
model. This was true even if an initial acetate concentration up to 100 mM was used, or
when values for Vy,,y, Ky ,and  K; were increased or decreased by 50% of the
estimated values (data not shown).
Effect of the terminal electron acceptor on the threshold. Cell suspensions of
SB/G-11 amended with 20 mM acetate and the terminal electron acceptor, nitrate,
degraded benzoate to below the detection limit (Table 4). In contrast, comparable

incubations containing sulfate as the electron acceptor exhibited the expected benzoate
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threshold (Table 4). Since both suspensions received the same initial amount of sodium
acetate, the concentration of the undissociated form of acetate was the same in both the
cases. However, a benzoate threshold value was observed only when the
thermodynamically less favorable electron acceptor, sulfate, was used. This was true
even though the benzoate uptake capacity was 50% lower in suspensions containing
nitrate rather than sulfate as the electron acceptor (Table 4).

Effect of hydrogen utilization capacity on benzoate degradation. The kinetic
parameters for Hy use by pure cultures of Desulfovibrio strains G-11 and DG2 were
determined by nonlinear regression analysis. The apparent Vimax and K, for Ha
utilization were 145 £ 1.2 nmol min-1 mg -1 and 1.2 + 1.2 uM for strain G-11, and 34.4 +
2.8 nmol min-! mg -1 and 1.4 + 0.4 for strain DG, respectively. The apparent Vay and
K, for both strains were comparable to values previously reported (40). The Ho removal
capacity of Desulfovibrio strain G-t was 125:8'min -1 which was five times higher than
that of Desulfovibrio strain DG2, 24.5 min -1.

To determine the effect of hydrogen removal capacity on the rate of benzoate
degradation, strain SB was grown with either Desulfovibrio strain DG2 or strain G-11.
The rate of benzoate degradation decreased 37-fold when strain DG2 was the
syntrophic partner of strain SB (Table 5). These data show that the rate of benzoate
degradation is controlled by the rate of H, use by the syntrophic partner. The AG” for
benzoate degradation in the coculture of SB/DG2 was comparable to the AG’ in SB/G-
11 coculture (Table 5).

DISCUSSION

The inhibitory effects of acetate on kinetics of benzoate degradation by SB/G-11
cocultures could not be adequately explained by a variety of inhibition models uniess a

term for a benzoate threshold value was included (Fig. 2 and 3). The fact that very high
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acetate levels (about 80 mM) inhibit propionate (27) and butyrate (1, 6) suggests that
thresholds for the degradation of these substrates may also exist. Although Dolfing and
Tiedje (16) showed that acetate inhibited the rate of benzoate degradation by a defined
syntrophic consortia, a threshold for benzoate degradation was not observed probably
because the rate of benzoate degradation was calculated from the rate of methane
production. Thus, it is not known if benzoate was completely degraded. Acetate most
likely acted as an uncompetitive inhibitor of benzoate degradation in our cocultures with
an apparent Kj of 10 mM. Dolfing and Tiedje (16) found an apparent K;j of 40 mM for
acetate inhibition of benzoate degradation by a different syntrophic bacterium in
coculture with a methanogen. The K for acetate inhibition of propionate degradation
(8.3 mM at pH of 7.0) (21) was very similar to the K; for benzoate degradation reported
here.

Several lines of evidencé suggest that ihe tiiteshoid for syntrophic benzoate
degradation was thermodynamically controlled rather than the resuit of acetate inhibition
or toxicity. Both the apparent V5« and K, for benzoate degradation decreased with
increasing acetate concentrations (Table 3). Thus, little or no change in benzoate
degradation capacity occurred since the decrease in V5 Was offset by an increase in
the affinity for benzoate. Another possible explanation for the benzoate threshoid is that
high acetate concentrations may severely inhibit the rate of benzoate degradation when
benzoate concentrations are low so that little or no change in benzoate concentration
occurs. Simulation studies based on a variety of inhibition models did not predict a
benzoate threshold, even when initial acetate concentration and the values for Vimax, Km
,and K; were varied within reasonable limits. Thus, a kinetic explanation for the
benozate threshold is extremely unlikely.

Toxicity of the undissociated form of acetate cannot be the reason for a benzoate
threshold since a threshold was not observed when nitrate substituted for sulfate as an

electron acceptor, even though both suspensions had the same initial amendment of
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acetate (Table 4). The build up of inhibitory levels of hydrogen is not responsible for a
benzoate threshold since hydrogen levels were about 0.4 Pa (Table 1). Such Ho levels
are below that found in other syntrophic associations (1, 17, 52). Also, an increase in
the Ho partial pressure from 0.25 Pa to 0.85 Pa did not inhibit the rate of benzoate in a
cell suspension of SB/G-11 (data not shown). Similarly, the buildup of formate to
inhibitory levels (10, 52) can be excluded as a cause for the benzoate threshold since
formate concentrations did not differ in cocultures with or without a threshold (Table 1).
Consistent with a thermodynamic explanation, the benzoate threshold value was
influenced by the initial acetate concentration (24) (Table 1), the amount of benzoate
added (24), and consequently the amount of acetate produced. The addition of an
acetate-utilizing bacterium to cell suspensions with a benzoate threshold resulted in
acetate degradation and further degradation of benzoate (Table 2). This result would be
"exXpecied if the threshold was thérmodynamically controlled sincea decrsase in thé
concentration of an end product would tend to pull the reaction in the forward direction.
Moreover, no threshold was observed when a thermodynamically more favorable
electron acceptor was used, even though the overall kinetics of benzoate degradation
were much slower with nitrate rather than sulfate as the electron acceptor (Table 4).
Calculations showed that the degradation of benzoate was thermodynamically
favorable in cell suspensions exhibiting a threshold although the AG” was more negative
in comparable cell suspensions without a threshold (Table 1). It may be that there is a
"critical" Gibb's free energy (AG.) value, above which no further benzoate degradation
can occur. A value of about 17 to 23 kJ has been proposed as the minimum energy
quantum needed to conserve energy in a living cell (42, 50). This corresponds to the
amount of energy needed to translocate one mole of protons through a fully energized
membrane, equivalent to about 1/3 to 1/4 mole of ATP (42). The A G' for benzoate
degradation when the threshold was reached is close to the value for the minimum

energy quantum (Table 1). The threshold may represent the point at which the free
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energy change associated with benzoate degradation is not sufficient to allow energy
conservation by the cell. A critical Gibb's free energy value has been reported for
ethanol degradation by a syntrophic coculture of Pelobacter acetylinicus (43, 44), and
for hydrogen use (13).

An important implication of the present work is that the extent of benzoate
degradation can be estimated from thermodynamic considerations. In syntrophic
associations, increases in hydrogen and/or formate are often the reason for inhibition of
growth and substrate degradation (1, 10, 17, 23, 36, 47, 52). Here, we show that an
increase in acetate concentration, even when hydrogen and formate levels are low,
affects the extent of benzoate degradation in defined syntrophic cultures. If a critical
AG, for benzoate degradation exists, then the ratio of acetate to benzoate at which the
AG" = AG can be used to predict the threshold value, assuming that hydrogen and
formate leveis ars Iow. Whén equation 6 is solved for the threshold benzoate
concentration at a given acetate concentration by assuming AG" = AG,, ( -30 kJ/mol )
and using the hydrogen and formate concentrations of incubations with thresholds

(Table 1), the following relationship is obtained:

(benzoate’) =0.13 (acetate’)3 ©)

Figure 4 shows that a fairly good agreement exists between the experimental threshold
values and the values predicted by the above relationship.

From a practical standpoint, the above relationship could be modified to predict
the lowest concentration to which an aromatic compound or a volatile fatty acid can be
degraded under methanogenic conditions. The influence of acetate on the energetics of
benzoate degradation indicates that optimal degradation of benzoate will occur when an
active acetate-consuming population exists. The addition of various monocarboxylic

acids such as propionate or butyrate dramatically decreased the lag and increased the
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rate of benzoate metabolism in lake sediments (46), and stimulated the degradation of
mono- and di-chlorophenoxyacetates in anaerobic aquifer samples (22), suggesting that
stimulating the activity of terminal trophic groups enhances the activity of aromatic
degraders. Theile et al. (51) noted that the selection of different syntrophic bacteria and
acetate-using methanogens may be the reason for the improved rates of volatile fatty
acid degradation in their granules. These studies and the work reported here suggest
that both the rate and extent of substrate degradation by syntrophic consortia are
controlled by the efficient removal of endproducts. In particular, we highlight the
importance of interspecies acetate transfer.

Cocultures of syntrophic bacteria appear to act as a single organism with the
combined metabolic activities of both bacteria. Powell (37, 38) developed a theory that
explains the tight coupling between the syntrophic partners based on H, production and
consumption kinetics. According to this irieory, the specific growth rate of the syntrophic
coculture depends largely on the growth rate of the Ho-utilizing partner, and this
prediction has been experimentally confirmed in several studies (2, 43, 44). However, it
is not clear whether the rate of substrate utilization by the syntrophic bacterium also
depends on the Ha utilization kinetics of the Ha-using partner. Dwyer et al. (17) found
that the rate of butyrate degradation was faster when the syntrophic partner was a
sulfate reducer which had a higher hydrogen utilization capacity (1max/Ks) compared to
cocultures with a methanogen which had a lower hydrogen utilization capacity.
However, since the electron acceptor differed between these two cocultures, the rate of
butyrate degradation could have been influenced by the thermodynamic as well as
kinetic considerations. Seitz et al. (43) found similar rates of ethanol metabolism by P.
acetylinicus regardless of which the hydrogen-using bacterium, a methanogen, a
sulfate reducer, or an acetogen, was used. We found faster rates of benzoate

degradation were observed when SB was grown in coculture with strain G-11 than with
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strain DG-2 (Table 5), which shows that the rate of benzoate degradation by strain SB
depended on the hydrogen utilization capacity of its partner.

Dolfing and Tiedje (16) proposed that it may be possible to grow a syntrophic
bacterium in the absence of a hydrogen-using bacterium by interspecies acetate
transfer. They based their proposal on the thermodynamic equivalence of acetate and
hydrogen plus formate, combined with the inhibitory effects of acetate on benzoate
degradation at ecologically realistic concentrations. Our findings on the importance of
interspecies acetate transfer on the rate and extent of substrate degradation by defined

syntrophic consortia suggests that such an approach may be feasible.
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Figure 1. Progress curves of benzoate degradation by washed cell
suspensions of SB/G-11 cocultures without acetate added (0) and with 65 mM

acetate (®). The protein concentrations in cell suspensions with and without

acetate were 58.7 and 50.9 ug mi -1, respectively.

Figure 2. Simulation of acetate inhibition of benzoate degradation by the
competitive (A), noncompetitive (A), uncompetitive (0), and mixed (L) inhibition
models with 65 mM acetate. The experimental data () obtained with 65 mM
acetate is shown for comparison. The simulated curves were generated using
the equations given below and the kinetic parameters determined from
experiments without acetate amendment. Equation 4 was modified to include
inhibition terms as follows: competitive, Vimax t = Sg - S + [(Ky, + Se) (1+/Kj)] In
[(S¢ - Se)/{S¢ - S)I; noncompetitive, [Vpa/(1+1K)] t = Sp-S+(Kp+Sp) In[(S; -
So)/(S¢ - S)]; uncompetitive, [Vina,/(1+1/Kj)] t = Sg - S + [(Kp + S)/(1+1/Ki)] In [(Sg
- So)l(S¢ - S)]; and mixed, [Viax/(1+/K)] t = S - S + [(Kmy + So) (1+/Ky)] In [(S¢ -
So)/(Sc - S)l.

Figure 3. Simulation study to determine whether acetate inhibition results in a

threshold for benzoate degradation. The simulated benzoate degradation curve

() was generated using equation 4 modified to include a term for uncompetitive
inhibition (see legend to Fig. 2) and the values for Vmax, Km, Ki, and Sg
obtained from experiments with 65 mM acetate. The experimental progress

curve (o) obtained with 65 mM acetate is shown for comparison.

Figure 4. Comparison between experimental (*) and predicted (o) benzoate
threshold values for the coculture of strain SB and Desulfovibrio strain G-11 at

different initial acetate concentrations. The predicted benzoate threshold values




were calculated using equation 7 and experimentally determined final acetate,

formate, and Ho concentrations.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product; process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

. and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.




