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Highly reduced sediments from San Diego Bay, Calif., that were incubated under strictly anaerobic condi-
tions metabolized benzene within 55 days when they were exposed initially to 1 mM benzene. The rate of
benzene metabolism increased as benzene was added back to the benzene-adapted sediments. When a
[14C]benzene tracer was included with the benzene added to benzene-adapted sediments, 92% of the added
radioactivity was recovered as 14CO2. Molybdate, an inhibitor of sulfate reduction, inhibited benzene uptake
and production of 14CO2 from [

14C]benzene. Benzene metabolism stopped when the sediments became sulfate
depleted, and benzene uptake resumed when sulfate was added again. The stoichiometry of benzene uptake and
sulfate reduction was consistent with the hypothesis that sulfate was the principal electron acceptor for
benzene oxidation. Isotope trapping experiments performed with [14C]benzene revealed that there was no
production of such potential extracellular intermediates of benzene oxidation as phenol, benzoate, p-hydroxy-
benzoate, cyclohexane, catechol, and acetate. The results demonstrate that benzene can be oxidized in the
absence of O2, with sulfate serving as the electron acceptor, and suggest that some sulfate reducers are capable
of completely oxidizing benzene to carbon dioxide without the production of extracellular intermediates.
Although anaerobic benzene oxidation coupled to chelated Fe(III) has been documented previously, the study
reported here provides the first example of a natural sediment compound that can serve as an electron acceptor
for anaerobic benzene oxidation.

Anaerobic degradation of benzene is of interest because
many of the sedimentary environments that are contaminated
with this toxic compound are anoxic. Other monoaromatic
hydrocarbons, such as toluene and xylenes, are known to be
degraded under nitrate-reducing (2, 5, 8–10, 15, 18, 30),
Fe(III)-reducing (20, 21), sulfate-reducing (3, 6, 9, 14, 28),
and/or methanogenic (7, 13, 32, 34) conditions. However, in
only a few studies has anaerobic metabolism of benzene been
documented unequivocally.
Partial mineralization of benzene to carbon dioxide and

methane in the absence of molecular oxygen has been ob-
served in enrichment cultures (13) and methanogenic river
sediments (31). Studies performed with H2

18O revealed that in
enrichment cultures, the oxygen from water was incorporated
into benzene as a hydroxyl group with the formation of phenol
(32). More than 70% of the benzene added to methanogenic
aquifer material contaminated with landfill leachate disap-
peared within 40 weeks (34), but the fate of the benzene was
not determined.
Nitrate-dependent consumption of benzene under anoxic

conditions has been observed in aquifer sediments (26). How-
ever, subsequent studies, including some studies performed
with material from the same aquifer in which benzene uptake
was observed initially, indicated that benzene was not de-
graded under anaerobic conditions when nitrate was the po-
tential electron acceptor (1, 2, 9, 15, 16, 18).
Benzene was completely mineralized to carbon dioxide in

enrichment cultures in which sulfate was provided as a poten-
tial electron acceptor (6). However, the electron acceptor for
benzene oxidation was not determined in that study.
Anaerobic oxidation of benzene coupled to a known elec-

tron acceptor has been documented only recently (25). Addi-
tion of the Fe(III) chelator nitrilotriacetic acid stimulated ben-

zene oxidation in the anoxic, Fe(III) reduction zone of a
petroleum-contaminated aquifer (25). The enhanced benzene
degradation was associated with stimulation of microbial
Fe(III) reduction. Stoichiometric studies demonstrated that
the electrons derived from benzene oxidation to carbon diox-
ide were transferred to Fe(III). Benzene oxidation coupled to
Fe(III) reduction was not observed in the absence of the che-
lator.
As part of a study on the decomposition of petroleum-

related contaminants in harbor sediments, we investigated po-
tential mechanisms for benzene oxidation under sulfate-reduc-
ing conditions. Our results demonstrate that benzene was
oxidized to carbon dioxide in the highly reduced sediments and
suggest that benzene oxidation was carried out by sulfate re-
ducers which completely oxidize the benzene to carbon dioxide
without the formation of extracellular intermediates.

MATERIALS AND METHODS

Sediments. Sediments were collected from San Diego Bay, Calif., in a pleasure
boat harbor known as Shelter Island. The water depth was 10 m. Hydrocarbon
contamination of the surface water was apparent visually. Although organic
analyses of the sediments were not performed, we assumed that the sediments
were also contaminated with organic compounds because, compared with the
brown surficial sediments obtained from more pristine areas of the bay, the
surficial sediments at this site were extremely black and rich in sulfides. Sedi-
ments were collected with a gravity corer that had a core liner which was 5 cm in
diameter. The top 2.5 cm of each sediment core was sliced off onboard ship and
was placed in canning jars under N2. Once the jars had been filled to the top, they
were sealed with lids. These sediment samples were used in the initial experi-
ments in which the sediments were adapted to metabolize added benzene.
So that all of the benzene metabolism experiments could be performed with a

uniform benzene-adapted sediment sample, the sediment from 2.5 to 10 cm in
each core was also collected and transported as described above, as were surficial
sediment samples obtained with an Eckman dredge. These two sets of sediment
samples were pooled in the laboratory and, as described below, were inoculated
with benzene-adapted sediments and used for all experiments performed after
those whose results are summarized in Fig. 1.
Sediment incubation. As previously described (22), strict anaerobic conditions

were used in handling the sediment samples. Sulfate-free artificial bay water was
formulated on the basis of the results of an analysis of the pore water and
contained (per liter) 20 g of NaCl, 1.5 g of KCl, 4.24 g of MgCl2 z 2H2O, and
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2.9 g of CaCl2 z 2H2O. The artificial bay water was boiled under an N2-CO2
(80:20) atmosphere and then was mixed with the sediment samples (50:50,
vol/vol) under anaerobic conditions in a glove bag that had an N2-H2-CO2
(85:10:5) atmosphere. On the benchtop the sediment slurries were flushed with
N2-CO2. The slurries prepared with sediments from the top 2.5 cm of the cores
were dispensed (10 ml) under an N2-CO2 atmosphere into 25-ml serum bottles.
These sediments were also amended with 10 mM sulfate as described below. The
slurries prepared with the combined sediments from depths of 2.5 to 10 cm and
the grab samples were dispensed (100 ml) into 160-ml serum bottles. The bottles
were sealed with thick butyl rubber stoppers. Killed controls were generated by
autoclaving sediments at 1218C for 1 h on 3 consecutive days.
Toluene and benzene were added to the sediments from anoxic aqueous

solutions (typically, 25 to 100 ml of solutions was added to serum bottles con-
taining sediment) in order to provide the desired concentrations. When neces-
sary, sodium molybdate and/or sodium sulfate was added from concentrated
anoxic stock solutions in order to provide a final molybdate concentration of 20
mM or the desired concentration of sulfate.
The bottles were incubated upside down at 208C in the dark. Uptake of

toluene and benzene was monitored by sampling the headspace with a syringe
and needle and analyzing the samples by gas chromatography as described below.
[14C]benzene studies. In radiotracer experiments, 0.22 mCi of [14C]benzene

(63.2 mCi/mmol, diluted in sterile anoxic water to provide ca. 1 mCi/ml) was
injected with a syringe and needle. Production of 14CO2 over time was monitored
by withdrawing headspace samples (1 ml) and analyzing them for 14CO2 by gas
proportional counting as described below.
In order to study the production of potential extracellular intermediates, 10 ml

of benzene-adapted sediments was incubated in anaerobic pressure tubes. The
sediment samples were amended with 0.1 ml of anoxic stock solutions containing
potential intermediates to increase the concentrations of the potential interme-
diates as follows: acetate, 1 mM; benzoate, 500 mM; p-hydroxybenzoate, 200 mM;
phenol, 10 mM; cyclohexane, 100 mM; or catechol, 10 mM. These concentrations
were chosen in order to increase the concentrations of the potential intermedi-
ates at least 10-fold compared with the expected in situ concentrations. Produc-
tion of 14CO2 from [14C]benzene was monitored over time. In order to determine
if radiolabel accumulated in the potential intermediates, the sediment samples
were acidified with 1 ml of 5 N sulfuric acid to stop metabolism and to convert
inorganic carbon to carbon dioxide. The headspace was flushed with N2 for 20
min with mixing for 30 s with a vortex mixer every 5 min during the flushing
procedure. Once the 14CO2 had been flushed out, pore water was collected from
a subsample (3 ml) of the sediment by centrifugation. The pore water was filtered
(pore diameter, 0.2 mm; Acrodisc filter), and the levels of radioactivity in the
potential organic intermediates were determined by radiochromatography as
described below.
Stoichiometry of benzene oxidation and sulfate reduction. The amount of

sulfate reduced during benzene oxidation was determined by using two large
bottles containing benzene-adapted sediments which had been incubated to
remove all of the benzene. The sulfate concentration was adjusted with sodium
sulfate so that the initial concentration was ca. 13 mM. Subsamples (3 ml) were
centrifuged to collect the pore water and were analyzed to determine the sulfate
concentrations as described below. Approximately 10 ml of benzene was added
directly through the stopper with a microsyringe. The weight of the added
benzene was determined by weighing three consecutive 10-ml injections of ben-
zene on a balance, injecting 10 ml of benzene into the sediment samples, and then
weighing three more 10-ml injections of benzene on the balance. The value used
for the amount of benzene injected into each sediment sample was the mean of
the values obtained for the six samples of benzene that were weighed with the
balance. The standard error of the weighed samples of benzene was less than 8%.
The benzene content of the headspace was monitored over time. As soon as the
added benzene was depleted (11 days), the sediments were sampled again to
determine sulfate concentrations. The sediment samples were incubated for 11
days without added benzene to determine the amount of sulfate reduction in the
sediment that could be attributed to electron donors other than benzene. This
experiment was then repeated with the same two bottles of sediment in the same
manner, except that the incubation period was 10 days because the benzene was
depleted 1 day sooner.
Analytical techniques. The toluene and benzene concentrations in 100-ml

headspace samples were determined with capillary gas chromatography and a
flame ionization detector. The standard error of the mean of the hydrocarbon
determinations was 5%. The amounts of toluene and benzene added to the
sediment samples from the anoxic aqueous stock solutions were estimated from
the concentrations measured in the headspace and the partitioning of toluene
and benzene between the sediment and the headspace when known volumes of
pure toluene and benzene were added to the sediments. The toluene and ben-
zene concentrations were calculated per liter of pore water, and, because of slight
differences in the water contents of the sediment samples and difficulties in
determining actual sediment volumes in some instances, these concentrations
must be considered approximate. Therefore, the data are presented below as
percentages of the initial concentrations in the headspace, which are much more
direct and accurate reflections of the actual toluene and benzene measurements.
Sulfate concentrations were determined by ion chromatography as previously

described (24). The concentrations of dissolved sulfide were determined by
filtering (pore diameter, 0.2 mm; Acrodisc filter) pore water in the anaerobic

glove bag and assaying the preparation for sulfide by the methylene blue method
(4). The amount of Fe(II) that could be extracted with 0.5 N HCl was determined
by the ferrozine method as previously described (22).
Headspace samples were analyzed for 14CO2 by separating CO2 from other

gases with a gas chromatograph equipped with a thermal conductivity detector
and passing the effluent from the detector through a gas proportional counter.
Total production of 14C-labeled inorganic carbon was calculated from the dis-
tribution of 14CO2 in the sediment and the headspace, as determined by adding
H14CO3 standards to the sediment samples. The validity of this method for
calculating total 14C-labeled inorganic carbon contents was confirmed by the
results of studies in which the total amount of 14C-labeled inorganic carbon was
determined by this method and then the sediment samples were acidified to
convert all of the 14C-labeled inorganic carbon to 14CO2 and the 14CO2 was
flushed out, trapped, and counted as previously described (21).
As previously described (23), potential organic acid intermediates were sepa-

rated and quantified by high-performance liquid chromatography (HPLC), and
fractions were counted by liquid scintillation counting. The same technique was
used to analyze the phenol and catechol fractions, except that these components
were separated on a HPLC column designed to separate aromatic compounds, as
previously described (21). Cyclohexane was not quantified, and accumulation of
radiolabel in cyclohexane was not measured because a suitable method for
separating and quantifying cyclohexane was not available.

RESULTS

Adaptation to benzene. Sulfate reduction was the terminal
electron-accepting process in the sediments as there were high
concentrations of Fe(II) but no production of Fe(II) over time
and oxidation of [2-14C]acetate to 14CO2 was inhibited by mo-
lybdate (19). Toluene added at an initial concentration of ca.
20 mM completely disappeared after 14 days of incubation
(data not shown). When additional toluene was added, it was
rapidly metabolized (Fig. 1). When benzene (initial concentra-
tion, ca. 1 mM) was added along with the toluene, the toluene
was again rapidly degraded, but there was no significant de-
crease in the amount of benzene for the first 19 days of incu-
bation. However, by day 55 more than one-half of the benzene
had disappeared. In contrast, there was no significant decrease
in the amount of benzene in autoclaved controls between days
19 and 55. Once benzene was depleted after 59 days of incu-
bation, benzene was again added to the live sediments, and
benzene was metabolized more rapidly (Fig. 1). After benzene
was added to the sediments three times, the sediments were
used to inoculate a larger serum bottle (160 ml) containing 100
ml of San Diego Bay sediment slurry. This inoculated sediment
continued to consume benzene without a lag period, and after
benzene was added three times, it was used to inoculate 10
more large serum bottles containing sediment (inoculum, ca.
10%), which were used in the experiments described below.

FIG. 1. Toluene and benzene uptake in San Diego Bay sediments. The re-
sults shown are the results obtained after a 14-day preincubation period during
which the 20 mM toluene which was initially added was completely consumed.
The initial concentrations of toluene and benzene were ca. 20 and 1 mM, re-
spectively. The results shown are the results obtained from one representative
bottle for each treatment.
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Benzene oxidation to carbon dioxide linked to sulfate reduc-
tion. Aliquots (10 ml) were removed from one of the large
bottles containing benzene-adapted sediments and placed into
25-ml serum bottles. These sediments contained 39 mmol of
Fe(II) per kg of sediment and 40 mM free dissolved sulfide,
demonstrating that there was no O2 available for benzene
oxidation. Benzene (ca. 3 mM) was added to these sediments,
and once one-half the added benzene had been consumed,
[14C]benzene was added to one-half of the bottles in order to
determine the fate of the benzene that was disappearing.
There was steady production of 14CO2 over time which coin-
cided with the continued loss of benzene that was measured in
the bottles to which [14C]benzene was not added (Fig. 2). In all
of the experiments in which the recovery of 14CO2 from
[14C]benzene was evaluated, 92% 6 10% (n 5 9) of the added
[14C]benzene was converted to 14CO2. The addition of moly-
date completely inhibited further benzene uptake in the ben-
zene-adapted sediments, as well as production of 14CO2 from
[14C]benzene (Fig. 2). In sediments that were not preadapted
for benzene uptake, there was no benzene consumption and no
production of 14CO2 (Fig. 2).
After repeated long-term feeding of the benzene-adapted

sediments in the large serum bottles with 10 to 100 mM ben-
zene, benzene metabolism eventually stopped. An analysis of
the sulfate in these sediments revealed that the sulfate con-
centration was less than 100 mM. The sediments from one of
these sulfate-depleted bottles were then divided and placed
into two serum bottles, and ca. 125 mM benzene was added.
When sulfate was added to the sediments, benzene metabolism
resumed immediately (Fig. 3). There was no benzene uptake in
sediments to which sulfate was not initially added, but these
sediments began to consume benzene once sulfate was added
(Fig. 3).
After adaptation, the sediments could metabolize relatively

high concentrations (ca. 1.7 mM) of added benzene (Table 1).
Measurements of sulfate concentrations immediately before
benzene was added and as soon as the benzene was depleted
demonstrated that there was significant sulfate depletion dur-
ing benzene metabolism (Table 1). The extent of sulfate re-
duction was much less during a subsequent incubation of the
same duration without added benzene (Table 1). Addition of

more benzene to the sediments stimulated sulfate reduction.
When the amount of benzene-dependent sulfate reduction was
calculated by subtracting the endogenous rate of sulfate reduc-
tion in the benzene-depleted sediments from the rate of sulfate
reduction observed in the presence of benzene, the amount of
sulfate reduction that could be attributed to benzene oxidation
(Table 1) was 80% 6 5% (n 5 4) of the theoretically expected
amount if all of the added benzene had been completely oxi-
dized to carbon dioxide according to the following formula: 4
benzene 1 15 SO4

22 1 12 H2O3 24 HCO3
2 1 15 HS2 1 9

H1.
Lack of extracellular intermediates. Addition of phenol, the

most likely extracellular intermediate in anaerobic benzene
oxidation (12), did not inhibit the production of 14CO2 from
[14C]benzene, and there was no accumulation of [14C]phenol
over time (Fig. 4). The phenol which was added was not sig-
nificantly metabolized during the incubation (Fig. 4), indicat-
ing that the lack of effect on 14CO2 production was not due to
rapid metabolism of the isotope trap. These results suggest
that phenol was not an extracellular intermediate in benzene
metabolism.
Addition of other potential extracellular intermediates, such

as benzoate, p-hydroxybenzoate, cyclohexane, and acetate, also
had no effect on production of 14CO2 from [

14C]benzene (Fig.
5A). Cyclohexane concentrations were not monitored, but
none of the other potential extracellular traps was significantly
metabolized during the incubation (Fig. 5B). After 12 h of
incubation, less than 2% of the radiolabel added had accumu-
lated in any of the potential intermediates. Thus, these com-
pounds were also not important extracellular intermediates in
benzene metabolism.
The potential for production of catechol, a central interme-

diate in the metabolism of benzene under aerobic conditions,
was also investigated in a separate experiment. Catechol was
also not an extracellular intermediate in the sediment samples
as added catechol had no effect on 14CO2 production from
[14C]benzene in the anoxic San Diego Bay sediments (Fig. 6).
Radiolabel had not accumulated in the catechol pool at the
end of incubation, despite the fact that none of the 11 mM
catechol present at the start of incubation was consumed.

FIG. 2. Uptake of unlabeled benzene and production of 14CO2 from
[14C]benzene. Benzene uptake and 14CO2 production were measured in sepa-
rate, parallel incubations. When molybdate was added, the sediments were pre-
incubated with molybdate for 1 h before [14C]benzene was added. The benzene
concentration at the start of the experiment was ca. 1.5 mM. The data are the
means of the values from triplicate incubations for each treatment.

FIG. 3. Benzene uptake in sulfate-depleted sediments and sulfate-depleted
sediments amended with 5 mM sulfate. Benzene was added to benzene-depleted
sulfate-amended sediments at the times indicated by the arrowheads on the x
axis. Sulfate (5 mM) was added to both types of sediments on day 8. The initial
concentration of benzene was ca. 125 mM. The results shown are the results
obtained from one bottle for each treatment.
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DISCUSSION

The results demonstrate that, after an adaptation period,
benzene was readily oxidized to carbon dioxide in anoxic San
Diego Bay sediments. As described below, the results also
indicate that sulfate was the electron acceptor for benzene
oxidation in these sediments. Although others have hypothe-
sized previously that sulfate might serve as the electron accep-
tor for benzene oxidation under anoxic conditions (6), our
results provide the first documentation of this process.
Only one other study has identified an electron acceptor for

anoxic benzene oxidation (25). In that study the electron ac-
ceptor was Fe(III). However, benzene oxidation was observed
only when the Fe(III) in the sediments was artificially chelated
with nitrilotriacetic acid (25) or EDTA (19). No benzene oxi-
dation was observed with naturally occurring sediment Fe(III)
forms. Thus, sulfate is the first electron acceptor present in its
natural form that has been shown to function in anaerobic
benzene oxidation.
Sulfate is an electron acceptor for benzene oxidation. It is

clear that O2 could not have been involved in the benzene
oxidation described above. Strict anaerobic techniques were
used throughout this study. Furthermore, the high concentra-
tions of Fe(II) and sulfide in the sediments would have rapidly
consumed any trace O2 contamination.
More evidence that O2 was not involved in benzene metab-

olism was the fact that molybdate immediately inhibited both
benzene uptake and 14CO2 production from [14C]benzene.
Molybdate has been shown repeatedly to be an effective, se-
lective inhibitor of sulfate reduction in sediments (27) and is an
effective inhibitor of organic carbon oxidation by sulfate reduc-
ers in San Diego Bay sediments (19). We would not expect
molybdate to immediately inhibit benzene uptake if, for exam-
ple, the initial activation of benzene in the sediments depended
on trace contamination by oxygen. The lack of production of
extracellular catechol, a central intermediate in activation of
benzene with molecular O2 (11), is also not consistent with
initial activation of benzene by traces of O2.
The fact that molybdate inhibited benzene uptake indicates

that sulfate reduction was necessary for benzene metabolism,
as does the sulfate requirement for benzene uptake. The cen-

FIG. 4. Production of 14CO2 from [14C]benzene in the presence or absence
of added phenol and lack of accumulation of radiolabel in the phenol pool over
time. The data are the means of the values from duplicate incubations.

FIG. 5. Production of 14CO2 from [14C]benzene over time (A) and initial and
final concentrations of added traps (B) when various potential extracellular
intermediates of anaerobic benzene oxidation were added to the sediments. The
data are the means of the values from duplicate incubations.

TABLE 1. Stoichiometry of benzene uptake and sulfate reduction in benzene-adapted harbor sediments

Bottlea Amt of benzene
added (mmol)

Amt of sulfate reduction
expected for complete oxidation
of all added benzene to CO2

(mmol)b

Amt of sulfate reduced in the
presence of benzene (mmol)

Amt of sulfate reduced in the
absence of benzene (mmol)

% Expected benzene-
dependent sulfate
reduction observedc

1A 113 422 342 25 75
1B 111 415 394 50 83
2A 113 422 405 41 86
2B 112 419 374 53 77

a Bottles which contained a known volume of sediment (80 to 100 ml) and in which the initial sulfate concentration was ca. 13 mM were incubated for the 11 days
that it took for benzene to be depleted (bottles 1A and 2A), and then sulfate reduction was monitored for an equivalent period of time without added benzene. Then
sulfate was added to the sediment samples so that the sulfate concentration was again ca. 13 mM, and a similar incubation experiment was performed, except that the
incubation period was only 10 days (bottles 1B and 2B) because the benzene was depleted 1 day sooner in this experiment. The sediments contained 65% water.
b Calculated by assuming that 3.75 mol of sulfate was reduced per mol of benzene completely oxidized to carbon dioxide according to the equation given in the text.
c Calculated as follows: [(amount of sulfate reduced in the presence of benzene) 2 (amount of sulfate reduced in a subsequent experiment of the same length in the

absence of benzene)]/(amount of sulfate reduction expected after complete oxidation of all added benzene to carbon dioxide) 3 100.
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tral role of sulfate reduction in benzene metabolism was fur-
ther illustrated by the fact that sulfate was depleted during
benzene metabolism. When corrections were made for endo-
genous sulfate reduction due to electron donors other than
benzene, the extent of benzene-dependent sulfate depletion
was 80% of the theoretically expected sulfate reduction if all of
the added benzene had been oxidized to carbon dioxide. The
studies performed with [14C]benzene demonstrated that 8% 6
10% of the added benzene was not oxidized to carbon dioxide.
When this is considered, it is apparent that, within the errors of
the measurements, sulfate was the electron acceptor for most,
if not all, of the benzene oxidation. The benzene that was not
oxidized to carbon dioxide probably included benzene that was
incorporated into cells, as well as possibly some small amount
of benzene that was adsorbed to the butyl rubber stoppers or
the sediments.
Pathway for benzene oxidation. There are several potential

pathways for anaerobic metabolism of benzene, including hy-
droxylation to produce phenol (12), carboxylation to produce
benzoate, and initial reduction of the ring to form cyclohexane.
None of these potential intermediates was an important extra-
cellular intermediate in the San Diego Bay sediments. Further-
more, acetate, an expected key intermediate if benzene were
first fermented to organic acids, was not produced. These re-
sults suggest that benzene may be directly oxidized to carbon
dioxide within single cells of sulfate-reducing microorganisms.
This would be consistent with the finding that pure cultures of
sulfate reducers which can metabolize toluene (28) and other
monoaromatic compounds (33) oxidize these compounds com-
pletely to carbon dioxide. The direct oxidation of benzene to
carbon dioxide under sulfate-reducing conditions contrasts
with benzene metabolism under methanogenic conditions, in
which extracellular production of phenol, cyclohexanone, and
propionate occurs (13). If, in fact, benzene is directly oxidized
to carbon dioxide within single cells of sulfate reducers, then
the organisms responsible for benzene oxidation could be iso-
lated much more easily than if a consortium of organisms were
responsible for benzene oxidation.
In summary, the highly reducing conditions of the sedi-

ments, the immediate inhibition of benzene uptake by mo-
lybdate, the sulfate requirement for benzene uptake, the re-
duction of amounts of sulfate consistent with benzene
oxidation, and the lack of production of partially oxidized
intermediates rule out the possibility that O2 was involved in
benzene oxidation and suggest that sulfate reducers were di-

rectly oxidizing benzene to carbon dioxide in these sediments.
The use of naturally occurring sulfate as an electron acceptor
for benzene oxidation in this study contrasts with our previous
studies on benzene oxidation coupled to Fe(III) reduction
(25), in which the availability of Fe(III) had to be artificially
modified with a chelator before benzene oxidation took place.
Enrichment cultures containing benzene as the sole electron
donor and sulfate as the electron acceptor have been estab-
lished from the benzene-adapted sediments, but attempts to
isolate a pure culture have not been successful yet. The fact
that benzene can be oxidized to carbon dioxide in the absence
of molecular O2 in laboratory incubations and yet persists in
most anoxic environments (17, 29) demonstrates that it will be
necessary to study the factors that limit anaerobic benzene
degradation in situ.
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