
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Mar. 1989, p. 590-598 Vol. 55, No. 3
0099-2240/89/030590-09$02.00/0
Copyright © 1989, American Society for Microbiology

Influence of Alternate Electron Acceptors on the Metabolic Fate of
Hydroxybenzoate Isomers in Anoxic Aquifer Slurries
ELMAR P. KUHN,'t JOSEPH M. SUFLITA,1* MARIA D. RIVERA,2 AND L. Y. YOUNG2

Department ofBotany and Microbiology, The University of Oklahoma, 770 Van Vleet Oval, Norman, Oklahoma 73019,'
and Department of Microbiology, Newv York University Medical Center, New York, New York 100162

Received 5 August 1988/Accepted 2 December 1988

The biodegradation of hydroxybenzoate isomers was investigated with samples obtained from two sites
within a shallow anoxic aquifer. The metabolic fates of the substrates were compared in denitrifying,
sulfate-reducing, and methanogenic incubations. Under the latter two conditions, phenol was detected as a
major intermediate of p-hydroxybenzoate, but no metabolites were initially found with m- or o-hydroxyben-
zoate. However, benzoate accumulation was noted when metabolic inhibitors were used with these samples.
About 9 to 17 days was required for >95% removal of the parent isomers under these conditions. When aquifer
slurries were amended with nitrate, the equivalent removal of the hydroxybenzoates occurred within 4 days.
In the denitrifying incubations, phenol was formed from all three hydroxybenzoates and accounted for about
30% of the initial substrate amendment. No benzoate was measured in these samples. All metabolites were
identified by chromatographic mobility, mass spectral profiles, or both. Autoclaved controls were uniformly
incapable of transforming the parent substrates. These results suggest that the anaerobic fate of hydroxyben-
zoate isomers depends on the relative substitution pattern and the prevailing ecological conditions. Further-
more, since these compounds are central metabolites formed during the breakdown of many aromatic
chemicals, our findings may help provide guidelines for the reliable extrapolation of metabolic fate information
from diverse anaerobic environments.

The aromatic nucleus represents the second most common
organic residue in the biosphere (10), and substances pos-
sessing this structural feature include both naturally occur-
ring and anthropogenic materials. Concern over the recalci-
trance, toxicity, and environmental fate of the latter group of
molecules has been great in recent years, particularly as
these chemicals impact subterranean environments. This
concern appears justified, since aromatic compounds make
up about a third of the 200 billion lb (ca. 91 billion kg) of the
top 50 chemicals manufactured annually in the United States
(1). In addition, about 3 billion tons (ca. 2.7 x 1012 kg) of
naturally occurring lignaceous materials is used annually in
the wood and paper industries in this country alone (16).
Considering the quantities involved, it is not surprising that
aromatic materials enter groundwater reserves after acciden-
tal or intentional release to the environment (4, 22, 23).
Despite their importance, little is known of the environmen-
tal fate of these materials once they reside in anaerobic
environments. This information gap is particularly acute
when an unseen and unfamiliar environment such as a
groundwater aquifer is considered.

It is our contention that an understanding of the metabolic
fate of xenobiotic substances must be rooted in firm infor-
mation on the fate of naturally occurring materials. Under
anaerobic conditions, microbial activities tend to attack
complex aromatic structures at substituent groups and con-
vert the parent substrates to hydroxylated, carboxylated, or
amino derivatives. The latter three functional groups and
halogens are the only substituents which seem to be directly
removed from the aromatic nucleus when anoxia prevails.
Often, such substituent removal reactions serve to convert
the parent substrates to benzoate or phenol before ring
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CH-5000 Aarau, Switzerland.

saturation and cleavage. Not surprisingly then, the hydroxy-
benzoate (OHBZ) isomers are found as intermediates in the
anaerobic catabolic pathway of xenobiotic materials such as
cresol and toluene (7, 20, 24, 32) and naturally occurring
substances such as tyrosine (3, 7, 11, 33). Furthermore,
several hydroxylated and carboxylated aromatic compounds
have been used as model compounds in studies of lignin
metabolism (36). The kinetics and fate of OHBZ decompo-
sition in anoxic aquifer systems are virtually unknown, yet
the metabolism of these isomers undoubtedly plays an
important role in the mineralization of many aromatic sub-
strates.
Tschech and Schink (31) suggested that the relative posi-

tions of the aryl substituents determined the catabolic route
of OHBZs and proposed a different pathway for each isomer
(Fig. 1). We sought to test this hypothesis with aquifer
slurries incubated with OHBZs under a variety of anaerobic
conditions. We studied the biodegradation kinetics and
metabolic fate of the OHBZ isomers in samples from two
sites within the same aquifer. Sulfate-reducing conditions
predominated at one aquifer site, whereas the other was
methanogenic (5). These findings were compared with those
concerning the fate of the same compounds in the aquifer
slurries amended with nitrate as a terminal electron acceptor
to stimulate denitrification. Our studies demonstrate that the
availability an electron acceptor may govern the initial
anaerobic biotransformation mechanism and that this reac-
tion is specific for the substitution pattern of the OHBZ
isomers.

MATERIALS AND METHODS

Sampling and incubation of aquifer slurries. Aquifer mate-
rial and groundwater from two well-characterized sites ad-
jacent to the Norman municipal landfill were sampled in
early summer as previously described (5). The water table at
the methanogenic site was 1.37 m below surface and had a
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FIG. 1. Hypothetical and tentative pathways of the OHBZ iso-
mers. CoA, Coenzyme A.

temperature of 21.7°C, a pH of 7.0, a total organic carbon
content of 285 mg/liter and a sulfate concentration of 0.5
mM. At the sulfate-reducing site, the water table was 1.06 m
below surface and the groundwater had a temperature of
20.6°C and a pH of 6.8; total organic carbon content was 14.1
mg/liter, and the sulfate concentration was 8.3 mM. Aquifer
samples were placed in an anaerobic glove box in which 50
+ 1 g (wet weight) of aquifer material and 50 ml of site
groundwater were aseptically transferred to sterile glass
serum bottles (160 ml). The bottles were closed under an

atmosphere of N2-CO2 (80/20), and reducing conditions were

controlled by the addition of 1 mM Na2S. Filter-sterilized
resazurin (0.0002%) was added as a redox indicator. The
bottles were sealed with butyl rubber stoppers and crimped
with aluminum seals. The bottles were incubated for 3 days
before the addition of the OHBZ isomers. During this time,
the sulfate concentration fell below detection limits (0.1 mM)
in methanogenic aquifer slurries. Anaerobic and filter-ster-
ilized (0.2 puM) stock solutions of OHBZ isomers (60 mM)
were prepared in distilled water, and the pH was adjusted to

7.0. The OHBZ isomers were aseptically added to aquifer
slurries to reach an initial concentration of about 0.5 mM. All
experiments were conducted in triplicate, and two auto-

claved aquifer slurries (121°C, 180 min) served as controls.
The biodegradation of each substrate was individually
tested. The bottles were incubated in the dark at room

temperature. Samples of 1 ml were removed immediately
after the addition of the substrates and periodically thereaf-
ter during the experiment. The samples were acidified (1
drop of concentrated HCI) and frozen until analyzed. Stock
solutions of 2-bromoethanesulfonic acid (BESA) and
Na2MoO4 were filter sterilized and placed under a nitrogen
atmosphere before they were added to the aquifer slurries to
reach an initial concentration of 5 mM.

For denitrifying cultures, the aquifer sediments and the
groundwater from both sites were flushed under a stream of
argon gas for 2 h, after which sediment and site water were

transferred into argon-gassed serum bottles (160 ml) and
sealed. Replicate bottles received 10 mM nitrate and 0.5 mM
of each OHBZ isomer. Anaerobicity was confirmed by gas

chromatographic (GC) analysis of headspace in each bottle

(model 1200 gas partitioner; Fisher Scientific Co., Pitts-
burgh, Pa.). N2 gas production was quantitated by sampling
0.25 ml of headspace periodically for GC analysis. Gas
volume was measured by displacement of a wetted glass
syringe. All bottles were incubated at 30°C.

Substrate and metabolite analysis. Portions of the aquifer
slurries were collected by syringe and centrifuged (3 min,
8,000 x g) before reversed-phase high-pressure liquid chro-
matography (HPLC) analysis with a C18 column (250 by 4.6
[inner diameter] mm; Econosphere; 5 ,um; Alltech Associ-
ates, Inc., Berkeley, Calif.). The hardware used for this
analysis has been previously described (13, 24). A mixture of
acetonitrile and acetate buffer (50 mM, pH 4.5) was pumped
as a mobile phase at a ratio of 4/11 at a flow rate of 1.5
ml/min. Compound detection was by UV absorbance with a
variable-wavelength spectrophotometer (model 165; Beck-
man Instruments, Inc., Fullerton, Calif.). One channel of the
instrument monitored the OHBZ isomers (ortho at 300 nm,
meta at 300 nm, and para at 285 nm), whereas the other was
used for detection of benzoate and phenol (275 nm). The
compounds eluted after 2.7 (o-OHBZ), 3.2 (m-OHBZ), 3.5
(p-OHBZ), 5.85 (benzoate), and 8.7 (phenol) min. The injec-
tion loop size was 100 ,ul, and the detection limits for the
OHBZ isomers, benzoate, and phenol were 0.5, 2, and 1 ,uM,
respectively.
For the denitrifying experiments, a methanol-water (60/40)

mobile phase was pumped isocratically at 1 mllmin. Analy-
ses were conducted by using a Spherisorb C18 reversed-
phase column preceded by a pellicular C18 guard column (25
cm by 4.6 mm, Beckman model 332 LC; Supelco, Inc.).
Samples were centrifuged and filtered (0.45 jLm) before
injection. Loss of parent compound and formation of metab-
olites were observed by UV absorbance with a variable-
wavelength detector set at an optimal wavelength for each
compound (o-OHBZ, 297 nm; m-OHBZ, 287 nm; p-OHBZ,
255 nm; phenol, 270 nm). Retention times were confirmed
with authentic standards, and standard curves were used for
quantitation.
Mass spectrometry. Confirmation of metabolites observed

during the experiments was by GC-mass spectroscopy (MS).
Acidified samples from aquifer slurries (1 ml) were extracted
with 1 ml of diethyl ether, and the organic phase was dried
over Na2SO4 and transferred to a 2-ml glass vial. The
extracts were concentrated under nitrogen gas to a final
volume of about 50 to 100 ,ul and analyzed with a gas
chromatograph (model 5890; Hewlett-Packard Co., Palo
Alto, Calif.) equipped with a mass selective detector (model
5970) and a DB-5 fused silica capillary column (film thick-
ness, 1 ,um; inner diameter, 0.32 mm; length, 60 m). The
GC-MS was operated with the computer system 59970 MS
ChemStation (Hewlett-Packard). Approximately 3 [lI of the
ether extracts was injected (splitless mode, 30 s) at a
temperature of 250°C and a column temperature of 40°C. The
column temperature was increased at a rate of 5°C/min to
250°C and held for 10 min. Helium served as the carrier gas
at a flow rate of 60 ml/min (0.8 bar) and a split of 1:60. The
interface column temperature was adjusted to 150°C. The
electron impact detector was operated at 70 eV, and the
scanning rate was about 3/s. The metabolites were identified
by comparison of their retention times (benzoic acid, 24.88
min; phenol, 18.52 min) and mass spectral profiles with
authentic standards or with the National Bureau of Stan-
dards spectral library. The latter was supplied as a data base
(revision 1.0, 1986) with the GC-MS computer system.
Methane and sulfate analysis. The concentration of meth-

ane was determined by flame ionization GC as previously
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described (26) or with a model 3300 gas chromatograph
(Varian, Palo Alto, Calif.), using a stainless-steel column
(1.8 m by 0.32 cm) packed with 80/100-mesh Poropack Q.
Nitrogen was used as a carrier gas at a flow of 30 ml/min. The
temperatures of injector, column, and detector were 100,
105, and 120°C, respectively. External standards were used
and kept in stoppered glass serum bottles. Concentrations of
methane in the headspace of methanogenic incubations were
typically on the order of a few percent.
Assuming that 0.5 mM OHBZ is metabolized according to

Buswell's equation (27), we estimate that 1.75 mM methane
(or 0.105 mmol) is possible in the 60-ml liquid phase of an
incubation bottle (10 ml of pore water and 50 ml of added
groundwater). If we then account for the distribution of
methane between the gas and liquid phases (Henry coeffi-
cient = 27.2 [25]) and the volumes of headspace and liquid
(84 ml/60 ml), we calculate that 97.4% of the methane (0.102
mmol, or 1.21 mM) would exist in the gas phase. Thus, from
0.5 mMOHBZ, 1.21 mM (2.71%) headspace methane should
result. Small pressure changes were unaccounted for. To
minimize the removal of carbon from the incubation sys-
tems, liquid samples for OHBZ analysis were taken from
slurries only at the start and at the end of the experiment.
The aqueous phases of the aquifer slurries were sampled

for sulfate analysis, centrifuged at 8,000 x g for 3 min, and
analyzed by anion-exchange HPLC. The mobile phase (4.0
mM potassium hydrogen phthalate, pH 5.0) was pumped at
2.5 ml/min with an LDC/Milton Roy minipump (model 396)
through an anion-exchange column (Vydac, 250 by 4.6 mm;
Alltech Associates, Inc., Deerfield, Ill.). Sulfate exhibited a
retention time of 6.3 min and was detected with a conduc-
tivity detector (model 213-505; Wescan, Santa Clara, Calif.).
The detection limit was at least 0.1 mM.

RESULTS

Transformations under sulfate-reducing and methanogenic
conditions. Incubation of the three OHBZ isomers in sulfate-
reducing and methanogenic aquifer slurries resulted in rapid
substrate loss after an initial lag time of 5 to 7 days. The lag
period of all OHBZ isomers was slightly shorter in sulfate-
reducing than in methanogenic incubations. After the lag
phase, the OHBZ isomers were catabolized at increased
rates. Pseudo-first-order rate constants (k1) were calculated
during this phase of OHBZ degradation. All k1 values were
similar and in the range of 1.5 to 2.2 days-' except those for
the rate of p-OHBZ loss from methanogenic incubations,
which exceeded this range by about a factor of 2. From these
data, we estimate half-lives for o-, m-, and p-OHBZ of 0.39,
0.37, and 0.46 days under sulfate-reducing conditions and
0.33, 0.48, and 0.20 days under methanogenic conditions. No
loss of substrate was observed in sterile aquifer slurries,
which indicated that the observed transformations were
microbiologically catalyzed.

Figure 2 illustrates the time course and predominant fate
of p-OHBZ under these two ecological conditions. The time
courses of the other two isomers were similar. The disap-
pearance of p-OHBZ under methanogenic conditions was
accompanied by the accumulation of stoichiometric amounts
of phenol (Fig. 2A). Thus, no phenol was transformed during
the initial phase of incubation. However, on day 14 (10 days
after the appearance of the first detectable phenol), 25% of
the accumulated phenol was degraded; after an additional 2
weeks of incubation, phenol was completely depleted. The
maximum first-order rate of phenol formation was about five
times higher (1.07 days-') than the first-order rate of phenol

0.6

0.5-

0.4-

0-W

N
C
0

x
0

la

qA

X

0.3-

0.2-

0.1-

-0.5

-0.4

-0.3

-0.2 s

E-0. I

0
0.0- u.u

p-OHBZ (sterile control)
0.5- -0.5

0.4- SRC 0.4

0.3- 0.3
p-OHBZ

0.2 - -0.2

0.1 phenol \ - 0.1

0.0- 0.0
0 10 20 30

CL0,

Q.

Days
FIG. 2. Time course showing the biotransformation of p-OHBZ

to phenol under methanogenic conditions (MC) and sulfate-reducing
conditions (SRC) in aquifer slurries.

decay (0.19 day-'). No increase in the rate of phenol
degradation could be observed with time. Similar results
were obtained in later studies, in which repeated additions of
p-OHBZ did not result in higher rates of phenol conversion
under methanogenic conditions.
A maximum of 30 FtM phenol accumulated during the

degradation of p-OHBZ in aquifer slurries from the sulfate-
reducing site (Fig. 2B). However, subsequent substrate
amendments resulted in the accumulation of phenol up to
86% of the amount stoichiometrically expected (data not
shown). This finding suggests that the transformation rate of
phenol decreased with repeated substrate additions, possibly
as a result of the toxicity of phenol. Under either incubation
condition, benzoate could not be detected by HPLC. There-
fore, aryl decarboxylation is presumably the major route of
p-OHBZ metabolism under both sulfate-reducing and meth-
anogenic conditions.

Analogous experiments with m- and o-OHBZ did not
result in the accumulation of metabolic intermediates. Auto-
claved controls under all conditions were uniformly incapa-
ble of transforming the OHBZ isomers.
To obtain more insight into the initial transformations of

the OHBZ isomers, inhibitor studies were conducted. All
samples were reamended with parent substrate (t = 0 in Fig.
3) 5 weeks after the first OHBZ addition and again 5 days
later. On day 5, two of the triplicates held under methano-
genic conditions were amended with the inhibitor BESA (5
mM), whereas MoO42- (5 mM) was used for sulfate-re-
ducing incubations. Traces of benzoate (2 to 10 ,uM) accu-
mulated after the second substrate amendment even in the
absence of an inhibitor (days 0 to 5 in Fig. 3A, B, and D)
except in the methanogenic aquifer slurries, where benzoate
was <2 ,uM (Fig. 3C). In the presence of an inhibitor, the
transformation of m-OHBZ resulted in the transient accu-

p-OHBZ(sterile control)

Mc

p-OHBZ
phenol
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FIG. 3. Effect of inhibitors on the biotransformation rates of m- and o-OHBZ under methanogenic conditions (MC) and sulfate-reducing
conditions (SRC) in aquifer slurries. BZ, The metabolite benzoate.

mulation of 20 to 30 ,uM benzoate under both sulfate-
reducing and methanogenic conditions. After the complete
depletion of m-OHBZ, benzoate was also rapidly eliminated
from both incubations. In general, the initial transformation
rate of OHBZs was not influenced by the presence of BESA
and MoO4>. Uninhibited samples exhibited about the same
substrate depletion kinetics (data not shown). However, the
biotransformation of o-OHBZ under methanogenic condi-
tions was much slower in the presence of BESA, and the
accumulated benzoate (43 FM) persisted much longer in the
inhibited aquifer slurries. Under sulfate-reducing conditions,
the addition of MoO42- did not result in the increased
accumulation of benzoate compared with that of the inhibi-

tor-free control. In the sterile controls amended with inhib-
itors, no loss of the three OHBZ isomers was observed and
no accumulation of other compounds could be detected.
Table 1 summarizes the maximum concentrations of

metabolites formed in the liquid phase of the slurries by
bioconversion of the OHBZ isomers. For these experiments,
HPLC was used as a quantitative tool and GC-MS was used
only to rigorously confirm the identity of suspected interme-
diates. It was therefore not necessary to analyze all samples
by GC-MS. However, for each OHBZ isomer and each
redox condition, at least two GC-MS analyses were per-
formed. The detection limit of the latter analytical tool for
benzoate and phenol was estimated to be at least 10 times

TABLE 1. Accumulation of OHBZ metabolites formed in the absence and presence of inhibitors'

Benzoate concn (,uM) Phenol concn (4uM)
Substrate SRC + M cB SRC M MCB

SRC 2RC± Mc MC±SRCMMCMoO4> BESA SCMoO4` M BESA

o-OHBZ 2 (+) 2 2 43 (+) <1 (-) <1 <1 (-) <1
m-OHBZ 8 34 (+) 67 62 (+) <1 <1(-) <1 <1 (-)
p-OHBZ <2 (+) <2 <2 (+) <2 331 (+) (CO = 441) 351 (Co = 386) 446 (+) (CO = 400) 382 (CO = 441)

a Concentrations were determined by HPLC. Data are summarized from Fig. 2 and from further experiments. SRC. Sulfate-reducing conditions; MC,
methanogenic conditions; (+), Formation of metabolites could be supported by GC-MS analysis; (-), no phenol could be detected by HPLC or GC-MS.
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FIG. 4. Mass spectral profile of the o-OHBZ metabolite formed under methanogenic conditions (A) and a standard library spectrum of

benzoate (B).

lower (<0.2 and <0.1 ,uM) than that for HPLC analysis. The
GC-MS analysis confirmed that phenol was formed only in
incubations receiving p-OHBZ and not in incubations with
m- and o-OHBZ (Table 1). GC peaks with the same retention
time as that of a phenol standard were obtained, and the
mass spectrum of this metabolite was identical with an
authentic standard and a standard library spectrum. The
match quality of the library and metabolite spectra was
>90%. Before the addition of OHBZ, the aquifer slurries
contained no detectable amount of phenol (<0.1 ,M).
HPLC analysis suggested that benzoate was an interme-

diate of m- and o-OHBZ in sulfate-reducing and methano-
genic incubations (Table 1). Analysis by GC-MS confirmed
the identity of benzoate in all of these incubations. Interest-
ingly, traces of benzoate were also found when p-OHBZ was
incubated under both sulfate-reducing and methanogenic
conditions. A peak with the same retention time (24.9 min)
as that of a benzoate standard was detected in these incuba-
tions, and the mass spectral characteristics of this peak were
identical to those of a benzoate standard and a library
spectrum. This is the first report which suggests benzoate as
an intermediate on the anaerobic biodegradation pathway of
o-OHBZ. Therefore, the mass spectrum of this metabolite is
shown in Fig. 4. Major mass fragments were detected at mlz
122 (mass peak of benzoic acid), 105 (-OH), 94 (-CO), 77
(-COOH), and 51 (C4H3). The match quality of the metabo-
lite spectrum with a standard spectrum was 94.8%.

Before the reamendment of the OHBZ isomers (t = 0; Fig.
3), neither benzoate nor phenol could be found by GC-MS
under either redox condition. The same result was noted
when unamended nonsterile controls were similarly ana-
lyzed. These observations suggest that phenol and benzoate
are metabolites of OHBZ and not merely released from the
anaerobic decomposition of endogenous organic material.
These data also suggest that although all OHBZ can be
dehydroxylated under anaerobic conditions, the conversion
to benzoate represents a major metabolic route for o-OHBZ
and m-OHBZ. The lack of substantial benzoate accumula-

tion from p-OHBZ in the presence of inhibitors and the
nearly stoichiometric conversion of the parent substrate to
phenol suggests that decarboxylation rather than dehydroxy-
lation is the major anaerobic pathway for this substrate.

Mineralization of OHBZ coupled with sulfate reduction or
methanogenesis. Separate triplicate aquifer slurries were
amended with 0.5 mM OHBZ and incubated for 4 months
under sulfate-reducing or methanogenic conditions to deter-
mine the ultimate fate of the parent substrates. These
slurries were monitored for sulfate depletion (sulfate-re-
ducing incubations) or methane formation (methanogenic
incubations) and corrected for substrate-unamended tripli-
cate controls in order to estimate the degree of OHBZ
mineralization on the basis of the stoichiometry given below.
Under sulfate-reducing conditions, the following equation
was assumed for the complete oxidation of OHBZ:

C7H603 + 4H20 + 3.5So42 -> 7HCO3- + 3.5H2S (1)

whereas Buswell's equation (27) was adequate for describing
the stoichiometry under methanogenic conditions:

C7H603 + 4H20-- 3.5CO2 + 3.5CH4 (2)

We measured the depletion of OHBZ and sulfate in the
sulfate-reducing incubations. The sulfate concentration was
5.3 mM at the start of the experiment and decreased by
about a factor of 2 over the course of the experiment. Using
equation 1, we calculated how much of the oxidized OHBZ
could be accounted for by sulfate reduction. We found that
72.6 + 7.7%, 74.3 + 10.0%, and 76.5 + 13.9% (+ standard
deviations) of o-, m-, and p-OHBZ could be mineralized to
carbon dioxide by the coupled reduction of sulfate to sulfide.
From this assumption, we calculate that 23.5 - 27.4% of the
carbon in nonmineralized and present as either biomass or
nondetected metabolites. The formation of methane in these
samples was negligible (<1% compared with methanogenic
incubations) and not significantly different from the methane
content in unamended controls. These findings indicate that
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METABOLISM OF HYDROXYBENZOATE ISOMERS 595

the predominant flow of carbon and energy in these slurries
was through sulfate reduction.
The analogous experiment of OHBZ metabolism in meth-

anogenic aquifer slurries indicated that most of the substrate
carbon was fermented to CO2 and CH4. From CH4 measure-
ments and equation 2, we conclude that at least 82.2 + 4.7%,
92.0 ± 4.8%, and 82.6 + 5.5% of o-, m- and p-OHBZ were
catabolized through methanogenesis. Since no sulfate was
present at the beginning of these experiments (<0.1 mM),
the involvement of sulfate as an electron sink in these
bioconversions was excluded.

Transformation under denitrifying conditions. Samples of
aquifer solids and groundwater from the sulfate-reducing and
methanogenic sites were amended with 10 mM N03- and 0.5
mM OHBZ and incubated under an argon atmosphere.
These experiments were monitored for OHBZ depletion and
nitrogen formation. In samples from both sites, all three
OHBZ isomers were >99% biotransformed within 4 days
(Fig. 5). A lag phase of 1 or 2 days preceded a period of rapid
transformation within which the majority of the substrate
was degraded. The times required for 50% substrate loss of
o-, m-, and p-OHBZ were 2.5, 1.9, and 1.5 days, respec-
tively, in denitrifying slurries made from the sulfate-reducing
site. In parallel slurries made from the methanogenic site,
the half-lives for the compounds were slightly longer (2.6,
2.6, and 1.8 days). The maximal k1 values for o-, m-, and
p-OHBZ were 3.2, 5.0, and 3.2 days-' for the former
incubation and 5.9, 6.0, and 4.8 days-' for the latter. Thus,
we estimate half-lives of 0.21 to 0.11 day for these com-
pounds under denitrifying conditions. These rates are gen-
erally higher and the lag phases are shorter than were found
in other experiments in which nitrate did not serve as a
terminal electron acceptor. The absence of substrate deple-
tion from autoclaved controls indicated that the observed
activities were microbiologically mediated (Fig. 5).

Interestingly, in denitrifying samples from both the sul-
fate-reducing site (Fig. 5) and the methanogenic site (data
not shown), we found that phenol was formed as an inter-
mediate of all OHBZ isomers. Benzoate could not be de-
tected in these experiments by HPLC (detection limit, 2
,uM). Concomitant with the loss of OHBZ isomers was the
accumulation of phenol (up to 0.2 mM), which indicated
direct conversion of the parent substrate to the suggested
intermediate by decarboxylation. The accumulated phenol
disappeared relatively slowly, with half-lives in the range of
1 to 2 weeks.

Mineralization under denitrifying conditions. Table 2 indi-
cates the quantity of nitrogen evolved during the decompo-
sition of all three substrates in both sample types. Nitrogen
formation was not complete on day 16, and up to 50%
increases were still observed during the following week.
Assuming that the oxidation of OHBZ is coupled with the
reduction of nitrate to nitrogen, we can calculate that 2.8
mmol of N2 is formed per mmol of substrate oxidized
(stoichiometry as in Table 2). The result in Table 2 suggests
that between 72.8 and 98.8% of the OHBZ wavs mineralized
in denitrifying incubations. This percentage was generally
lower for m-OHBZ (42.6%) in the samples from the meth-
anogenic site.

Obviously, our findings compare favorably with the theo-
retical stoichiometry and suggest that the three OHBZ
isomers and their intermediates (benzoate and phenol) are
completely mineralized under the tested redox conditions.
The mineralization of benzoate and phenol and the use of
these compounds as carbon and energy sources were previ-
ously demonstrated in anaerobic environments as well by

isolated bacteria (denitrifying and sulfate reducers) or con-
sortia (methanogenic cultures) (2, 6, 12, 31, 35, 36).

DISCUSSION

The same metabolites were formed from a particular
OHBZ isomer under sulfate-reducing and methanogenic
conditions (Table 1). These findings suggest that the various
biodegradation pathways for these substances may not be
different when either sulfate or carbon dioxide is available as
an electron acceptor. The detection of benzoate as an
intermediate of all three OHBZ isomers suggests that aryl
reductive dehydroxylation reactions are independent of the
relative substitution pattern under these two incubation
conditions. However, only traces of benzoate were found in
aquifer slurries amended with p-OHBZ. Contrary to results
with m- and o-OHBZ, phenol accumulated in both sulfate-
reducing and methanogenic aquifer slurries receiving p-
OHBZ. This finding, together with results of our denitrifying
studies, indicate that the major anaerobic biodegradation
pathway for the latter substrate is decarboxylation. Our
results agree with those of Tschech and Schink (31), who
reported the reductive dehydroxylation of m-OHBZ and the
decarboxylation of p-OHBZ.

Three bacteria, Desulfotomaculum sapomandens (9),
Rhodopseudomonas palustris (14), and a nitrate-reducing
Pseudomonas sp. (28), that can grow with p-OHBZ and
benzoate but not with phenol as the sole carbon source have
been described. These findings have been explained by the
possibility that such organisms are able to reductively dehy-
droxylate p-OHBZ to form benzoate (28). However, the
existence of this proposed transformation pathway in these
bacteria remains unproven. Alternate explanations for such
observations could involve the initial decarboxylation of
p-OHBZ to form phenol (31), followed by conversion of the
latter compound to benzoate (19). Furthermore, separate
pathways for the growth substrates p-OHBZ and benzoate in
the photosynthetic bacterium R. palustris have been re-
cently proposed (14). Merkel et al. (S. M. Merkel, J. Gibson,
and C. S. Harwood, Abstr. Annu. Meet. Am. Soc. Micro-
biol. 1988, K100, p. 223) and Harwood and Gibson (14)
found a specific coenzyme ligase for p-OHBZ in R. palustris
and proposed that the aryl substituents need not be removed
before ring reduction and cleavage. Yet this mechanism
seems to be of minor importance at best in aquifer slurries,
since phenol was detected as a major metabolite ofp-OHBZ
under the tested redox conditions (denitrifying, sulfate re-
ducing, methanogenic).

Interestingly, phenol has been reported to be carboxylated
to p-OHBZ and benzoate under denitrifying and methano-
genic conditions, respectively (19, 30). We do not think that
these are important phenol degradation mechanisms in aqui-
fer slurries held under sulfate-reducing and methanogenic
conditions. Once the parent substrate was metabolized to
phenol, no accumulation of p-OHBZ or benzoate was ob-
served, even in the presence of inhibitors. However, ben-
zoate did accumulate in m- and o-OHBZ incubated systems.
In addition, it is unlikely that hydrogen accumulated to high
concentrations, as was noted in the reported methanogenic
systems (19).
The detection and identification of benzoate when meta-

bolic inhibitors were used in aquifer slurries allow us to
suggest an initial anaerobic biotransformation mechanism
for o-OHBZ under both sulfate-reducing and methanogenic
conditions. This is the first report of a proposed intermediate
identified on the anaerobic catabolic pathway of o-OHBZ in
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FIG. 5. Biotransformation of the OHBZ isomers under denitrifying conditions in aquifer slurries from the sulfate-reducing site.

the presence of S042- or CO2 as an electron acceptor.
Previous studies showed that samples from the sulfate-
reducing and methanogenic sites were able to transform the
three methyl phenol isomers (24). Recent evidence from a

sulfate-reducing bacterial enrichment suggests that the
methyl group of o-cresol is anaerobically oxidized to o-

OHBZ and that the latter compound is subsequently con-
verted to benzoate (J. M. Suflita, L.-N. Liang, and A.
Saxena, J. Ind. Microbiol., in press). These findings help
support the hypothesis that o-OHBZ may be transformed by
reductive dehydroxylation. The direct conversion of o-

OHBZ to its ring-reduced coenzyme A derivative has also
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TABLE 2. Coupling of OHBZ mineralization with denitrification

N, determination on day:

1 16 23
Sediment

Production (mmol) Production % Recovered Production % Recovered

Expected" Actual" %4 Recovered (mmol) (mmol)

Sulfate
o-OHBZ 0.213 ± 0.017 0.005 + 0.002 2.4 0.078 + 0.012 36.6 0.155 ± 0.051 72.8
m-OHBZ 0.176 + 0.011 0.002 ± 0.001 1.2 0.087 + 0.013 49.4 0.148 + 0.025 84.1
p-OHBZ 0.162 ± 0.004 0.003 ± 0.001 1.9 0.098 ± 0.010 60.5 0.147 ± 0.009 90.1

Methanogenic
o-OHBZ 0.224 + 0.011 0.002 + 0.001 0.9 0.066 + 0.031 29.5 0.166 + 0.026 74.1
*mi-OHBZ 0.230 + 0.022 0.002 ± 0.001 0.9 0.098 + 0.006 42.6 0.098 ± 0.006 42.6
p-OHBZ 0.162 ± 0 0.001 ± 0.0005 0.6 0.128 ± 0.004 79.0 0.160 + 0.009 98.8

Based on the amount of substrate added to each replicate culture and determined from the equation C7H,,O, + 5.6N03, 5.6H' 7CO2 + 2.8N, + 5.8H,0.
" Controls subtracted and values reported are means of three replicates ± standard deviation.

been proposed and is simpler in that this pathway does not
require dehydroxylation before ring reduction and eliminates
the need for a subsequent hydroxylation reaction (Fig. 1).
Although our studies do not exclude such a possibility, the
formation of benzoate from o-OHBZ under strict anaerobic
conditions suggests that the more complicated route is used
by some anaerobic bacteria.

Presently, it is unknown why the substitution patterns of
OHBZ isomers influence the anaerobic metabolic pathway
so drastically. The free-energy yields from the reductive
dehydroxylation of the three OHBZs are very similar (29)
and are unlikely to account for the different fates of the
isomers that we observed under sulfate-reducing and meth-
anogenic conditions. However, the activation energy neces-

sary for the substituent removal reactions could conceivably
be different for the three isomers.
When nitrate was amended to aquifer slurries sampled

from the sulfate-reducing and methanogenic sites, all OHBZ
substrates were transformed to phenol (Fig. 5). This result
shows that the increased redox potential (17) helped shift the
anaerobic biodegradation pathway for o- and ,tn-OHBZ. The
shift in metabolism as a function of the availability of
different electron acceptors is difficult to explain. Since the
decarboxylation of OHBZ is a reaction which requires a

proton but no electrons, it is not necessary to assume that
the denitrifying electron carriers are involved in this reac-

tion. Previously, Hilpert and co-workers (15) demonstrated
that the decarboxylation of succinate by the anaerobic
bacterium Propioniigeniiin mnodlestluml resulted in energy

conservation by a mechanism that used sodium as a coupling
ion. Whether a similar mechanism operates the decarboxyl-
ation of OHBZ is unknown. In addition to the decarboxyl-
ation of OHBZ, reductive dehydroxylations likely also occur
in aquifers, particularly when denitrifying conditions prevail.
These bioconversions could be directly or indirectly depen-
dent on the electron carriers of the denitrifying respiratory
chain. Interestingly, Tschech and Schink suggest the possi-
ble coupling of reductive aryl dehydroxylation reactions
with energy conservation (31).

Differences in the yields of free energy are obtained when
the fermentative metabolism of OHBZ is considered as a

function of different hydrogen concentrations (34). This
might be expected when the mineralization of OHBZ is

coupled to different electron acceptors. Tschech and Schink
(31) have isolated a pure culture responsible for the fermen-

tative degradation of mn-OHBZ to hydrogen. acetate, and
bicarbonate. However, metabolic activity of this organism

was observed only in the presence of a hydrogen-consuming
organism such as a sulfate reducer or methanogen. The
free-energy values of OHBZ catabolism at hydrogen partial
pressures of 1, 10-4, and 10-5 atm (101.3, 1.013 x 10-2, and
1.013 x 10-3 kPa) are +6.6, -38.9, and -50.3 kJ/mol of
OHBZ (34), which strongly suggests the dependence of the
fermenting organism on interspecies hydrogen transfer. In
addition to being found with fermenting bacteria, OHBZ
degradation has been observed with sulfate- and nitrate-
reducing organisms (2, 9, 28). The complete oxidation of 1
mol of the OHBZ metabolite benzoate with CO2 (methano-
genesis), sulfate (reduction to sulfide), or nitrate (reduction
to nitrogen) as an electron acceptor releases free energy of
-125.3, -388.2, and -2965.7 kJ, respectively (23a). There-
fore, a dramatic increase in free-energy yield is available
when the incubation conditions change from highly reducing
to denitrifying. Consequently, we would expect denitrifying
bacteria to possess a selective advantage over fermenting or
sulfate-reducing organisms capable of anaerobically metab-
olizing the OHBZ isomers. This activity is reflected in the
very rapid substrate loss in the denitrifying systems as com-
pared with the sulfate-reducing and methanogenic systems,
although the higher incubation temperature for the former
incubations undoubtedly influenced these rates of decompo-
sition. In the aquifers investigated here, the shift of carbon
and electron flow from methanogenesis or sulfate reduction
to denitrification seemed to be accomplished rapidly.
The microflora in aquifer slurries obtained from either the

sulfate-reducing or the methanogenic site biotransformed the
three OHBZ isomers faster when amended with nitrate. A
shorter lag time and higher k1 values were noted for the
substrates under denitrifying conditions, and complete min-
eralization of the OHBZs coupled with denitrification was
observed within 1 month. This result was somewhat unex-
pected since nitrate and molecular oxygen are normally
absent from the sulfate-reducing and methanogenic sites
throughout the year. However, the free energy available
under denitrifying conditions is far higher, and a fast growth
of denitrifying bacteria can be assumed. In samples from
both aquifer sites, high numbers of aerobic-facultative an-
aerobic bacteria (approximately 105 to 107/g [dry weight])
and moderate numbers of coliforms (approximately 101 to

103/g [dry weight]) have been measured (R. E. Beeman and
J. M. Suflita. unpublished data). Several coliforms with
nitrate reduction potential were isolated from the two aquifer
sites (Eschlrichia coli and Citrobacter sp.). In addition.
microorganisms such as the sulfate-reducing and -fermenting
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bacteria have the potential for nitrate reduction (8, 18, 21)
and are likely present in the aquifer samples.

This study helps to clarify the kinetics and metabolic fates
of the OHBZ isomers, which are central metabolites of both
natural and xenobiotic compounds. We have demonstrated
that the availability of an electron acceptor can influence the
initial anaerobic biotransformation mechanism and that this
reaction is specific for the substitution pattern of OHBZ. Our
findings provide insight into the flow of carbon and energy of
aromatic compounds in anaerobic environments. It may be
suggested that once chemicals are biotransformed to OH-
BZs, they can be completely degraded to nontoxic end
products in the presence of nitrate, sulfate, or carbon
dioxide as an electron acceptor.
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