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The anaerobic metabolism of acetate was studied in sediments and groundwater from a gas condensate-
contaminated aquifer in an aquifer where geochemical evidence implicated sulfate reduction and methano-
genesis as the predominant terminal electron-accepting processes. Most-probable-number tubes containing
acetate and microcosms containing either [2-'*C]acetate or [U-'*C]acetate produced higher quantities of CH,
compared to CO, in the presence or absence of sulfate."*CH, accounted for 70 to 100% of the total labeled gas
in the ['*C]acetate microcosms regardless of whether sulfate was present or not. Denaturing gradient gel
electrophoresis of the acetate enrichments both with and without sulfate using Archaea-specific primers showed
identical predominant bands that had 99% sequence similarity to members of Methanosaetaceae. Clone librar-
ies containing archaeal 16S rRNA gene sequences amplified from sediment from the contaminated portion of
the aquifer showed that 180 of the 190 clones sequenced belonged to the Methanosaetaceae. The production of
methane and the high frequency of sequences from the Methanosaetaceae in acetate enrichments with and
without sulfate indicate that aceticlastic methanogenesis was the predominant fate of acetate at this site even

though sulfate-reducing bacteria would be expected to consume acetate in the presence of sulfate.

Redox reactions in anaerobic environments play a pivotal
role in the fate of organic compounds in contaminated aquifers
(17, 19). The populations of microorganisms that are involved
in the degradation of acetate, as well as other organic com-
pounds in contaminated anaerobic sediments, depend on many
factors, but the availability of an electron acceptor at the par-
ticular site is an important governing factor (17, 19). Typically,
electron acceptors with a higher redox potential, such as
NO,~, will be utilized first, followed by Fe(Ill), SO,*>, and
CO, (19).

Relatively few studies have focused on the fate of acetate in
hydrocarbon-contaminated environments. The majority of
these studies that have been conducted in hydrocarbon-con-
taminated environments have used culture-independent mo-
lecular approaches to describe the microbial community and
infer the putative function of the different phylotypes present
(7, 8, 14, 39, 41). One recent study showed that sulfate reduc-
tion accounted for the degradation of petroleum hydrocarbon
constituents in approximately 70% of all sites studied in a
survey of 38 petroleum-impacted sites (14, 42). Kinetic studies
have demonstrated that sulfate-reducing bacteria have a lower
k,, value for acetate (34, 40, 44) and are capable of acetate
utilization at lower threshold concentrations than aceticlastic
methanogens (34, 40, 44). These findings along with the ability
of the sulfate-reducing bacteria to completely mineralize a
wide variety of hydrocarbon contaminants, including alkanes,
aromatic hydrocarbons, and a variety of fatty acids, including
acetate (44), suggest that sulfate-reducing bacteria should be
responsible for acetate utilization in hydrocarbon-contami-
nated sites.

We used a combination of cultivation and molecular ap-
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proaches to test the hypothesis that aceticlastic methanogen-
esis was the predominant fate of acetate in a hydrocarbon-
contaminated aquifer where both methanogenesis and sulfate
reduction have been implicated as the predominant electron-
accepting processes (TEAP) (12). In the 1970s, the site was
contaminated with gas condensate which contains a mixture of
Cs to C,5 hydrocarbons (20% of the gas condensate is com-
posed of a mixture of benzene, toluene, ethylbenzene, and the
xylene isomers) that was coproduced with the natural gas (12).
Dissolved oxygen and nitrate were depleted in the contami-
nated portion of the aquifer with respect to uncontaminated
sediments (12). Fe(III) was undetectable in the contaminated
portion of the aquifer but was present at significantly higher
levels in uncontaminated sediment (12). Geochemical data
along with microcosm studies, which showed that the degra-
dation of several compounds, including benzene, toluene, o-
xylene, m-xylene, p-xylene, and ethylbenzene, was accompa-
nied by sulfate loss, suggested that sulfate reduction is the
predominant TEAP in the contaminated portion of this aqui-
fer (12). However, dissolved methane within the contaminated
portion of the aquifer ranged from 5 to 17 mg/liter (12), which
suggested a role for methanogenesis within this site. Our study
suggests that acetate is an important intermediate in hydrocar-
bon-contaminated aquifers where sulfate reduction occurs,
even though one would predict that sulfate-reducing bacteria
should completely mineralize the hydrocarbons.

MATERIALS AND METHODS

Sample collection. Sediments and groundwater were collected from a shallow
aquifer that lies just above a natural gas field that is located approximately 40
miles northeast of Denver, Colorado. Samples were collected in October 1998
and August 2000. Contaminated sediments and groundwater from well number
37 (12) were collected at a distance of approximately 10 m downgradient from a
sump that leaked hydrocarbons in the 1970s (12). Contaminated sediments were
collected by hand, boring to a depth of 1.5 m below the surface and placed in
sterile 1-liter Mason jars. Samples were kept anaerobic by filling the jars to
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capacity with sediment and groundwater. Groundwater and sediments from an
uncontaminated portion of the aquifer were collected as above from well 18 (12),
which was located approximately 10 m upgradient from the original source of
contamination. All sediment and groundwater samples were stored on ice until
they were delivered to the laboratory. The samples were stored at 4°C upon
arrival at the laboratory.

Microorganisms and media. The hydrogen-using organisms Methanospirillum
hungatei strain JF-1 (DSM 864) and Desulfovibrio vulgaris strain G11 (DSM
7057) were grown with an 80% H,-20% CO, gas phase (69 kPa) under strictly
anaerobic conditions (2) using a previously described basal medium (21). The
basal medium was amended with 10 mM acetate when growing JF-1 and with 10
mM acetate and 30 mM sulfate when growing G11.

The basal medium (21) with 10 mM acetate was used for most-probable-
number (MPN) analysis and contained 10 mM sulfate for the growth of sulfate
reducers. The MPN medium was prepared anaerobically (2), and each tube
contained either 6 ml of medium in MPN tubes that contained either JF-1 or G11
medium or 9 ml of medium in MPN tubes that did not contain a hydrogen-using
organism. The headspace of all the MPN tubes was replaced with an atmosphere
containing 80% N, and 20% CO, (34 kPa) gas phase (2). MPN tubes were
incubated at room temperature without shaking.

MPN analysis. To test for the presence of different metabolic groups involved
in acetate degradation, a three-tube MPN analysis was conducted using sedi-
ments from the contaminated and uncontaminated portions of the aquifer.
Sterile sodium pyrophosphate solution (pH 7) was prepared by adding 1 g/liter
sodium pyrophosphate to the basal medium (21) without rumen fluid. The
sterile, anaerobically prepared (2) sodium pyrophosphate solution was taken into
an anaerobic chamber where the stoppers and seals were removed. Three tubes
of sodium pyrophosphate per MPN set were each amended with 1 g (wet weight)
of sediment from the appropriate location, stoppered, sealed, removed from the
anaerobic chamber, and used to inoculate the appropriate MPN set. Each of the
three tubes was mixed by hand for 30 s, and 1 ml of each solution was removed
aseptically and transferred into 9 ml of the appropriate MPN medium using
needles and syringes flushed with 100% N,. This procedure was repeated using
these first three tubes of inoculated MPN medium and continued until each tube
of the dilution series was inoculated.

Three different series of MPN analyses were conducted using 10 mM acetate
as the substrate. The first series contained no additional sulfate and 3 ml of a
hydrogen-using methanogen, M. hungatei strain JF-1. The second series con-
tained an additional 10 mM sulfate. The final series contained an additional 10
mM sulfate and 3 ml of a hydrogen-using sulfate-reducing bacterium, D. vulgaris
strain G11. The hydrogen users were added to each tube of the dilution series to
enrich for syntrophic bacteria capable of degrading acetate. Individual MPN
tubes were scored positive if more than 50% of the acetate was metabolized after
120 days. As controls, MPN analysis was conducted using the basal medium
without added acetate.

Preparation of ['“C]acetate-amended microcosms. Microcosms were pre-
pared in an anaerobic chamber (Coy Laboratory Products, Grass Lake, MI)
using sterile, 40-ml serum bottles, which were left in the chamber overnight prior
to inoculation. Thirteen grams of sediment from the contaminated portion of the
aquifer was added to each serum bottle. Groundwater from a well located
upgradient of the contaminated area was added to bring the final volume of each
microcosm to 20 ml. The microcosms were stoppered and sealed inside the
chamber, and the gas phase was exchanged three times by evacuation with
vacuum and repressurization with 100% N, (2). One set of microcosms received
between 1.7 X 10* and 3.3 X 10* Bq of [2-!*C]acetate; another set of microcosms
received a similar amount of [U-'*Clacetate. The labeled acetate was added by
injecting 0.2 ml of either [2-'*CJacetate or [U-'*C]acetate stock solutions, which
contained 1.13 X 10° Bg/ml and 9.93 X 10* Bq/ml, respectively. Unlabeled
acetate was added to all of the microcosms to bring the final acetate concentra-
tion to approximately 500 WM. Each set of microcosms contained three replicates
of each of the following treatments: sediment and acetate alone, acetate and an
inhibitor of methanogenesis (7.5 mM 2-bromoethanesulfonic acid [BESA]), ac-
etate with 7.5 mM sulfate, and acetate and an inhibitor of sulfate reduction (5
mM sodium molybdate). Heat-killed controls were run in duplicate for each of
the above treatments. The heat-killed controls were autoclaved at 121°C for 20
min. All of the microcosms were incubated for 18 days at room temperature.

Analytical methods. Nonlabeled acetate loss was measured by high-pressure
liquid chromatography (16). The mobile phase was 25 mM KH,PO, (pH 2.5) at
a flow rate of 1 ml min~'. Labeled acetate was measured by using a radioisotope
detector. The radioisotope detector was calibrated by comparing its response to
that of a scintillation counter. Standards of both [2-'*Clacetate and [U-*CJac-
etate were prepared from the same stock solutions that were used to amend the
microcosms. One-hundred-microliter aliquots of standard solutions ranging from
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1.67 X 103 Bq to 1.67 X 10* Bq were run on the radioisotope detector. The same
volume of each standard was also placed into 5 ml of scintillation cocktail and
counted using a scintillation counter. Each standard and unamended scintillation
cocktail was counted by using a scintillation counter. Quenching of standards
during liquid scintillation counting was corrected by autocalibration using an
unquenched '*C standard and through the use of both an H-number monitor and
a random coincidence monitor.

CH, and CO, production were measured by using a gas chromatograph (GC)
equipped with a thermal conductivity detector. The GC had a 3.05-m by 0.004-m
Carbosphere 80/100 column (Altech Inc., Deerfield, IL). Helium was the carrier
gas at 2 ml min~'. The injector and the column were set at 175°C, and the
detector was set at 81°C. The gas chromatograph was connected to a gas pro-
portional counter (Insus Systems Incorporated, Fairfield, NJ). Standards con-
taining '*CO, were prepared from a stock solution containing 6.03 X 10?> Bg/ml
of H'*COj. This solution was then diluted to concentrations ranging from 3.01 X
107 to 3.02 X 10% Bg/ml by adding the appropriate volume of stock solution to
enough 0.1 N NaOH to bring the final volume of each standard to 20 ml. Each
standard was then acidified with 1 ml of 12 N HCL. A 0.2-ml aliquot of the
headspace of each standard was then injected into the GC. Also, 0.2-ml aliquots
of each standard were slowly bubbled into 0.8 ml of 0.1 N NaOH, and 0.45 ml of
the solution was added to 5 ml of scintillation cocktail and counted using the
same procedure described for the ['*Clacetate standards. The retention time of
CH, was determined through the use of nonlabeled methane standards, which
were detected with the thermal conductivity detector. An enrichment culture
that degraded [U-'*C]methyl tert-butyl ether (MTBE) was provided by the lab-
oratory of Joseph M. Suflita. This enrichment culture, which was known to
produce '“CH,, was used to verify the retention time of '*CH,.

The pH of the individual microcosms was measured with Color pHast indica-
tor strips (EM Science, Gibbstown, NJ) at the end of the 18-day incubation
period. The final pH of each microcosm and the amount of '*CO, (obtained by
GC) were used to calculate the amount of H*COj5 that was dissolved in the
liquid phase of the microcosms by using the Henderson-Hasselbach equation:
final pH of microcosm = 6.35 + log([H'*CO;]/['*CO,]). The amount of H'*CO;
determined with this equation was added to the amount of *CO, measured by
gas chromatography to obtain the total amount of '*CO, produced in each
microcosm.

Sulfate concentrations were determined by ion chromatography (16), and
methane was quantified by gas chromatography (13).

Molecular analysis. DNA was extracted from enrichments that were prepared
by inoculating MPN medium with 1-ml aliquots of sediment and groundwater
from microcosms containing [2-'“Clacetate, [2-'*Clacetate with sulfate,
[U-'4CJacetate, and [U-'*CJacetate with sulfate. These enrichments were trans-
ferred three times prior to being used as a source of material for DNA extraction.
Two milliliters of each enrichment was added to sterile 2-ml polypropylene
screw-cap tubes that contained 1 g of 0.1-mm zirconia-silica beads (Biospec
Products, Bartlesville, OK). Samples were centrifuged for 5 min at 14,000 X g to
pellet the cells, and any remaining supernatant was discarded. DNA was also
extracted directly from sediments by using approximately 1 g of sediment (wet
weight) that was added directly to a 2-ml polypropylene screw-cap tube contain-
ing zirconia-silica beads. DNA was extracted from enrichments and sediments
using a bead beating protocol as previously described (28).

DNA extracted from contaminated aquifer sediments was used as a template
to screen for the presence of different groups of sulfate-reducing bacteria. Five
sets of group-specific 16S rRNA gene primers were used to screen for members
of the Desulfobulbus, Desulfobacterium, Desulfovibrio, Desulfobacter, and Desul-
fotomaculum genera (5). DNAs from Desulfobulbus propionicus, Desulfobacte-
rium autotrophicum, Desulfovibrio vulgaris strain G11, Desulfobacter curvatis, and
Desulfotomaculum nigrificans were used as positive controls to ensure that each
set of primers amplified the 16S rRNA gene of the appropriate group. PCRs and
cycling conditions were set up and carried out as previously described (5).

PCR amplification of the archaeal 16S rRNA gene sequences used a previ-
ously described touchdown PCR protocol (28), with 5 pmol of GMSF (5’ CGC
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GCG
TAC GGG AGG CAG CAG 3') (22) and 20 pmol of the archaea-specific primer
Arc 958R (5" YCC GGC GTT GAM TCC ATT T 3’) (27). Denaturing gradient
gel electrophoresis (DGGE) was performed with PCR-amplified products of
DNA from enrichments using GM5F and Arc 958R (22). Predominant bands
were excised from the gel, reamplified by the above touchdown PCR protocol,
checked for purity by DGGE, and then sequenced.

For constructing archaeal 16S rRNA gene clone libraries from aquifer sedi-
ments, 16S TRNA genes were amplified from the DNA extracted from the
sediments by using the GMSF and Arc 958r primers. The PCR product obtained
was cloned into the TOPO 2.1 cloning vector (Invitrogen Corp., Carlsbad, CA)
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TABLE 1. Summary of MPN results obtained using acetate as a substrate”

95% confidence limit”

Treatment MPN contaminated MPN uncontaminated
Upper Lower
Acetate + JF-1¢ 2.4 X 10% 5.8 X 10° 9.9 X 107 BDL¢
Acetate + sulfate 1.1 X 10° 3.6 X 10° 3.5 X 10° BDL
Acetate + sulfate + G114 2.1 X 10° 7.9 X 10° 5.6 X 10° BDL

“ The samples used for MPN analysis were collected in 1998.
® MPN values are per gram of sediment.

¢ The 95% upper and lower confidence values used for three tube MPN analysis (3).
@ Abbreviations: JF-1, Methanospirillum hungatei strain JF-1; G11, Desulfovibrio vulgaris strain G11; BDL, below detection limit.

according to the instructions of the manufacturer. Randomly picked clones (190
total) were sequenced at the Advanced Center for Genome Technology at the
University of Oklahoma. Details of the sequencing protocols applied were de-
scribed previously (10) and can be found at http://www.genome.ou.edu/ds_seq
_template_isol_hydra.html.

The 16S rRNA gene sequences were initially screened with the Basic Local
Alignment Search Tool (1) to determine their rough phylogenetic affiliations.
Sequences with greater than 98% similarity were grouped into the same opera-
tional taxonomic unit (OTU) using Sequencher (Gene Codes Corp., Ann Arbor,
MI). Sequences from this study and GenBank downloaded sequences were
aligned using the Clustal X program version 1.83 (37). The alignment obtained
with Clustal X was also manually checked for errors. The aligned sequences were
exported from Clustal X and loaded into Phylogenetic Analysis Using Parsimony
(PAUP) version 4.0 beta 10 (Sinauer Associates, Sunderland, MA). Evolutionary
distance trees were constructed using the neighbor-joining algorithm with Jukes-
Cantor corrections. Bootstrap support values are based on 1,000 replicates.

Nucleotide sequence accession numbers. The 16S rRNA sequences of the
excised DGGE band and the OTUs from the sediment clone libraries have been
assigned the following GenBank accession numbers: AY894806 for DGGE band
1, AY894807 for OTU1, and AY894808 for OTU2.

RESULTS

Most-probable-number analysis. There was no significant
(P < 0.05) difference in the number of acetate degraders (as
defined by acetate depletion) in MPN samples amended with
either Methanospirillum hungatei JF-1 or Desulfovibrio vulgaris
G11 relative to MPN samples containing only acetate and
sulfate (Table 1). Acetate consumption was coupled to meth-
ane production, and no sulfate loss was observed in any of the
acetate MPN samples inoculated with sediments from the con-

taminated portion of the aquifer. Substrate-unamended MPN
samples that contained sulfate and were inoculated with con-
taminated sediments produced up to 50 wmol of methane in
the 10~ dilutions after 120 days. Acetate MPN samples inoc-
ulated with uncontaminated sediments showed no acetate loss,
no methane production, and no sulfate loss after 120 days.

['*C]acetate-amended microcosms. The quantities of both
“CH, and '*CO, produced as a result of the degradation of
either [U-'*Clacetate or [2-'*Clacetate are shown in Table 2.
The majority of the label (between 70 and 90%) from
[U-'“Clacetate was recovered as '*CH, rather than '*CO, in
the active bottles regardless of whether or not sulfate was
present. The addition of BESA caused this ratio to shift such
that approximately 80% of the label appeared as '*CO, in
bottles with BESA compared to bottles without BESA. The
addition of molybdate did not affect the fate of carbon from
[U-'*CJacetate compared to active bottles with acetate alone
or with both acetate and sulfate (Table 2). The heat-killed
controls containing [U-'*Clacetate showed only a minor de-
crease in the quantities of labeled acetate with respect to the
active bottles. However, no accumulation of either '*CH, or
4C0O, was observed. The addition of [2-'*CJacetate produced
similar results as in microcosms containing [U-'*Clacetate (Ta-
ble 2).

Molecular analyses. Clone libraries of 16S rRNA genes am-
plified from DNA extracted from contaminated sediments con-
tained only two OTUs (Fig. 1). Sequences from OTU 2 (180

TABLE 2. Fate of acetate carbon in microcosms from the contaminated site

Treatment

Acetate lost (Bq [10%])

14CH, produced (Bq [10%]) 14CO, produced (Bq [10%])

[2-'*CJacetate
[2-'*Clacetate + HK® 0

[2-*CJacetate + BESA 1.1+ 0.11
[2-'*C]acetate + BESA HK 0.03-0.4¢
[2-'*CJacetate + sulfate 1.3 027

[2-'*CJacetate + sulfate HK 0

[2-'*CJacetate + sulfate + molybdate 1.8 £ 0.27
[2-'*Clacetate + sulfate + molybdate HK 0.53-0.92
[U-**Clacetate 1.4 +0.23
[U-"Clacetate + HK 0.013-0.24
[U-"Clacetate + BESA 0.77 + 0.09
[U-"ClJacetate + BESA HK 0.025-0.4
[U-"“CJacetate + sulfate 0.93 = 0.15

[U-"Clacetate + sulfate HK 0
[U-"“CJacetate + sulfate + molybdate 1.7 £0.28
[U-"ClJacetate + sulfate + molybdate HK 0-0.23

1.7 = 0.28¢

1.4 = 0.05 0.15 = 0.1
0 0
0.06 = 0.01 0.4 = 0.03
0 0
1.2 +0.08 0.11 = 0.02
0 0
1.9 = 0.01 0.17 = 0.04
0 0
0.78 = 0.1 0.15 = 0.07
0 0
0.05 = 0.02 0.4 = 0.03
0 0
0.82 = 0.08 0.1 =0.02
0 0
1.1 =01 0.17 = 0.03
0 0

“ Mean * standard deviation.
® HK indicates heat-killed samples.
¢ Range of values obtained for duplicate heat-killed samples.
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85 L Methanobacterium bryantii strain MOHG (AY 196658)

100

78

100

100

100

100

0.01 substitutions/site

Methanosphaera stadtmanae (AY 196684)

100 Methanothermobacter thermautotrophicum strain GC-1 (AY 196661)
90 { Methanothermobacter wolfeii (AB104858)

L Methanobacterium thermoautrophicum (AB020530)
DGGE band 1

83 OTU2[180]
Methanothrix soehngenii (X16932)
Methanosaeta sp. AMPB-Zg (AJ276397)
Methanosaeta concilii (M59146)

Uncultured Methanosaeta sp. clone LH11 (AY177805)

Methanothrix thermophila (ABO71701)

Methanosaricna barkeri (AY 196682)

L Methanosarcina acetivorans (M59137)

E. coli (JO1859)

FIG. 1. Evolutionary distance tree showing the relationship of each OTU found in contaminated sediments and DGGE band 1 from acetate
enrichments with other members of the Archaea. The phylogenetic tree was constructed using the neighbor-joining algorithm. Bootstrap values that
are greater than 50% are shown at each clade and are based on 1,000 replicates. Accession numbers are listed in parentheses. The frequencies of
occurrence of specific OTUs in clone libraries from contaminated sediments are listed in brackets.

out of 190 clones) were most similar to clone SSADM_AG7
(100% similar based on a total of 564 bases sequenced). The
sequence of OTU 2 was also 99.8% similar (563/564 bases were
identical) to the sequence of the most intense DGGE band
(Fig. 1), which was common to all microcosm enrichments
regardless of whether sulfate was present or not (data not
shown). OTU 1 (10 out of 190 clones) grouped with hydrogen-
using methanogens from the genus Methanobacterium.

PCR products were observed in reaction mixtures contain-
ing primers specific for members of the Desulfobulbus, Desul-
fovibrio, Desulfotomaculum, and Desulfobacter genera. PCR
product was not observed in PCRs that contained primers
specific for members of the Desulfobacterium.

DISCUSSION

This work showed that aceticlastic methanogenesis was the
predominant fate of acetate in an aquifer where geochemical
evidence implicated both sulfate reduction and methanogen-
esis as important terminal electron-accepting processes (12).
Anaerobic acetate degradation can occur by iron reduction (4,
29), sulfate reduction (6, 18, 25, 26, 30, 32, 35), aceticlastic
methanogenesis (6, 18, 23, 32, 33, 36), or syntrophic acetate
degradation (31). Iron reduction did not appear to play an
important role in contaminated sediments (12). The high
quantities of methane observed in MPN samples, the high

ratios of "*CH,/"*CO, in microcosms containing ['“C]acetate,
the lack of sulfate consumption in MPN samples amended with
sulfate, and the high frequency of sequences from the family
Methanosaetaceae in enrichments and clone libraries from con-
taminated sediments lead to the conclusion that aceticlastic
methanogenesis rather than sulfate reduction is responsible for
acetate consumption at this site. The possibility of syntrophic
acetate metabolism seems unlikely, since one methane was
produced per acetate consumed in all MPN tubes and all label
from the microcosms amended with [2-'*C]acetate was recov-
ered as '*CH,, as expected for aceticlastic methanogenesis
(11). The lack of sulfate consumption in MPN samples with
sulfate and G11 would also suggest that syntrophic metabolism
of acetate is not occurring at this site. The ratios of **CH,/
4C0O, observed in some of the microcosms amended with
[U-'CJacetate were higher than the expected 1/1 ratio, which
may indicate that hydrogenotrophic methanogenesis is also an
important process in the contaminated sediments.

The results of this work raise the question of why aceticlastic
methanogens control the fate of acetate in an aquifer where
geochemical evidence indicates that sulfate reduction is an
important TEAP. Several studies have shown that a number of
different factors, including pH (38), sulfide toxicity (38), sub-
strate specificity (26), sulfate limitation (15), and kinetic fac-
tors, including k,,,, V... and acetate threshold concentration

max>

(24, 26, 34, 40, 43), control whether acetate is utilized by
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methanogens or sulfate-reducing bacteria in anaerobic envi-
ronments. The microcosms used in this study had a pH range
from around 7.0 to 7.4 throughout the experiment, and sulfide
concentrations ranged from 1 mg/liter to 10 mg/liter in the
contaminated portion of the aquifer. These pH values and
sulfide concentrations have been shown to be favorable for the
growth of both aceticlastic methanogens and acetate-utilizing
sulfate-reducing bacteria (38). The predominance of members
of the family Methanosaetaceae at this site, which are only
capable of using acetate (26, 33), is interesting since sulfate-
reducing bacteria are known to completely mineralize the hy-
drocarbons in petroleum-contaminated environments where
sulfate is present (14, 42, 44), and group-specific PCR indicates
the presence of a potential acetate-using sulfate reducer, De-
sulfobacter sp. From the specific radioactivity of ['*Clacetate
and the bequerels present, we estimate that the [**Clacetate
concentration after 18 days was approximately 0.3 M in mi-
crocosms containing ['*CJacetate, ['*CJacetate with sulfate,
and ['*Clacetate with sulfate and molybdate. By HPLC anal-
ysis the final concentration of acetate was below the detection
limit of 50 wM. These results show that the final acetate con-
centration in the microcosms was between 0.3 uM and 50 uM,
which is consistent with previously described acetate threshold
concentrations in Methanosaeta (20, 26). These findings, along
with those describing similar kinetic properties (k,,,, V. and
acetate threshold concentration) in two acetate-utilizing sul-
fate reducers and Methanosaeta soehngenii (26), suggest that
some members of the Methanosaeta may be able to compete
with sulfate reducers for acetate. Low levels of sulfate in the
contaminated region of the aquifer may favor acetate degra-
dation by methanogenesis rather than by sulfate reducers,
since the acetate user Desulfobacter postgatei was a less suc-
cessful competitor for limiting sulfate than two other hydro-
gen-using sulfate reducers (15).

While it is clear that acetate is an important intermediate in
this hydrocarbon-contaminated site, the source of acetate in
the contaminated portion of this aquifer is unclear. Bacterial
clone libraries prepared with DNA from acetate enrichments
and contaminated sediments contained a large number of both
clostridial and Cytophaga-Flavobacter-Bacteroides sequences
(data not shown), indicating that fermentative metabolism
could be a source of acetate. Another possibility is the incom-
plete metabolism of the benzene, toluene, ethylbenzene, and
xylene isomers (BTEX), which are major components of gas
condensate. Dolfing (9) suggests that the incomplete metabo-
lism of benzoate, which is known to be an important interme-
diate in the anaerobic biodegradation of BTEX, to acetate is
more energetically favorable than its complete mineralization
to CO, under methanogenic conditions (P, > 2 Pa). Thus,
under sulfate-limiting conditions, it is likely that incomplete
BTEX hydrocarbon degradation is occurring, resulting in ac-
etate excretion, which creates a niche for the aceticlastic meth-
anogens to function in this hydrocarbon-contaminated envi-
ronment.
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