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Compound-specific isotope analysis has the potential to distinguish physical from biological attenuation
processes in the subsurface. In this study, carbon and hydrogen isotopic fractionation effects during biodeg-
radation of benzene under anaerobic conditions with different terminal-electron-accepting processes are
reported for the first time. Different enrichment factors (¢) for carbon (range of —1.9 to —3.6%0) and hydrogen
(range of —29 to —79%oc) fractionation were observed during biodegradation of benzene under nitrate-
reducing, sulfate-reducing, and methanogenic conditions. These differences are not related to differences in
initial biomass or in rates of biodegradation. Carbon isotopic enrichment factors for anaerobic benzene
biodegradation in this study are comparable to those previously published for aerobic benzene biodegradation.
In contrast, hydrogen enrichment factors determined for anaerobic benzene biodegradation are significantly
larger than those previously published for benzene biodegradation under aerobic conditions. A fundamental
difference in the previously proposed initial step of aerobic versus proposed anaerobic biodegradation path-
ways may account for these differences in hydrogen isotopic fractionation. Potentially, C-H bond breakage in
the initial step of the anaerobic benzene biodegradation pathway may account for the large fractionation
observed compared to that in aerobic benzene biodegradation. Despite some differences in reported enrichment
factors between cultures with different terminal-electron-accepting processes, carbon and hydrogen isotope
analysis has the potential to provide direct evidence of anaerobic biodegradation of benzene in the field.

Contamination of groundwater systems by petroleum hydro-
carbons is widespread due to leaking underground storage
tanks, accidental spills, and inappropriate disposal methods.
Aromatic hydrocarbons, such as benzene, toluene, ethylben-
zene, and m-, o-, and p-xylenes (BTEX compounds), are sig-
nificant constituents of petroleum products. Groundwater con-
tamination by benzene is of particular concern, since benzene
is the most water-soluble BTEX compound and a human car-
cinogen (13, 52).

Microbial degradation of benzene is an important mecha-
nism for natural attenuation and may be a major control of the
migration of dissolved benzene in the subsurface (8, 12, 19).
Although benzene is susceptible to other mechanisms of nat-
ural attenuation, such as sorption, volatilization, and dilution,
biodegradation by indigenous microorganisms is the only at-
tenuation mechanism whereby the contaminant undergoes
degradation to benign end products. For example, biodegra-
dation of benzene under aerobic conditions involves complete
mineralization to carbon dioxide (18). Biodegradation of ben-
zene also occurs under anaerobic conditions through various
terminal-electron-accepting processes, such as methanogenic
(22, 30), nitrate-reducing (6, 10, 42), iron-reducing (30, 42),
and sulfate-reducing (30, 34, 42) conditions, although details of
the biochemical pathways are still unknown. Anaerobic bio-
degradation is of particular significance, since BTEX-contam-
inated groundwater is often anaerobic (2, 32) or quickly be-
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comes anaerobic as oxygen is depleted in early stages of
biodegradation. Biostimulation of aerobic benzene biodegra-
dation is often unfavorable for heavily contaminated ground-
water because of the large oxygen demand required to degrade
benzene aerobically and plugging problems related to the for-
mation of biomass and insoluble oxides (33, 36). A study on
sulfate-enhanced biodegradation of benzene in petroleum-
contaminated groundwater suggested that anaerobic remedia-
tion of benzene may be more applicable than aerobic reme-
diation due to the higher solubility and bioavailability of sulfate
versus oxygen in groundwater (56).

Traditional methods used to confirm bioremediation in the
field have involved monitoring decreases in contaminant con-
centrations, electron acceptors, and increases in microbial by-
products (4, 9). However, it can be a challenge to prove bio-
degradation in the field, since other processes such as
volatilization, dispersion, and sorption can cause contaminant
attenuation, and accurate mass balances are difficult to obtain
(11).

Compound-specific isotope analysis (CSIA) can be used to
directly monitor biodegradation of aromatic hydrocarbons in
groundwater by measuring the isotopic fractionation of the
remaining contaminant as degradation proceeds. Isotopes of
elements such as carbon (*2C and **>C) and hydrogen (‘H and
2H) react at slightly dissimilar rates during mass-differentiating
reactions. During biodegradation, bonds containing the lighter
isotopes are preferentially broken, causing the remaining con-
taminant to be enriched in the heavier isotopes compared to
the original isotopic value (1, 3, 21, 27-29, 39, 47, 50, 55). A
large isotopic fractionation effect (primary isotope effect) can
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be observed if a bond containing the element of interest is
broken or formed in the rate-limiting step (57). In contrast, for
petroleum and chlorinated hydrocarbons, carbon isotopic frac-
tionation is smaller than the total analytical error (*£0.5%0)
associated with CSIA during volatilization (23, 25, 44), disso-
lution (14, 49), and adsorption (23, 48). Similarly, Ward et al.
(55) determined that for toluene, hydrogen isotopic fraction-
ation is smaller than the total analytical error (=5%o0) during
volatilization and dissolution. Thus, CSIA has the ability to
identify biodegradation of petroleum hydrocarbons in the field
and to distinguish contaminant mass loss due to biodegrada-
tion versus that due to physical processes.

Laboratory studies have investigated the extent of isoto-
pic fractionation during biodegradation of organic contami-
nants for different compounds, degradation pathways, micro-
bial consortia, and terminal-electron-accepting processes. For
example, biodegradation of chlorinated compounds such as
perchloroethene (3, 50), trichloroethene (47, 50), and 1,2-di-
chloroethane (27) results in carbon isotopic fractionation an
order of magnitude larger than does biodegradation of petro-
leum hydrocarbons such as toluene (1, 39) or methyl fert-butyl
ether (21, 29). During aerobic degradation of toluene using
two different pathways, a carbon enrichment factor of —2.6%o
+ 0.2%o0 was observed for toluene degradation via the methyl
oxidation pathway (Pseudomonas putida mt-2) (39), whereas
no carbon isotopic fractionation of toluene occurred during
degradation via ring oxidation by P. putida F1 (41). In a study
examining hydrogen isotopic fractionation during biodegrada-
tion of toluene in pure cultures with various terminal-electron-
accepting processes, a small range of hydrogen enrichment
factors was reported (40). For aerobic biodegradation of ben-
zene, carbon (26, 53) and hydrogen (26) isotopic fractionation
has been documented in the literature. However, to date there
have been no studies of carbon and hydrogen isotopic fraction-
ation during anaerobic benzene biodegradation. Anaerobic
biodegradation processes are key for intrinsic bioremediation
and natural attenuation of benzene, and methods to monitor
these processes are critical to the use of intrinsic bioremedia-
tion as a remedial alternative. The objective of this study was
to characterize carbon and hydrogen isotopic fractionation
during anaerobic biodegradation of benzene under nitrate-
reducing, sulfate-reducing, and methanogenic conditions in or-
der to potentially use CSIA to monitor anaerobic biodegrada-
tion of benzene in the field.

MATERIALS AND METHODS

Enrichment cultures. Methanogenic and sulfate-reducing enrichment cultures
were derived from microcosms originally prepared with soil and groundwater
from a gasoline-contaminated site (42). A nitrate-reducing enrichment culture
was derived from microcosms prepared with soil and groundwater from a pristine
freshwater swamp (6). Over the past 6 years, these microcosms have been
successively transferred into defined mineral medium as described by Edwards et
al. (16) and amended repeatedly with benzene ranging in concentration from 130
M to 260, 460, and 1,100 wM for nitrate-reducing, sulfate-reducing, and metha-
nogenic cultures, respectively (54).

Experimental design. To prepare culture bottles for measurement of isotopic
fractionation during biodegradation, 50-ml aliquots from the various enrichment
cultures were centrifuged at 2,000 X g for 10 min, and the cell pellet was
resuspended in 50 ml of fresh defined mineral medium (16) in 250-ml glass
bottles sealed with Mininert (Supelco Inc.) valves according to the technique of
Slater et al. (49). Three replicate bottles were prepared for each enrichment
culture. Each methanogenic replicate bottle was amended with 770 pM benzene
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(ca. 6.6 pl per bottle). Each sulfate-reducing replicate bottle was amended with
190 uM benzene (ca. 1.6 pl per bottle) and 20 mM Na,SO, (from a 500 mM
anaerobic stock). Each nitrate-reducing replicate bottle was amended with 260
1M benzene (ca. 2.2 pl per bottle) and 5 mM NaNO; (from a 500 mM anaerobic
stock). The sulfate-reducing and nitrate-reducing cultures were spiked to lower
benzene concentrations than the methanogenic cultures to ensure that biodeg-
radation would proceed without the buildup of excessive nitrite (6) or sulfide (16,
30). Benzene concentrations and isotopic compositions were measured fre-
quently in the various enrichment cultures during biodegradation. Once biodeg-
radation of benzene was complete, the three methanogenic and three nitrate-
reducing cultures were reamended and degradation was monitored a second
time. Experiment 1 refers to the observations from degradation of the initial
benzene added for each terminal-electron-accepting culture. Experiment 2 refers
to the second set of observations during benzene degradation after cultures were
reamended with neat benzene. Degradation was inhibited in one of the three
nitrate-reducing replicates, so a second set of data was collected for only two of
three replicates. In the sulfate-reducing culture bottles, concentrations and iso-
topic compositions were measured only during degradation of the initial benzene
added because the rates of degradation were low. All culture bottles were
incubated statically in the dark inside an anaerobic chamber (Coy Laboratories
Products Inc., Ann Arbor, Mich.) filled with a gas mixture containing 80% N,,
10% H,, and 10% CO,.

To examine the effects of different initial biomass concentrations on carbon
and hydrogen isotopic fractionation during biodegradation, a methanogenic cul-
ture with 10-fold protein concentration was prepared by combining the volumes
from two culture bottles (total volume, 100 ml), centrifuging the combined
cultures, and resuspending the pellet in 10 ml of fresh medium.

To verify that the isotopic composition was unaffected by the experimental
setup, sampling, or analytical methods, a series of control bottles was also
prepared and analyzed at the same time as the culture bottles. Four sterile
aqueous control bottles were prepared with 50 ml of double-distilled water in
250-ml glass bottles capped with Mininert valves. Two were amended with 6.6 pl
of neat benzene, and two were amended with 2.2 pl of neat benzene. Four
additional control bottles were prepared in the same way, but 50 ml of defined
mineral medium was used instead of water. Twenty millimolar Na,SO, was also
added to the two control bottles containing medium and 2.2 pl of benzene to
mimic the experimental setup for the culture bottles as closely as possible.

Analytical procedures. Benzene and methane concentrations were measured
by removing a 300-pl headspace sample from a culture or control bottle with a
500-pl Pressure-Lok gas syringe (Precision Sampling Corp., Baton Rouge, La.)
and injecting the sample into a Hewlett-Packard 5890 Series IT gas chromato-
graph (GC) equipped with a J&W Scientific GSQ 30-m by 0.53-mm (inner
diameter) PLOT column and a flame ionization detector. The injector temper-
ature was set at 200°C, the oven temperature was held isothermal at 190°C, and
the detector temperature was set at 250°C. The carrier gas was helium at a flow
rate of 11 ml/min. The error for benzene concentrations was *=5%. Calibration
was done with external standards. Nitrate, nitrite, and sulfate concentrations
were analyzed by injecting 500 pl of diluted liquid samples onto a Dionex 300
Series ion chromatograph with an IonPac AS11 4-mm column. The eluent flow
rate was 1.5 ml/min with the following concentration gradient: 0.5 mM NaOH for
3.6 min, increased linearly to 5 mM NaOH over 5.4 min, and increased further
to 27 mM NaOH over the next 4 min. The errors for nitrite, nitrate, and sulfate
concentrations were *=0.5, 2.4, and +5.5%, respectively.

The biomass concentration in each culture was determined before and after
the biodegradation experiments by measuring the protein concentration, which
was assumed to comprise about 55% of a cell’s dry weight (35). Protein was
measured by the Bradford method (5) with a colorimetric microassay kit (Bio-
Rad, Hercules, Calif.) and bovine serum albumin as a standard. Using a sterile
syringe, 0.25 ml of culture was removed from each bottle. The culture was
centrifuged, and the cell pellet was resuspended in 700 pl of 0.66 N NaOH for
48 h at 35°C to solubilize protein. The sample was then centrifuged, and the
supernatant was removed, neutralized with 200 wl 2 N HCI, mixed with dye
reagent (200 pl), and measured spectrophotometrically (Milton Roy Company
Spectronic 21) at 595 nm. Means and standard deviations of protein concentra-
tion measurements are reported in Table 1.

Carbon isotope values for benzene were analyzed by GC-combustion-isotope
ratio mass spectrometry. The system was equipped with a Varian 3400 GC
interfaced with a combustion oven in line with a Finnigan Mat 252 isotope ratio
mass spectrometer. The combustion oven temperature was set at 980°C. The GC
was equipped with a J&W Scientific DB-624 column (30 m by 0.25 mm [inner
diameter]). The GC temperature program was held at 80°C isothermal. For
carbon isotopic compositions, 100 to 1,000 nl of headspace was withdrawn in a
gas-tight syringe according to the method of Slater et al. (49). The detection limit
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TABLE 1. Maximum benzene degradation rates and initial protein
concentrations

Initial maximum Initial protein AG°'® (kJ/mol

Culture rate® (nM/day) concns (mg/liter) of benzene)
Nitrate reducing 18 (5.7) 55 (30) —2,000
Sulfate reducing 0.37 (0.02) 100 (4.22) —200
Methanogenic 55(7.4) 20 (0.7) —116

“ Values are means (standard deviations) of triplicates
b Standard free energy change for the oxidation of benzene to CO, coupled to
the reduction of CO, to CH,, SO,>~ to H,S, and NO;~ to NO,™ (6).

for headspace injection of benzene, for this study, was approximately 500 g/
liter. At benzene concentrations of lower than 500 wg/liter, baseline separation
of methane and benzene peaks was difficult to obtain due to tailing on the
increasingly large methane peaks as degradation proceeded. The split injector
was set at 6:1 to 3:1. Throughout the experiment, aqueous and medium controls
were run for §'3C on alternate days and had a carbon isotopic reproducibility of
+0.2%o0 of the mean of all controls. Daily reproducibility for replicate injections
of a single control bottle was always <0.3%o; however, the total error reported
for each sample is +0.5%o0 to incorporate both accuracy and reproducibility (14,
37, 49).

Benzene 3°H values were determined with a continuous flow mass spectrom-
etry system consisting of a Hewlett-Packard 6890 GC interfaced with a pyrolysis
oven in line with a Finnigan Mat Delta plus XL isotope ratio mass spectrometer.
The GC was equipped with a J&W Scientific DB-624 column (30 m by 0.25 mm
[inner diameter]), and the oven was set at 60°C for 2 min, ramped to 160°C at
10°C/min, and held for 2 min. For hydrogen isotopic compositions, 500 to 2000
wl of headspace was withdrawn with gas-tight syringes according to the method
of Ward et al. (55) and injected into the continuous-flow mass spectrometer. The
injector split setting decreased from 1 to 0.1 and injection volumes increased
from 500 to 2,000 wl as the benzene concentrations decreased in the sample
bottles. Throughout the experiment, aqueous and medium controls were run on
alternate days and had a hydrogen isotopic reproducibility of + 3%o of the mean
of all controls. Daily reproducibility of replicate injections of a single control
bottle was always <3%o. However, the total error reported for each sample is =5
Yoo, incorporating both accuracy and reproducibility (21, 37, 55).

RESULTS

Benzene biodegradation. Benzene concentrations for bio-
degradation experiments with different electron acceptors are
plotted in Fig. 1A. The benzene concentrations in the aqueous
and medium controls for the higher concentration range had
mean values of 60.2 * 2.6 mg/liter (n = 22) and 56.3 =2.0
mg/liter (n = 27), respectively, and those for the lower con-
centration range had mean values of 22.9 + 0.8 mg/liter (n =
5) and 24.7 = 0.6 mg/liter (n = 3), respectively, with no change
in concentration outside of error (£5%) over the course of the
study. The methanogenic and nitrate-reducing experiments
had mean initial concentrations of 58 = 2.3 and 20 * 1.4
mg/liter, respectively. The sulfate-reducing cultures had a
mean initial concentration of 15 * 0.2 mg/liter. All replicate
bottles for the methanogenic, nitrate-reducing, and sulfate-
reducing cultures degraded benzene from initial concentra-
tions to completion within 30 days for the methanogenic cul-
tures and within 60 days for the sulfate-reducing and nitrate-
reducing cultures (Fig. 1A). The production of methane and
the depletion of sulfate or nitrate in the cultures confirmed
that biodegradation of benzene proceeded under methano-
genic, sulfate-reducing, and nitrate-reducing conditions. Spe-
cifically, a ratio of 11.4 = 1.05 mol of nitrate consumed per mol
of benzene consumed was measured, which exceeds the theo-
retical stoichiometric ratio of 9.45 and confirms that biodegra-
dation proceeded via nitrate reduction. For the sulfate-reduc-
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ing cultures, a ratio of 4.0 = 0.17 mol of sulfate consumed per
mol of benzene consumed was measured, which is close to the
theoretical ratio of 3.5 mol, indicating that benzene biodegra-
dation proceeded via sulfate reduction in these cultures. Pro-
tein concentrations increased over the course of biodegrada-
tion in all cases (data not shown).

Table 1 lists the maximum benzene degradation rates and
initial protein concentrations for the three culture types. Deg-
radation rates (micromolar per day) were highest in the metha-
nogenic cultures, followed by the nitrate-reducing cultures and
the sulfate-reducing cultures (Table 1). The same result was
obtained for rates normalized by initial protein concentration.
Based on standard free energy calculations, the nitrate-reduc-
ing culture is expected to have a significantly higher yield than
either of the other two cultures (45). The low rates of degra-
dation observed in the nitrate-reducing and sulfate-reducing
cultures relative to the methanogenic cultures may be related
to the accumulation of nitrite (6), sulfide (15), or other inhib-
itory products during degradation (34). In all nitrate-reducing
culture bottles, nitrite concentrations rose significantly during
the course of biodegradation and ranged from approximately
0.50 to a maximum 5.1 mM. Sulfide concentrations were not
measured.

Isotopic fractionation. The 3'°C value of the Stable Isotope
Laboratory benzene working standard is —26.6%o0 * 0.2%o (n
= 42), measured by headspace extraction over an aqueous
solution of benzene according to the method of Slater et al.
(49). The mean benzene 3'°C values of all aqueous and me-
dium controls measured throughout the experiment were
—26.6%0 * 0.2%0 (n = 26) and —26.5%0 * 0.1%0 (n = 28),
respectively. Similarly, all culture bottles had initial §'*C values
of benzene well within the error of the benzene working stan-
dard and controls, with initial 'C values of —26.6%0 * 0.1%0
(n =6), —=26.6%0 * 0.1%0 (n = 6), and —26.5%o0 * 0.1%o (n
= 5) for the nitrate-reducing, sulfate-reducing, and methano-
genic experiments, respectively.

Figure 1B shows the 8'°C values of residual benzene during
biodegradation under nitrate-reducing, sulfate-reducing, and
methanogenic conditions. All culture bottles exhibited pro-
gressive enrichment in '*C of the remaining benzene as bio-
degradation proceeded. The §'°C value of benzene in the
nitrate-reducing culture increased to a maximum value of
—19.1%0 = 0.5%0 at 96% degradation, an absolute enrich-
ment of +7.5%o. Similarly, the 3'°C value of benzene in the
sulfate-reducing culture increased to a maximum value of
—19.5%0 * 0.5%0 at 92% degradation, an absolute enrich-
ment of +7.1%o. For the methanogenic experiments, the 8'*C
value of benzene increased to a maximum value of —18.4%o0 =
0.5%0 at 99% degradation, representing an absolute enrich-
ment of +8.2%eo. Since all controls remained within error of
the standard benzene value (—26.6%o0 * 0.2%o), the progres-
sive enrichment in '*C of the remaining benzene in all culture
bottles was a result of biodegradation of benzene and not
physical processes (23, 48, 49), the sampling procedure, or
benzene sorption to medium particles.

The 8°H value of the Stable Isotope Laboratory benzene
working standard is —77%o * 3%o (n = 36), measured by
headspace extraction over an aqueous solution of benzene
according to the method of Ward et al. (55). The mean ben-
zene 8°H values of all aqueous and medium controls through-
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FIG. 1. Biodegradation of benzene in enriched cultures under nitrate-reducing (closed squares, replicates from experiment 1; open squares,
replicates from experiment 2), sulfate-reducing (closed triangles, replicates from one experiment), and methanogenic (closed circles, replicates
from experiment 1; open circles, replicates from experiment 2) conditions. (A) Concentration of benzene versus time during biodegradation of
benzene in enriched cultures. Error bars represent =5% error on individual benzene concentrations. Note that the scale on the x axis is different
for the methanogenic experiment. (B) 8'°C of remaining benzene versus fraction of benzene remaining during biodegradation of benzene. The
error on the x axis is =7%, based on the propagation of +5% error through the equation for the fraction of benzene remaining (concentration
at time #/initial concentration). All error bars on 8'°C values represent +0.5%o (incorporating both accuracy and reproducibility [see text]). The
dashed lines represent =0.5%o error on the mean §'*C values for all controls. (C) 3°H of remaining benzene versus fraction of benzene remaining
during biodegradation of benzene. The error on the x axis is =7%, based on the propagation of 5% error through the equation for fraction of
benzene remaining (concentration at time #/initial concentration). All error bars on °H values represent +5%o (incorporating both accuracy and
reproducibility [see text]). The dashed lines represent +5%o error on the mean 3°H values for all controls.

out the experiments were —76%o * 3%o (n = 20) and —77%o
+ 3%o (n = 25), respectively. Similarly, initial 3°H values of
benzene in the culture bottles were within the error of both the
working standard and controls, with initial 8?°H values of
—78%0 * 2%0 (n = 6), —77%o0 * 1%o0 (n = 6), and —75%o0 *
5%o (n = 5) for nitrate-reducing, sulfate-reducing, and metha-
nogenic experiments, respectively.

Figure 1C shows the 3°H values of remaining benzene dur-
ing biodegradation under the three terminal-electron-accept-
ing processes. Substantial hydrogen isotopic fractionation of
benzene was observed in all culture bottles over the course of
each experiment. As biodegradation proceeded, the 3*H value
of remaining benzene increased to maximum values of —39%o
+ 0.5%0 (at 80% degradation), +28%o0 * 0.5%c (at 70%

degradation), and +68%o0 * 0.5%0 (at 95% degradation) for
the nitrate-reducing, sulfate-reducing, and methanogenic cul-
tures, respectively (Fig. 1C). These shifts represent absolute
enrichments in 2H of +39%o0, +106%o0, and +146%o0 for the
respective cultures. Since all controls remained within the er-
ror of the standard benzene value (—77%o * 3%o), the sub-
stantial hydrogen isotopic fractionation observed in all culture
bottles was a result of biodegradation of benzene.
Quantification of isotopic fractionation. To compare the
reproducibility of isotopic fractionation between replicate bot-
tles and experiments, carbon and hydrogen enrichment factors
were calculated for each bottle, and mean enrichment factors
were then calculated for each experiment (Table 2). Enrich-
ment factors were determined by using a Rayleigh isotopic
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TABLE 2. Carbon and hydrogen enrichment factors for all replicate cultures and repeat experiments per electron acceptor culture
€c 581
Culture and expt Bottle no.
Mean * 95% CI” (%o) ”? Mean * 95% CI (%o) ”?
Nitrate reducing
1 1 -24+01 0.99 -31=10 0.70
2 —24+0.1 0.99 —-26*7 0.72
3 -23*0.1 0.98 -39 11 0.88
All data® —-24+0.1 0.99 -29*4 0.73
2 1 —-20*+24 0.98 —41*13 0.93
2 -24+19 0.99 -32=x1 0.99
All data —-22+04 0.95 -35*6 0.91
Sulfate reducing 1 -36=*14 0.82 =79 = 11 0.87
2 —-3.4+09 0.92 —-78 =13 0.91
3 —-27%+03 0.92 -79*6 0.76
All data —-3.6*+03 0.92 =79+ 4 0.79
Methanogenic
1 1 -1.9+0.1 0.98 —58*6 0.94
2 -19*01 0.97 —64 =8 0.89
3 -1.8+0.1 0.99 —58*+4 0.97
All data -19+01 0.98 —-60=*3 0.92
2 1 -20*0.1 0.99 —-54=*6 0.90
2 -23+0.1 0.98 -72=*7 0.90
3 -20%0.1 0.97 —-58*6 0.89
All data -21+0.1 0.98 —59*4 0.86
With 10-fold-higher —-20*0.1 0.98 -59=*3 0.91

initial biomass

“ Ninety-five percent confidence intervals determined on the slope of the linear regression of In f versus In (R/R,) and converted into per mille units as described

in Results.

> Mean of enrichment factors calculated on the basis of data from all three bottles in each experiment.

model for closed systems (38), expressed as In (R/R;) = (o —
1)In f, where R, is the ratio of the isotopic composition of the
substrate at a given time, R, is the ratio of the isotopic com-
position of the initial substrate, « is the fractionation factor,
and fis the fraction of substrate (i.e., benzene) remaining. The
fractionation factor (o) was determined by plotting In f versus
In (R,/R,) and determining the slope of this linear regression
(m), which is related to the fractionation factor (a) by m = (o
— 1). Fractionation factors were then converted into enrich-
ment factors (€) by using the following relationship to the
fractionation factor: € = (o — 1) X 1,000.

Table 2 lists the carbon and hydrogen enrichment factors ()
determined for each bottle as well as the mean for each ex-
periment. All cultures exhibited a strong linear relationship
between In f and In (R/R,) for both carbon (+* > 0.92 for all
but one bottle) and hydrogen (* > 0.86 for all but three
bottles) isotope data (Table 2). The high values of * indicate
that fractionation in these experiments fit a Rayleigh model
with a constant isotopic fractionation regardless of the extent
of benzene remaining (f). For the methanogenic cultures, the
enrichment factors calculated for all but one bottle fall within
95% confidence intervals of each other, indicating a high de-
gree of reproducibility in fractionation within and between
experiments (Table 2). Similar results were observed for the
nitrate-reducing cultures (Table 2). The sulfate-reducing bot-
tles exhibited slight variability in the carbon enrichment fac-

tors, from —2.7%o0 * 0.3%o0 to —3.6%0 = 1.4%o0, although all
three replicate bottles were within 95% confidence intervals of
each other. It is interesting that the sulfate-reducing cultures
exhibited both the highest carbon and the highest hydrogen
enrichment factors.

Carbon and hydrogen enrichment factors were used to com-
pare isotopic fractionation during biodegradation of benzene
between cultures with different terminal-electron-accepting
processes. The carbon enrichment factors determined for the
methanogenic experiments were very similar to those deter-
mined for the nitrate-reducing experiments (Fig. 2A). In con-
trast, the mean carbon enrichment factor for the sulfate-reduc-
ing experiment (—3.6%o0 * 0.3%0) was significantly different
from those for both the methanogenic and nitrate-reducing
cultures. The hydrogen enrichment factors determined for the
nitrate-reducing, sulfate-reducing, and methanogenic cultures
were all significantly different, with the sulfate-reducing cul-
tures exhibiting the largest enrichment factor (Table 2). The
hydrogen enrichment factors for the different electron-accept-
ing cultures ranged from —26%o to —79%o.

Effect of initial biomass concentration. The initial biomass
concentrations (measured as protein concentration in milli-
grams per liter) for the three different types of cultures were
significantly different (Table 1). To determine if the larger
enrichment factors observed for the sulfate-reducing cultures
were a function of the higher protein concentrations in these
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FIG. 2. (A) Two proposed reaction sequences for aerobic biodeg-
radation of benzene to form catechol via cis-1,2-dihydroxycyclohexa-
diene (modified from reference 17) and a benzene epoxide interme-
diate (modified from reference 35). The reaction illustrates oxygen
addition to benzene ring in the initial transformation steps. (B) Pro-
posed pathway for anaerobic biodegradation of benzene to form the
first intermediate phenol in the initial transformation step (reprinted
from reference 22).

cultures, the protein concentration in the methanogenic cul-
tures was increased 10-fold (to 200 mg/liter) as described in
Materials and Methods. The biodegradation experiment was
then repeated, and carbon and hydrogen isotope values mea-
sured. While the maximum rate of biodegradation was much
higher (140 wM/day), the carbon and hydrogen enrichment
factors for the methanogenic culture with a 10-fold-higher
initial biomass were within 95% confidence intervals of the
methanogenic cultures, with enrichment factors of —2.0%o0 *
0.1%o0 and —59%0 = 3%o, respectively (Table 2).

DISCUSSION

The main objective of this study was to determine the carbon
and hydrogen enrichment factors of several different anaerobic
cultures known to use different terminal-electron-accepting
processes, in order to assess the applicability of CSIA to mon-
itor anaerobic biodegradation of benzene in the environment
under a variety of redox conditions. Rates of benzene biodeg-
radation showed no major influence on the carbon and hydro-
gen enrichment factors for the methanogenic cultures despite
the significantly higher rate of biodegradation in the culture
with a 10-fold-higher initial biomass. Although Rudnicki et al.
(46) and Goldhaber and Kaplan (20) observed a reasonable
inverse correlation between rates of sulfate reduction and the
extent of sulfur isotopic fractionation in bacterial studies, no
such correlation was observed in this study with respect to the
methanogenic cultures. Rudnicki et al. (46) suggested that
large sulfur isotope fractionation can be attributed to lower
rates of supply of sulfate in natural versus pure sulfate-reduc-
ing cultures.

APPL. ENVIRON. MICROBIOL.

This study also indicates that differences in initial biomass
(measured as protein concentration in milligrams per liter) did
not influence carbon and hydrogen isotopic fractionation dur-
ing biodegradation. Ten-fold-higher initial protein concentra-
tions of methanogenic biomass did not produce different car-
bon and hydrogen enrichment factors (Table 2). This finding is
consistent with the similarity in carbon enrichment factors re-
ported by Meckenstock et al. (39) for two bacterial strains
despite differing initial biomass concentrations (measured by
optical density).

There is a growing body of literature on carbon and hydro-
gen isotopic fractionation during aerobic biodegradation of
benzene and during both aerobic and anaerobic biodegrada-
tion of toluene. For anaerobic toluene-degrading strains,
Meckenstock et al. (39) reported constant carbon enrichment
factors of —1.7 to —1.8%o for pure cultures, using three dif-
ferent terminal-electron-accepting processes. Ahad et al. (1)
also reported relatively small carbon enrichment factors of
—0.5 to —0.8%o0 during methanogenic and sulfate-reducing
toluene degradation in mixed cultures. While the difference in
carbon enrichment factors between mixed and pure cultures is
not understood, anaerobic biodegradation of toluene to date
shows no significant change in enrichment factors related to
cultures using different terminal-electron-accepting processes.
In contrast, the carbon enrichment factors observed during
anaerobic biodegradation of benzene in this study show more
variability between different cultures (—1.9 to —2.4%o for
methanogenic and nitrate-reducing cultures versus —3.6 for
sulfate-reducing cultures) (Table 2). In similar natural-abun-
dance hydrogen isotopic fractionation experiments, Morasch
et al. (40) showed some variability in hydrogen enrichment
factors during anaerobic biodegradation of toluene by two
bacterial strains. Similarly, for benzene, hydrogen enrichment
factors determined during anaerobic biodegradation in this
study showed variability (—29 to —79%o0) with respect to the
three different cultures (Table 2).

While no other study has, to date, reported values for iso-
topic enrichment factors for anaerobic biodegradation of ben-
zene, carbon (26, 53) and hydrogen (26) isotopic enrichment
factors have been published for aerobic biodegradation of ben-
zene. For aerobic biodegradation by two bacterial isolates,
Hunkeler et al. (26) reported a range in carbon enrichment
factors (—1.46 to —3.53%o) similar to that obtained for anaer-
obic biodegradation of benzene in this study (—1.9 to
—3.6%o). In contrast, the hydrogen enrichment factors deter-
mined in the two studies are significantly different. The enrich-
ment factors obtained for anaerobic biodegradation of ben-
zene in this study are significantly larger (—29%o0 * 4%o to
—79%0 * 4%o0) than those reported for aerobic biodegrada-
tion of benzene (—12.8%0 * 0.7%0 and —11.2%0 * 1.8%o0)
(26). Aerobic biodegradation of benzene is known to proceed
via initial hydroxylation of benzene by monooxygenase (18, 31,
35) or dioxygenase (17) enzymes to form a benzene epoxide or
cis-1,2-dihydroxycyclohexadiene intermediate, respectively
(Fig. 2A). The benzene epoxide or the cis-1,2-dihydroxycyclo-
hexadiene is then transformed to catechol and degraded via
the ortho- or meta-cleavage pathway (17). All known aerobic
benzene-degrading bacteria share these initial transformation
steps to catechol (51). Experiments using an atmosphere of
known oxygen isotope composition showed that the initial
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transformation step to the intermediate cis-1,2-dihydroxycyclo-
hexadiene occurs via oxygen addition to the benzene ring and
involves no C-H cleavage (17) (Fig. 2A). Although the exact
enzymatic mechanisms for the two bacterial isolates were un-
known and may have involved monooxygenases or diooxygen-
ases, Hunkeler et al. (26) proposed that the lack of a C-H
cleavage in the initial transformation step may explain the
small hydrogen isotopic fractionation observed during aerobic
biodegradation of benzene. This conclusion is supported by
another study in which a small hydrogen isotope effect was
measured during benzene oxidation by mammalian monooxy-
genase and explained by direct oxygen atom addition to ben-
zene rather than C-H atom abstraction during the initial trans-
formation step to an arene oxide (57). Conversely, during
oxidation of toluene by methane monooxygenase catalysis, a
large primary hydrogen isotope effect is observed due to a C-H
bond breakage in the methyl group of toluene (57). Similarly,
a large primary isotope effect was observed during methane oxi-
dation catalyzed by methane monooxygenase due to a complete
C-H bond cleavage in the oxygenation step of the reaction (43).

In this study, anaerobic biodegradation of benzene produced
substantially larger hydrogen isotopic fractionation in the three
culture types than that observed in aerobic biodegradation.
Using natural abundance toluene, Morasch et al. (40) docu-
mented significant hydrogen isotopic fractionation (¢ = —728
and —198) during anaerobic toluene degradation by two bac-
terial isolates and confirmed that this isotopic fractionation
was caused by a C-H bond breakage during the initial enzy-
matic attack on the methyl group to form a benzylsuccinate
intermediate. Although the biochemical pathways utilized dur-
ing anaerobic biodegradation of benzene are still unknown, it
is hypothesized that benzene undergoes ring hydroxylation to
form a phenol intermediate, as detected in methanogenic (22),
iron-reducing, and sulfate-reducing enrichment cultures (7)
(Fig. 2B). The large hydrogen enrichment factors observed
during anaerobic biodegradation of benzene under nitrate-
reducing, sulfate-reducing, and methanogenic conditions may
be consistent with C-H bond cleavage to form phenol during
the initial transformation of benzene. These findings suggest
that the initial step in the biodegradation of benzene poten-
tially determines the magnitude of hydrogen isotopic fraction-
ation. Whether or not a C-H bond breakage occurs in the
initial step may explain the differences in fractionation ob-
served in aerobic versus anaerobic benzene biodegradation. At
this point, no speculation can be made with respect to the
observed differences in enrichment factors between the differ-
ent anaerobic cultures investigated in this study. It is known
that anaerobic toluene biodegradation proceeds via the same
initial transformation step regardless of terminal-electron-ac-
cepting process with the addition of fumarate to toluene to
form a benzylsuccinate intermediate (24). Further investiga-
tion into the biochemical pathways during anaerobic biodeg-
radation of benzene is required.
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