
Biodegradation11: 125–139, 2000.
© 2001Kluwer Academic Publishers. Printed in the Netherlands.

125

Metabolic indicators for detecting in situ anaerobic alkylbenzene
degradation

Harry R. Beller
Lawrence Livermore National Laboratory, P.O. Box 808, L-542, Livermore, CA 94551, USA
(e-mail: beller2@llnl.gov)

Accepted 25 April 2000

Key words:anaerobic, benzylsuccinate, BTEX, intrinsic bioremediation

Abstract

Monitoring programs for intrinsic bioremediation of fuel hydrocarbons require indicators that can convincingly
demonstratein situ metabolism. In this evaluation of potential indicators ofin situ anaerobic alkylbenzene
metabolism, laboratory and field data are reviewed for two classes of aromatic acids: (i) benzylsuccinate,E-
phenylitaconate, and their methyl homologs, and (ii) benzoate, and methyl-, dimethyl-, and trimethylbenzoates.
The review includes previously unpublished field data from a hydrocarbon-contaminated site in Fallon (Nevada),
at which both classes of metabolites were detected in groundwater. The two classes of compounds were evalu-
ated with respect to specificity (i.e., unique biochemical relationship to a specific alkylbenzene), stability, and
generation as degradation intermediates versus dead-end products; recent developments in the biochemistry of
anaerobic toluene and xylene degradation were incorporated in this evaluation. In general, benzylsuccinates/E-
phenylitaconates are superior to benzoates in terms of their very high specificity to their parent hydrocarbons
and their lack of commercial and industrial sources. They are also uniquely indicative of anaerobic conditions.
All of the benzoates, benzylsuccinates, andE-phenylitaconates are relatively stable chemically and (with the
exception of benzoate) biologically under anaerobic conditions, based on the limited data available. Although
benzoate, benzylsuccinate, andE-phenylitaconate are intermediates of anaerobic toluene mineralization to carbon
dioxide, their methyl homologs can be either mineralization intermediates or cometabolic dead-end products of
alkylbenzenes, depending on the bacteria involved. Benzoates are far more commonly reported in field studies
of hydrocarbon-contaminated aquifers than are benzylsuccinates andE-phenylitaconates, although it is not clear
whether this is an accurate representation of the relative occurrence of these metabolites at contaminated sites, or
whether it instead reflects the limited range of target analytes used in most field studies to date.

Introduction

Fuel hydrocarbon contamination of groundwater is a
pervasive problem at federal and commercial facil-
ities throughout the US. As of 1996, over 317,000
releases from leaking underground fuel tanks (LUFT)
had been confirmed nationwide (US EPA 1998). The
leaking fuel from storage tanks is estimated to have
affected groundwater in approximately 40% of the
reported cases (US House of Representatives 1988).
Surface spill accidents and landfill leachate intrusion
are additional sources of groundwater contamination
by gasoline, aviation fuel, and other refined petroleum

derivatives. The hydrocarbons of greatest regulatory
concern in fuel-contaminated groundwater are known
as BTEX (an acronym for benzene, toluene, ethyl-
benzene, and the three xylene isomers), which are
among the most toxic and water-soluble constituents
of gasoline and other fuels (Sittig 1985; Coleman et
al. 1984).

Bioremediation is one of a limited number of op-
tions for restoring fuel-contaminated aquifers. Tolu-
ene and other alkylbenzenes are readily degradable
in aerobic surface water and soil systems (Gibson &
Subramanian 1984; Smith 1990); however, in the sub-
surface environment, contamination by organic com-
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pounds often results in the complete consumption of
available oxygen by indigenous microorganisms and
the development of anaerobic conditions (e.g., Lee et
al. 1988). Given the cost and technical difficulty asso-
ciated with introducing oxygen into some aquifers,in
situ bioremediation performed by indigenous, anaer-
obic bacteria (intrinsic bioremediation) merits serious
consideration as a cost-effective means of ground-
water restoration. Indeed, natural attenuation (which
entails intrinsic bioremediation as a primary compon-
ent) is currently the most common treatment option
for fuel-contaminated groundwater and is being used
at over 15,000 sites in the US (US EPA 1998).

A major impediment to the widespread accept-
ance of in situ bioremediation is the difficulty of
demonstrating that decreases in the concentrations
of BTEX in groundwater truly represent biological
metabolism of these compounds rather than abiotic
processes such as sorption, dilution, or dispersion. Al-
though regulatory agencies often require monitoring
that can convincingly demonstratein situ metabol-
ism, they typically do not identify specific indicators
for this purpose (US EPA 1999). A 1993 National
Research Council (NRC) report onin situ bioremedi-
ation (NRC 1993) made general recommendations
for demonstrating biodegradation using field measure-
ments; among the variables listed in the NRC report
were “by-products of anaerobic activity” and “inter-
mediary metabolite formation”. Metabolites relevant
specifically to BTEX degradation were not identified.

A variety of field indicators have been proposed
to documentin situ hydrocarbon metabolism, includ-
ing (i) benzoate and alkylbenzoates (Reinhard et al.
1984; Cozzarelli et al. 1990), (ii) benzylsuccinate,E-
phenylitaconate, and their methyl homologs (Beller et
al. 1995), (iii) short-chain aliphatic acids (Cozzarelli et
al. 1994), and (iv) stable carbon isotope ratios of dis-
solved inorganic carbon (Aggarwal & Hinchee 1991;
Landmeyer et al. 1996). Proposed indicators of dom-
inant terminal electron-accepting processes in aquifers
have included hydrogen concentrations in groundwa-
ter (Lovley & Goodwin 1988) as well as anaerobic
respiration products (e.g., sulfide, methane, Fe2+, and
nitrite) in groundwater (Wiedemeier et al. 1995).

A set of ideal characteristics for indicators ofin
situ alkylbenzene metabolism (Table 1) was formu-
lated and used to guide this review. In addition to
the characteristics listed in Table 1, a prerequisite
for metabolites to serve as indicators is that they be
released to the extracellular medium such that they
could be expected to occur in contaminated ground-

water. This article focuses exclusively on metabolites
that have retained the aromatic portion of the BTEX
carbon skeleton [i.e., (i) and (ii) in the preceding para-
graph], because these are the most specific indicators
of BTEX metabolism that have been proposed to date.
However, it is highly unlikely that monitoring data for
a single kind of indicator will convincingly document
anaerobicin situ bioremediation for all chemicals of
concern. Accordingly, regulatory agencies and re-
searchers have stressed the importance of monitoring
programs that incorporate multiple, independent lines
of evidence to documentin situ bioremediation (NRC
1993; Weidemeier et al 1995; US EPA 1999; Madsen
1991).

Benzylsuccinate,E-phenylitaconate, and their
methyl homologs

The structures of benzylsuccinate,E-phenylitaconate,
and their methyl homologs are presented in Figure
1. For simplicity, the toluene metabolite originally
identified as benzylfumarate and later shown to beE-
phenylitaconate (Chee-Sanford et al. 1996) will be re-
ferred to only asE-phenylitaconate. Also note that all
reports of methyl homologs ofE-phenylitaconate, and
nearly all reports of methyl homologs of benzylsuccin-
ate, have been based on tentative identifications in the
absence of authentic standards. For the sake of brev-
ity, the phrase “tentatively identified” will be omitted
from the following discussion when describing these
compounds.

Laboratory studies

Benzylsuccinate and E-phenylitaconate (from
toluene)
Our understanding of the metabolic significance of
benzylsuccinate andE-phenylitaconate in anaerobic
toluene degradation has evolved since they were first
reported as anaerobic toluene metabolites in 1992
(Evans et al. 1992). They were observed to accumulate
during anaerobic toluene degradation by several de-
nitrifying bacteria (Thauera aromaticastrains T1 and
K172,Azoarcussp. strain T, andAzoarcus tolulyticus
strain Tol-4; Evans et al. 1992, Chee-Sanford et al.
1996, Seyfried et al. 1994) and sulfate-reducing strain
PRTOL1 (Beller et al. 1992; 1996). Overall yields
of benzylsuccinate andE-phenylitaconate ranged from
0.5 to 17% of the toluene consumed, but were typ-
ically <3% (Evans et al. 1992; Beller et al. 1996;
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Table 1. Ideal characteristics for indicators ofin situ alkylbenzene metabolism

Characteristic of metabolite Significance

An unequivocal and unique biochemical When found in groundwater, the compound

relationship to the parent hydrocarbon can be definitively related to the metabolism of

a specific alkylbenzene

No commercial or industrial uses When found in groundwater, the compound

can be definitively related to metabolism and

not to anthropogenic releases of the compound itself

Biological and chemical stability Stability increases the probability of detecting

the compound in groundwater

Generation as an intermediate of The goal of bioremediation is mineralization to

mineralization rather than as a product of innocuous products, not transformation to

cometabolism potentially toxic metabolites

a With regard to the benzoates, the parent hydrocarbons shown are not necessarily the only possible metabolic precursors.
b Although benzylsuccinate andE-phenylitaconate have been identified as anaerobic toluene metabolites by GC/MS using authentic standards

(Beller & Spormann 1997a), the methyl homologs have typically been tentatively identified based on consideration of GC retention times and

mass spectral fragmentation patterns (see discussion in Beller et al. 1995 and Beller & Spormann 1997a).

Figure 1. Potential indicators of anaerobic alkylbenzene metabolism observed in laboratory and field studies.

Chee-Sanford et al. 1996; Seyfried et al. 1994). The
fact that these compounds accumulated during toluene
mineralization and could apparently not be metabol-
ized when in the culture medium of toluene-grown
cells led to the assumption that they were dead-end
metabolites produced by a minor toluene transforma-

tion pathway (Evans et al. 1992; Beller et al. 1992;
Chee-Sanford et al. 1996).

However,in vitro studies of the novel benzylsuc-
cinate synthase reaction (i.e., enzymatic benzylsuccin-
ate formation from toluene and fumarate) have now
provided strong evidence that benzylsuccinate is in
fact the first intermediate of anaerobic toluene miner-
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alization to CO2 in denitrifying bacteria (Biegert et al.
1996; Beller & Spormann 1997a) and sulfate-reducing
bacteria (Beller & Spormann 1997b; Rabus & Heider
1998).In vitro studies with toluene-grown, denitrify-
ing Azoarcussp. strain T have also demonstrated that
E-phenylitaconate is an anaerobic toluene metabolite
formed by dehydrogenation of benzylsuccinate (Beller
& Spormann 1997a). Evidence that benzylsuccinate is
the first intermediate of toluene mineralization to CO2
includes the following two observations fromin vitro
experiments with toluene-grown cell preparations: (i)
under appropriate conditions, benzylsuccinate can be
converted to benzoate or benzoyl-CoA (Biegert et al.
1996; Beller & Spormann 1997a), which is a well-
documented intermediate of anaerobic toluene degrad-
ation (see Benzoate section), and (ii) thein vitro rate of
benzylsuccinate formation from toluene and fumarate
is comparable to thein vivo rate of toluene consump-
tion in the presence of nitrate (Beller & Spormann
1997a; 1999). Pathways of anaerobic toluene degrada-
tion that incorporate these recent findings have been
proposed (Biegert et al. 1996; Beller & Spormann
1997a).

The finding that benzylsuccinate andE-
phenylitaconate are intermediates of anaerobic toluene
degradation rather than dead-end metabolites has
strong implications for their use as metabolic indicat-
ors: they are indicators of mineralization (the desired
result of bioremediation) rather than transformation.
Furthermore, the accumulation of benzylsuccinate and
E-phenylitaconate in the growth medium of various
toluene-degrading laboratory cultures also has implic-
ations for their use as indicators: they are much more
stable in extracellular medium than might be expected
for degradation intermediates (e.g., in comparison
to benzoate). This apparent stability is very likely
a result of physiological limitations in transporting
benzylsuccinate andE-phenylitaconate back into the
cell once they have been released to the aqueous me-
dium (by some undefined mechanism). As evidence
of this transport limitation, note that benzylsuccinate
cannot be metabolized by viable, toluene-grown cells
in aqueous medium (Beller et al. 1992; 1996), but can
be oxidized toE-phenylitaconate and benzoate during
in vitro assays with cell-free extracts or permeabilized
cells from toluene-grown cultures (Biegert et al. 1996;
Beller & Spormann 1997a; 1998).

Methyl homologs of benzylsuccinate and
E-phenylitaconate (from xylenes)

Use of methyl homologs of benzylsuccinate andE-
phenylitaconate as metabolic indicators is more com-
plicated than use of the unsubstituted compounds,
primarily because a given methyl homolog may be
either an intermediate or dead-end product of xylene
metabolism, depending on the bacterial cultures in-
volved. If a bacterium produces methyl homologs of
benzylsuccinate andE-phenylitaconate from a xylene
isomer that serves as a growth substrate, then these
metabolites are probably intermediates. However, if
the xylene isomer is not a growth substrate, then they
are more likely to be dead-end metabolites. These
observations are necessarily speculative because there
are few detailed biochemical studies of anaerobic xy-
lene metabolism and few available cultures capable of
anaerobic growth on any xylene isomer. Only one an-
aerobico-xylene-degrading bacterium has been isol-
ated and no anaerobicp-xylene-degrading isolate has
yet been reported (Harms et al. 1999; Heider et al.
1998).

A recent study of denitrifyingAzoarcus sp.
strain T, which can grow anaerobically onm-xylene
or toluene, indicates that the initial reactions of
anaerobicm-xylene degradation are analogous to
those described for anaerobic toluene degradation
by this and other bacterial species (Krieger et al.
1999). Thus, (3-methylbenzyl)succinate andE-(3-
methylphenyl)itaconate are proposed initial interme-
diates in the anaerobicm-xylene mineralization path-
way just as benzylsuccinate andE-phenylitaconate
are in the anaerobic toluene mineralization pathway.
Analogous to findings related to benzylsuccinate and
toluene, although (3-methylbenzyl)succinate accumu-
lated in the medium ofAzoarcussp. strain T grown
on m-xylene (Beller et al. 1995), it could be ox-
idized to E-(3-methylphenyl)itaconate andm-toluate
by permeabilized,m-xylene-grown cells under the
appropriatein vitro conditions (Krieger et al. 1999).

To date, all other studies of anaerobic xylene
metabolism that are relevant to methylbenzylsuc-
cinates and related compounds have described
reactions that appear to be cometabolic. For
example, (2-methylbenzyl)succinate andE-(2-
methylphenyl)itaconate (or a closely related isomer)
were reported as products from the anaerobicin vivo
transformation ofo-xylene by denitrifyingThauera
aromatica strain T1 and sulfate-reducing strain
PRTOL1 (Evans et al. 1991; 1992; Beller et al.
1996); o-xylene did not serve as a growth substrate



129

for either organism. In experiments with toluene-
grown strain PRTOL1 amended witho-xylene,>90
mol% of theo-xylene consumed was transformed to
(2-methylbenzyl)succinate (Beller et al. 1996). This
transformation could be considered cometabolic for
two reasons: (i) it appears to involve an incomplete
oxidation that provides no carbon and little or no
energy to the cell and (ii) it may require the activity
of an enzyme (benzylsuccinate synthase) involved
in the metabolism of a growth substrate (toluene).
The analogous transformation ofp-xylene to (4-
methylbenzyl)succinate by toluene-grown cells of
strain PRTOL1 may also have been cometabolic,
however,<5 mol% of thep-xylene consumed was
transformed to (4-methylbenzyl)succinate (Beller et
al. 1996).

For anaerobic, toluene-degrading bacteria (such as
strain PRTOL1 andThauera aromaticastrain T1) that
cannot grow on xylene isomers but can transform one
or more of them to methylbenzylsuccinates, it seems
plausible that the transformation is catalyzed by the
toluene-activating enzyme, benzylsuccinate synthase.
Furthermore, it has been suggested thatAzoarcus
sp. strain T, which can grow anaerobically on tolu-
ene or m-xylene, uses benzylsuccinate synthase to
activate both aromatic hydrocarbons (Krieger et al.
1999). Indeed,in vitro studies with partially purified
benzylsuccinate synthase fromAzoarcussp. strain T
demonstrated that it can transform all 3 xylene isomers
to their respective methylbenzylsuccinates (Beller &
Spormann 1999). It follows that the inability of an-
aerobic, toluene-degrading bacteria to grow on certain
xylene isomers may derive from their inability to effi-
ciently oxidize methylbenzylsuccinates rather than an
inability to carry out the biochemically challenging
initial activation of xylenes to methylbenzylsuccinates
(Beller & Spormann 1997a).

In summary, methyl homologs of benzylsuccinate
and E-phenylitaconate may be intermediates of an-
aerobic xylene mineralization if produced by bacteria
capable of growing on the corresponding xylene iso-
mers; alternatively, they may be dead-end products of
anaerobic xylene transformation if produced by bac-
teria capable of growing on toluene (and perhaps on
different xylene isomers).

Field studies

A controlled-release experiment at Seal Beach (CA)
was the first field study to document the occurrence of
benzylsuccinate,E-phenylitaconate, and their methyl

homologs in BTEX-contaminated groundwater and to
propose them as indicators ofin situ anaerobic alkyl-
benzene metabolism (Beller et al. 1995). The methods
used in the Seal Beach experiment have been detailed
elsewhere (Beller et al. 1995; Reinhard et al. 1997).
Briefly, this study ofin situ biodegradation involved
a “slug test” with a single injection/extraction well
and the controlled release of 5 aromatic hydrocarbons
(BTEX, excludingp-xylene). The test slug consisted
of approximately 840 L of Seal Beach groundwater
that was (i) extracted from the aquifer, (ii) pumped
through granular activated carbon (GAC) filters, (iii)
deionized, (iv) purged with helium to remove oxygen
and volatile aromatic compounds, (v) amended with
bromide (for use as a conservative tracer), mineral
salts, and aromatic compounds at 2 to 3µM (225
to 300µg/L) per component, and (vi) injected back
into the same well to establish an aquifer test zone.
Sulfate was the only electron acceptor supplied in this
experiment.

To monitor concentrations of analytes, groundwa-
ter was pumped from the Seal Beach test zone at
selected time intervals. Analysis of benzylsuccinate
and related compounds involved diethyl ether extrac-
tion of 1 L of acidified groundwater, derivatization of
the extracts with diazomethane, and analysis of the
derivatized extracts by GC/MS (Beller et al. 1995).
Of the metabolites addressed in this section, only ben-
zylsuccinate was commercially available. Thus, tent-
ative identification ofE-phenylitaconate and methyl
homologs of benzylsuccinate andE-phenylitaconate
in Seal Beach groundwater was based principally on
comparisons of the GC retention times and mass spec-
tra of compounds found in groundwater extracts to
those of metabolites produced byAzoarcussp. strain
T and sulfate-reducing strain PRTOL1 in laborat-
ory experiments (Beller et al. 1995). Standards of
E-phenylitaconate (Chee-Sanford et al. 1996) and (3-
methylbenzyl)succinate (Krieger et al. 1999) have
since become available and have made definitive iden-
tification possible for these compounds.

During the two-month Seal Beach experiment,
three hydrocarbons (toluene,o-xylene, andm-xylene)
were depleted in groundwater and the benzylsuccin-
ate andE-phenylitaconate homologs corresponding to
each of these hydrocarbons appeared in the ground-
water (Beller et al. 1995; Figures 2 and 3). Trends
in concentration data provide strong evidence that
these distinctive metabolites were indeed associated
with in situ alkylbenzene metabolism. None of the
metabolites were detectable in the initial Seal Beach
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groundwater sample (Figures 2 and 3). In general,
as alkylbenzene concentrations decreased with time
in Seal Beach groundwater, metabolite concentrations
increased until the alkylbenzenes were depleted. In
Figures 2 and 3, the concentrations of toluene,o-
xylene, andm-xylene and of the associated metabol-
ites are normalized to bromide and to the maximum
concentration of each compound itself.

An interesting trend observed for the concentra-
tions of all metabolites (Figures 2 and 3) is a decrease
after the concentration maximum, suggesting a loss of
these compounds by a mechanism other than simple
dilution, which was corrected for by bromide normal-
ization. If this decrease represents biodegradation of
these products, this is in contrast to previously dis-
cussed laboratory observations of cultures in which
these metabolites accumulated.

Of the metabolites observed in the Seal Beach
study, the benzylsuccinate andE-phenylitaconate
homologs derived fromo-xylene were clearly pre-
dominant over those from toluene andm-xylene
(Beller et al. 1995). Thus, it is possible thato-
xylene was cometabolized in Seal Beach groundwater
whereas toluene andm-xylene were mineralized (re-
call that, in laboratory studies, benzylsuccinate and
E-phenylitaconate homologs released to the aqueous
medium account for a small percent (e.g.,<3 mol%)
of their parent hydrocarbon when it is mineralized
but approximately 100 mol% of their parent hydrocar-
bon when it is cometabolized). Although theo-xylene
metabolites at their maximum concentrations consti-
tuted<5 mol% of the initialo-xylene concentration
in groundwater (Beller et al. 1995), the actual yields
of the metabolites would be higher than indicated by
their maximum concentrations if, as suggested by Fig-
ures 2 and 3, the metabolites were being degraded or
otherwise removed from the groundwater.

Although the Seal Beach study provided strong
evidence that benzylsuccinate and related compounds
could serve as indicators ofin situalkylbenzene meta-
bolism, it was not entirely representative of conditions
at other fuel-contaminated sites. For example, the
injected groundwater contained a relatively simple
contaminant mixture (5 of the BTEX compounds at re-
latively low concentrations), instead of having a com-
plex, higher concentration mixture more characteristic
of LUFT plumes. It is thus encouraging that fuel-
contaminated groundwater from a site in Fallon (NV)
was found to contain relatively high concentrations
of benzylsuccinate and (2-methylbenzyl)succinate, as
well as a number of alkylbenzoates (Figure 4). The

benzylsuccinates were identified by mass spectra (Fig-
ure 5) and GC retention times according to the ap-
proach described for the Seal Beach study (Beller et
al. 1995). A Fallon groundwater sample from a dif-
ferent location contained (2-methylbenzyl)succinate
and several alkylbenzoates, all of which were minor
components of the total ion chromatogram (data not
shown); benzylsuccinate was not detected in this
second Fallon sample. Analytical procedures used for
the Fallon samples were very similar to those used
for the Seal Beach samples (Beller et al. 1995). Both
Fallon samples were characterized by considerable
BTEX contamination (>18,000µg/L total BTEX in
the sample represented in Figure 4 and∼200 µg/L
in the second sample; Battelle 1998) and multiple in-
dicators of anaerobic conditions (e.g., low dissolved
oxygen concentration and redox potential; Battelle
1998).

Several comparisons of the Seal Beach and Fallon
results are instructive. When considering benzylsuc-
cinates and related compounds, metabolites fromo-
xylene were predominant at both field sites. The
concentration of (2-methylbenzyl)succinate in the Fal-
lon sample (Figure 4) was on the order of 1µM
(∼220 µg/L), which is over an order of magnitude
higher than the concentration observed in Seal Beach.
The highly complex nature of contamination in the
Fallon sample as compared to the Seal Beach samples
(reflected in the noisy GC/MS baseline in Figure 4)
resulted in difficulties in analyzing the Fallon sample.
Most notably, the diazomethane derivatization that
proved very effective in the Seal Beach study was
ineffective in the Fallon sample; an alternative methyl-
ation involving Fischer esterification (i.e., heating the
extract in the presence of methanol and sulfuric acid)
was required for the Fallon samples. Even with the al-
ternative derivatization method, the recovery of a sur-
rogate compound (4-fluorobenzoate) was extremely
poor (undetectable at 0.1µM added concentration),
whereas surrogate recovery averaged approximately
95% in the Seal Beach study (Beller et al. 1995). [This
suggests that the (2-methylbenzyl)succinate concen-
tration cited above for the Fallon sample may be a
gross underestimate.]

The Fallon groundwater samples, although more
difficult to analyze than the Seal Beach samples,
suggest that benzylsuccinates may serve as useful
indicators of in situ alkylbenzene metabolism un-
der actual field conditions. Furthermore, Gieg et al.
(1999) recently reported methylbenzylsuccinates (par-
ticularly the 3-methylbenzyl- isomer fromm-xylene)
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Figure 2. Normalized concentrations of alkylbenzenes and corresponding benzylsuccinate homologs in Seal Beach groundwater versus time:
(A) toluene and benzylsuccinate, (B)o-xylene and (2-methylbenzyl)succinate, and (C)m-xylene and (3-methylbenzyl)succinate. All concen-
trations are normalized to bromide and to the maximum concentrations of the compounds themselves. Reprinted with permission from Beller
et al. (1995). Copyright 1995 American Chemical Society.

in groundwater from a gas condensate-contaminated
aquifer in Weld County, Colorado.

Finally, some additional compounds related to ben-
zylsuccinates have been observed at very low con-
centrations in hydrocarbon-contaminated groundwa-
ter. At the Seal Beach site, 3-(m-toluyl)propionate
was tentatively identified in groundwater and was

hypothesized to derive from anaerobic transforma-
tion of m-xylene (Beller 1995, Appendix). A re-
lated isomer, 3-(p-toluyl)propionate was tentatively
identified in suspensions of toluene-grown, sulfate-
reducing strain PRTOL1 cells that were amended
with p-xylene (Beller et al. 1996). The formation
of such compounds by the benzylsuccinate synthase-
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Figure 3. Normalized concentrations of alkylbenzenes and correspondingE-phenylitaconate homologs (or closely related compounds; see text)
in Seal Beach groundwater versus time.m-Toluate is also included in C. All concentrations are normalized to bromide and to the maximum
concentrations of the compounds themselves. Reprinted with permission from Beller et al. (1995). Copyright 1995 American Chemical Society.

catalyzed addition of fumarate to aromatic aldehydes
has been discussed (Beller & Spormann 1999). An-
other potential fumarate addition product, 3-phenyl-
1,2-butanedicarboxylic acid, was reported at trace
concentration in groundwater from the Weld County
(CO) site and in ethylbenzene-degrading, sulfate-
reducing microcosms derived from that site (Gieg
& Suflita 1999). Notably, this putative ethylbenzene
metabolite was not detected in biochemical studies

of anaerobic ethylbenzene degradation by denitrify-
ing strain EbN1 orAzoarcussp. strain EB1 (Ball
et al. 1996; Johnson & Spormann 1999; Rabus &
Heider 1998) or duringin vitro tests of the sub-
strate range of benzylsuccinate synthase from toluene-
inducedAzoarcussp. strain T (Beller & Spormann,
unpublished data).
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Figure 4. Total ion chromatogram representing a fuel-contaminated groundwater sample from Fallon (NV). The aromatic acids indicated in the
chromatogram [benzylsuccinate, (2-methylbenzyl)succinate, and methyl-, dimethyl-, and trimethylbenzoates] were detected as methyl esters,
as the sample extract was derivatized. Mass spectra corresponding to the peaks labeled as benzylsuccinate and (2-methylbenzyl)succinate are
presented in Figure 5.

Advantages and limitations as indicators

Among the advantages of using benzylsuccinates and
E-phenylitaconates as indicators ofin situ anaerobic
alkylbenzene metabolism, the most important is their
extremely high specificity to their parent hydrocarbons
and to anaerobic conditions (they have never been
reported in studies of aerobic hydrocarbon degrada-
tion; e.g., Gibson & Subramanian 1984; Smith 1990;
Chee-Sanford et al. 1996). In fact, these metabolites
conform relatively well to all the ideal characterist-
ics cited in Table 1, namely, (i) an unequivocal and
unique biochemical relationship to their parent hydro-
carbon [e.g., (2-methylbenzyl)succinate is related to
o-xylene by a fumarate addition reaction and has no
other known biochemical sources], (ii) no commer-
cial or industrial uses, (iii) biological and chemical

stability (although the Seal Beach study indicates that
they may not be highly stable under field conditions),
and (iv) generation as intermediates of mineralization
rather than as products of cometabolism (although
this may not apply to the methyl homologs in all
cases). A primary limitation to the use of benzylsuc-
cinates andE-phenylitaconates as metabolic indicators
is that most of these compounds are not commercially
available as standards. Thus, either custom synthesis
of standards (e.g., Chee-Sanford et al. 1996) or use
of metabolites from laboratory cultures as qualitative
standards (e.g., Beller et al. 1995) is required.
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Figure 5. Mass spectra of dimethyl esters of benzylsuccinate (identified with an authentic standard) and (2-methylbenzyl)succinate (tentatively
identified; see text) from the Fallon (NV) sample represented in Figure 4. For comparison, refer to Beller & Spormann (1997a) for the mass
spectra of an authentic benzylsuccinate standard and (2-methylbenzyl)succinate produced as an anaerobico-xylene metabolite byAzoarcussp.
strain T.

Benzoate and alkylbenzoates

The structures of benzoate, methylbenzoates (tolu-
ates), and di- and trimethylbenzoates are presented in
Figure 1.

Laboratory studies

Benzoate

Laboratory studies of anaerobic toluene degradation
by a variety of bacterial cultures have shown that
benzoate (or its activated form, benzoyl-CoA) is an in-
termediate of anaerobic toluene mineralization to CO2
(Beller et al. 1992; Biegert et al. 1996; Chee-Sanford
et al. 1996; Frazer et al. 1993; Schocher et al. 1991;
Seyfried et al. 1994). Detection of benzoate in the ex-
tracellular medium of toluene-degrading cultures has
proven to be very difficult unless bacterial metabolism
has been somehow retarded, for example by fluoro-

acetate addition or low-temperature incubation (Frazer
et al. 1993; Schocher et al. 1991; Seyfried et al. 1994).

Benzoate (or benzoyl-CoA) is also a proven
or proposed intermediate in the anaerobic degrada-
tion of a wide range of aromatic compounds other
than toluene, including ethylbenzene, phenol, 4-
hydroxybenzoate,p-cresol, benzyl alcohol, benzalde-
hyde, phenylacetate, 3-phenylpropionate, cinnamate,
aniline, 3-chlorobenzoate, and phenylalanine (e.g.,
Heider & Fuchs 1997 and references therein; Dan-
gel et al. 1991; Schneider et al. 1997; Elder et al.
1992; Ball et al. 1996). Thus, the presence of benzoate
in contaminated groundwater does not definitively
demonstrate anaerobic toluene degradation.

Methyl-, dimethyl-, and trimethylbenzoates
Benzoate has received far more study as an anaerobic
metabolite than the alkylbenzoates. In the context of
anaerobic xylene metabolism, methylbenzoates (tolu-
ates) have been regarded as both intermediates of
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mineralization and as dead-end products of cometa-
bolism, primarily the latter. Generalizations about the
role of toluates are limited by the fact that biochemical
studies of xylene degradation have focused only on
m-xylene-degrading cultures.m-Toluate was reported
as an intermediate ofm-xylene mineralization in stud-
ies involving cell suspensions ofm-xylene-degrading,
denitrifying Azoarcussp. strain T (Seyfried et al.
1994). As was the case for benzoate detection in anaer-
obic toluene-degradingcultures,m-toluate detection in
anaerobic,m-xylene-degrading cultures typically re-
quired retarding the degradation rate, for example with
fluoroacetate or low-temperature incubation (Seyfried
et al. 1994). It is reasonable to assume thato- andp-
toluate will be found to be intermediates of anaerobic
o- andp-xylene mineralization in cultures capable of
anaerobic growth on these hydrocarbons, but such
pure cultures are either unavailable (forp-xylene) or
only very recently available (foro-xylene; Harms et
al. 1999).

To date,o- and p-toluates have been reported as
presumed dead-end products ofo-or p-xylene cometa-
bolism by anaerobic, toluene-degrading cultures. For
example,p-toluate was found to accumulate as a pre-
sumed dead-end product ofp-xylene transformation in
cell suspensions of denitrifying and sulfate-reducing
cultures (Beller et al. 1996; Rabus & Widdel 1995;
Biegert & Fuchs 1995) ando-toluate was observed to
be a cometabolic transformation product ofo-xylene
in denitrifying cultures (Arcangeli & Arvin 1995; Jor-
gensen et al. 1995). In studies of anaerobic xylene
transformation by toluene-grown cultures in which all
three xylene isomers were tested under the same con-
ditions, yields ofp-toluate were markedly higher than
yields ofo- or m-toluate (Beller et al. 1996; Biegert &
Fuchs 1995).

Reports of dimethylbenzoates and trimethylben-
zoates as products of anaerobic metabolism of tri-
methylbenzenes or tetramethylbenzenes, respectively,
are exceedingly rare. Laboratory studies of this topic
are limited by the absence of isolated bacterial cul-
tures that can grow anaerobically on tri- or tetra-
methylbenzenes. In anaerobic microcosm experiments
containing sediment and groundwater from a crude
oil-contaminated aquifer, trimethylbenzoate isomers
were detected during the depletion of tetramethylben-
zene isomers (Cozzarelli et al. 1994). However, to a
large extent, the interpretation of di- and trimethylben-
zoates as indicators ofin situalkybenzene metabolism
appears to be based on analogy to the relationship of
toluates to xylenes.

Field studies

Benzoate and alkylbenzoates were first suggested as
metabolic indicators ofin situ alkylbenzene metabol-
ism by Reinhard et al. (1984) in their study of leachate
plumes from two landfills in Ontario. This concept
was more fully elaborated by Cozzarelli et al. (1990)
in a study of an oil-contaminated, anoxic aquifer loc-
ated near Bemidji, MN. Since 1984, benzoate and/or
alkylbenzoates have been reported in groundwater or
aquifer solids at 14 hydrocarbon-contaminated sites,
including the Fallon (NV) site discussed in this article
(Reinhard et al. 1984; Barbaro et al. 1992; Beller et
al. 1995; Cozzarelli et al. 1990; 1994; 1995; Fang
et al. 1997; Gieg et al. 1999; Kampbell et al. 1996;
Levine et al. 1997; Schmitt et al. 1996; Wilson et
al. 1990). Benzoate and alkylbenzoate concentrations
have not always been reported in these studies, but
the observed concentrations of benzoates in ground-
water at various sites have been as high as 53µM
(∼6500µg/L) for benzoate (Cozzarelli et al. 1994),
∼2.1 µM (∼290 µg/L) for o-toluate (Cozzarelli et
al. 1995), 5.1µM (∼770 µg/L) for total dimethyl-
benzoates (Cozzarelli et al. 1994), and∼1.6 µM
(∼260µg/L) for 2,4,6-trimethylbenzoate (Cozzarelli
et al. 1995). Note that the very high benzoate con-
centration of 53µM (Cozzarelli et al. 1994) was
from a site contaminated by wood-preserving process
wastewater that included diesel fuel, so anaerobic tolu-
ene degradation was probably not the only potential
source of benzoate in the groundwater. It is difficult
to make any generalizations about the relative com-
position of benzoates in groundwater at these 14 sites
because the sites vary so widely in terms of contamin-
ant sources and biogeochemical and hydrogeological
conditions.

Notably, for the few studies in which benzylsuc-
cinate and related compounds were target analytes
along with benzoates, both groups of compounds
were typically detected. For example, in the Fal-
lon (NV) sample represented in Figure 4, methyl-,
dimethyl-, and trimethylbenzoates (tentatively identi-
fied based on mass spectra) were prominent ground-
water constituents along with benzylsuccinate and
(2-methylbenzyl)succinate. In the controlled release
study at Seal Beach (CA),m-toluate (identified with
an authentic standard) was observed along with ben-
zylsuccinate, E-phenylitaconate, and their methyl
homologs (Beller et al. 1995 and Figure 3C). Recall
that the only methylbenzenes present in the ground-
water in the Seal Beach experiment were toluene,
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Table 2. Summary of benzylsuccinates,E-phenylitaconates, and benzoates as indicators ofin situ anaerobic alkylbenzene metabolism

Compound or Unique No commercial/ Biological/ Intermediate Reported in field studies

compound class biochemical industrial usea chemical vs.

relationship stabilitya by-producta

to parenta

Benzylsuccinate +++ +++ ++c +++ Beller et al. (1995; Seal Beach, CA)

Beller (this study; Fallon, NV)

Methylbenzylsuccinates +++ +++ ++c ++d Beller et al. (1995; Seal Beach, CA)

Gieg et al. (1999; Weld County, CO)

Beller (this study; Fallon, NV)

E-phenylitaconate +++ +++ ++c +++ Beller et al. (1995; Seal Beach, CA)

Methyl-E-phenylitaconates +++ +++ ++c ++d Beller et al. (1995; Seal Beach, CA)

Benzoate + + + +++ Reinhard et al. (1984; Woolwich and

North Bay, Ontario)

Cozzarelli et al. (1990; Bemidji, MN)

Wilson et al. (1990; Traverse City, MI)

Cozzarelli et al. (1994; Bemidji, MN;

Pensacola, FL)

Cozzarelli et al. (1995; Galloway, NJ)

Schmitt et al. (1996; Dusseldorf, Germany)

Fang et al.(1997; Wurtsmith AFB, MI)

Gieg et al. (1999; Weld County, CO)

Methylbenzoates (toluates) ++ ++ ++c ++d Reinhard et al. (1984; Woolwich, Ontario)

Cozzarelli et al. (1990; Bemidji, MN)

Wilson et al. (1990; Traverse City, MI)

Barbaro et al. (1992; Borden, Ontario)

Cozzarelli et al. (1994; Bemidji, MN)

Cozzarelli et al. (1995; Galloway, NJ)

Beller et al. (1995; Seal Beach, CA)

Levine et al. (1997; Tyndall AFB, FL)

Fang et al.(1997; Wurtsmith AFB, MI)

Gieg et al. (1999; Weld County, CO)

Beller (this study; Fallon, NV)

Di- and trimethylbenzoates ++b +++ ++b ++b Reinhard et al. (1984; Woolwich and

North Bay, Ontario)

Cozzarelli et al. (1990; Bemidji, MN)

Wilson et al. (1990; Traverse City, MI)

Cozzarelli et al. (1994; Bemidji, MN;

Galloway, NJ)

Cozzarelli et al. (1995; Galloway, NJ)

Kampbell et al. (1996; Patrick AFB, FL)

Levine et al. (1997; Tyndall AFB, FL)

Fang et al.(1997; Wurtsmith AFB, MI)

Gieg et al. (1999; Weld County, CO)

Beller (this study; Fallon, NV)

aThe headings are defined more fully in Table 1. The ratings range from + (least favorable) to +++ (most favorable).
bVery limited data available.
cThese compounds are chemically stable and appear to be biologically stable in extracellular medium in laboratory studies (see text); however,
they may be biologically depleted in the field (Beller et al. 1995).
dThese compounds could be intermediates or by-products of anaerobic xylene metabolism, depending on the metabolic capabilities of the
bacteria involved (see text).
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m-xylene, ando-xylene, so the range of possible meta-
bolites was limited. In a study of a gas condensate-
contaminated aquifer in Weld County (CO), ben-
zoate, and methyl- and dimethylbenzoates were ob-
served along with methylbenzylsuccinates (Gieg et
al. 1999). However, in a study at Tyndall Air Force
Base (FL), methyl-, dimethyl-, and trimethylben-
zoates were found in jet fuel-contaminated ground-
water, whereas benzylsuccinate andE-phenylitaconate
were looked for but not found (Levine et al. 1997).
One cannot use the Tyndall AFB study (Levine et
al. 1997) to definitively compare benzoates and ben-
zylsuccinates as metabolic indicators because methyl-
benzylsuccinates were apparently not target analytes
and no potential toluene metabolites of any kind were
found (i.e., neither benzoate, benzylsuccinate, nor
E-phenylitaconate was detected).

Various other aromatic acids have been reported
in field studies of hydrocarbon-contaminated ground-
water, including phenylacetate and/or tolylacetate
(Cozzarelli et al. 1990; 1994; 1995; Gieg et al. 1999;
Reinhard et al. 1984; Schmitt et al. 1996), phenol
[a potential anaerobic benzene metabolite (Vogel &
Grbic-Galic 1986); Schmitt et al. 1996; Wilson et al.
1990], and cresols (Schmitt et al. 1996; Wilson et al.
1990). None of these compounds has been definitively
shown to result from anaerobic alkylbenzene metabol-
ism (Heider et al. 1998). In particular, phenylacetate
does not appear to be an anaerobic ethylbenzene meta-
bolite based on biochemical studies conducted with
denitrifying bacteria (Ball et al. 1996; Rabus & Heider
1998; Johnson & Spormann 1999).

Advantages and limitations as indicators

Perhaps the greatest advantage of benzoates as meta-
bolic indicators of in situ anaerobic alkylbenzene
metabolism is that they have been observed at a variety
of hydrocarbon-contaminated field sites. Benzoates
conform moderately well to the four ideal character-
istics of metabolic indicators cited in Table 1. Three of
the attributes (a unique biochemical relationship to a
parent hydrocarbon, no commercial or industrial uses,
and biological and chemical stability) apply poorly to
benzoate but apply fairly well to the more highly sub-
stituted alkylbenzoates. Benzoate (or benzoyl-CoA) is
clearly an intermediate of mineralization, but methyl-,
dimethyl-, and trimethylbenzoates can be either in-
termediates or dead-end products of aromatic hydro-
carbon metabolism. Unfortunately, the formation of
alkylbenzoates from the anaerobic metabolism of di-,

tri-, and tetramethylbenzenes is not well understood.
A disadvantage of benzoates as metabolic indicat-
ors of anaerobic metabolism is that some of them
(benzoate and the toluates) are demonstrated interme-
diates of aerobic alkylbenzene metabolism (Gibson
& Subramanian 1984; Smith 1990). Indeed, aer-
obic alkylbenzene metabolism must be considered as
a possible explanation for finding benzoates but not
benzylsuccinates/E-phenylitaconates in hydrocarbon-
contaminated groundwater.

Conclusions

The evaluation of benzoates, benzylsuccinates, and
E-phenylitaconates as indicators ofin situ anaerobic
alkylbenzene metabolism is summarized in Table 2.
The table includes reports of these indicators in field
studies of hydrocarbon-contaminated aquifers, as well
as subjective ratings of the indicators with respect
to the ideal characteristics cited in Table 1. The ra-
tionales supporting the subjective ratings of the in-
dicators have been discussed in the text. In general,
benzylsuccinates/E-phenylitaconates are superior to
benzoates in terms of their very high specificity to
their parent hydrocarbons and their lack of commer-
cial and industrial sources. They are also uniquely
indicative of anaerobic conditions. All of the ben-
zoates, benzylsuccinates, andE-phenylitaconates are
relatively stable chemically and (with the exception of
benzoate) tend to have comparable biological stabil-
ity under anaerobic conditions, based on our limited
current knowledge. Although benzoate, benzylsuc-
cinate, andE-phenylitaconate are intermediates of
anaerobic toluene degradation, their methyl homo-
logs can be either intermediates or cometabolic by-
products of alkylbenzenes, depending on the bac-
teria involved. The distinction between a given com-
pound acting as an intermediate or cometabolite may
not be discernible under field conditions, and may
not always be of primary concern. Under field con-
ditions in hydrocarbon-contaminated aquifers, com-
pounds generated as dead-end cometabolites by a
given bacterial species could serve as substrates for
other bacterial species and ultimately could be min-
eralized by indigenous bacterial consortia. This may
explain the eventual depletion of benzylsuccinates,E-
phenylitaconates, andm-toluate observed in the Seal
Beach study (Figures 2 and 3). Finally, it is clear that
benzoates are far more commonly reported in field
studies of hydrocarbon-contaminated aquifers than
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are benzylsuccinates andE-phenylitaconates. Whether
this is an accurate representation of the relative oc-
currence of these metabolites at contaminated sites, or
whether it instead reflects the range of target analytes
used in field studies to date, will require more field in-
vestigations that include benzoates, benzylsuccinates,
andE-phenylitaconates as target analytes.
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