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anaerobic para-xylene degradation has been reported by an
undefined nitrate-reducing enrichment culture (27), to date
there is no organism available in pure culture that can anaerobically mineralize this compound (8).
In contrast to anaerobic toluene degradation, only four organisms capable of anaerobic ethylbenzene degradation have
been described (4, 30, 40). Three of these organisms, strains
EbN1, PbN1 (40), and EB1 (4) were facultative anaerobic
denitrifiers; the fourth, strain EbS7, was an obligate anaerobic
marine sulfate reducer (30). None of these organisms oxidized
hydrocarbons aerobically, and all were limited in their ability to
oxidize alternative aromatic hydrocarbons anaerobically.
Previously, Dechloromonas strain RCB was described as being capable of anaerobic benzene oxidation (16). Here, we
demonstrate the metabolic capability of strain RCB in degrading several other monoaromatic compounds including all of
the BTEX components under a range of different electronaccepting conditions. In this regard, Dechloromonas strain
RCB is the most metabolically versatile hydrocarbon-degrading organism described to date.

The monoaromatic hydrocarbons benzene, toluene, ethylbenzene, and xylene, collectively called BTEX, are commonly
found in gasoline and are highly volatile substances (8, 10, 17).
Due to their relatively high solubility and toxicity, they represent a significant health threat in contaminated environments.
BTEX components are considered among the most prevalent
groundwater pollutants (8, 17). Over the last 2 decades, there
has been a major impetus to investigate the ability of microorganisms to biodegrade hydrocarbons in the absence of oxygen (8, 10). This was motivated by the fact that extensive
anaerobic zones frequently develop when soils and sediments
are contaminated with hydrocarbons, due to depletion of oxygen by the stimulated indigenous aerobic microbial population (3, 9, 11, 33). Studies of microbial degradation of monoaromatic hydrocarbons have resulted in the identification and
isolation of a number of different anaerobic bacterial strains
capable of degrading one or more monoaromatic hydrocarbons. Of these compounds, the anaerobic biodegradation of
toluene is probably the most comprehensively understood. Toluene is biodegradable with nitrate, Mn(IV), Fe(III), humic
substances, sulfate, and CO2 as terminal electron acceptors (7,
20–26, 32, 34, 36, 39, 45). More recently, it has been demonstrated that toluene can also be assimilated anaerobically as a
carbon source by anoxygenic phototrophs (46).
Many organisms capable of anaerobic toluene degradation
were alternatively capable of anaerobic degradation of other
monoaromatic compounds such as ethylbenzene or xylenes
(particularly the Azoarcus and Thauera species) (21, 25). Several organisms have been described that can completely mineralize meta- and ortho-xylene coupled to the reduction of
nitrate (29, 40) or sulfate (28, 37, 38). Interestingly, although

MATERIALS AND METHODS
Media and cultivation. All media and solutions were prepared using strict
anaerobic techniques as previously described (5, 16). All culturing was performed
at 30°C in the dark in sterile sealed serum bottles or pressure tubes amended with
10 ml of bicarbonate-buffered (pH 7.2) freshwater basal medium under a headspace of N2-CO2 (80-20[vol/vol]) (5). For all experiments, a 10% cell culture
inoculum was used to inoculate the experimental samples. Sterile anoxic aqueous
stock solutions of sodium chlorate (1 M), sodium perchlorate (1 M), and sodium
nitrate (1 M) were prepared and stored in the dark until required. Amendments
to the respective experimental samples were made using sterile N2-flushed syringes as required. In aerobic cultures, air (5 ml) was added to the headspace of
the previously prepared 30-ml medium tubes containing 10 ml of anoxic culture
medium. Benzene, toluene, ethylbenzene, and all three isomers of xylene (meta-,
para-, and ortho-xylene) were added from sterile anoxic aqueous 3 mM stock
solutions as previously described (13). When necessary, universally labeled
[14C]benzene, [14C]toluene, and [14C]p-xylene were purchased from Sigma
Chemicals Corp., St. Louis, MO, with a specific activity of 40 to 60 mCi (1.5 ⫻
103 to 2.2 ⫻ 103 MBq) mmol⫺1. Anaerobic working aqueous stock solutions were
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Dechloromonas strain RCB has been shown to be capable of anaerobic degradation of benzene coupled to
nitrate reduction. As a continuation of these studies, the metabolic versatility and hydrocarbon biodegradative
capability of this organism were investigated. The results of these revealed that in addition to nitrate, strain
RCB could alternatively degrade benzene both aerobically and anaerobically with perchlorate or chlorate
[(per)chlorate] as a suitable electron acceptor. Furthermore, with nitrate as the electron acceptor, strain RCB
could also utilize toluene, ethylbenzene, and all three isomers of xylene (ortho-, meta-, and para-) as electron
donors. While toluene and ethylbenzene were completely mineralized to CO2, strain RCB did not completely
mineralize para-xylene but rather transformed it to some as-yet-unidentified metabolite. Interestingly, with
nitrate as the electron acceptor, strain RCB degraded benzene and toluene concurrently when the hydrocarbons were added as a mixture and almost 92 M total hydrocarbons were oxidized within 15 days. The results
of these studies emphasize the unique metabolic versatility of this organism, highlighting its potential applicability to bioremediative technologies.
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prepared to give a final radioactivity of 4 Ci (0.15 MBq) ml⫺1. For experiments
using radioactive compounds, 1 Ci (0.037 MBq) of the respective 14C-labeled
hydrocarbon was added to 10 ml of the anoxic basal medium.
Analytical techniques. 14CO2 production in the headspace of cultures
amended with 14C-labeled hydrocarbon was determined by gas chromatography
with gas proportional counting detection as previously described (16). Gaseousphase unlabeled hydrocarbons in 0.1-ml headspace samples were analyzed with
a Shimadzu GC-14A gas chromatograph equipped with a flame ionization detector. Chromatography was performed isothermally at 70°C using a 30-m (5%
diphenyl) dimethylpolysiloxane column (Quadrex Corp.) with nitrogen at a flow
rate of 1 ml/min as the carrier gas. The injector and the detector temperatures
were 180°C and 200°C, respectively.
Cell numbers were determined by direct microscopic counting under an oil
immersion lens.

RESULTS AND DISCUSSION
Oxidation and growth on benzene by strain RCB with different electron acceptors. Dechloromonas strain RCB was isolated from aquatic sediments using 4-chlorobenzoate as the
sole electron donor (16). In addition to 4-chlorobenzoate,
strain RCB also oxidized benzene, which was completely degraded anaerobically to CO2 with nitrate as the electron acceptor (16); growth was coupled to this metabolism (16). Members of the Dechloromonas genus are generally recognized for
their ability to grow by dissimilatory perchlorate or chlorate
[(per)chlorate] reduction, and they represent the dominant
(per)chlorate-reducing bacteria in most environments (12, 19).
In support of this, Dechloromonas strain RCB, could also
anaerobically metabolize [14C]benzene to 14CO2 with (per)chlorate as an alternative electron acceptor (Fig. 1). Benzene
degradation rates were similar with these alternative electron
acceptors and slightly faster than that observed with nitrate
(Fig. 1). No [14C]benzene degradation occurred in the absence
of the electron acceptor (Fig. 1). With chlorate as the sole
electron acceptor, the degradation of 66 M benzene by strain

RCB resulted in the reduction of 343 M chlorate. This represented 104% of the theoretical ratio for benzene degradation
coupled to chlorate reduction according to the following equation: C6H6 ⫹ 5ClO3⫺ 3 6CO2 ⫹ 5Cl⫺ ⫹ 3H2O.
In an active benzene-degrading culture of strain RCB with
chlorate as the electron acceptor, cell number increase was
concomitant with benzene disappearance (Fig. 2). Minimal
growth occurred in the absence of benzene (Fig. 2) and was
probably the result of carryover from the inoculum. The small
amount of benzene lost in the heat-killed controls was due to
absorption into the butyl rubber stoppers. Previous studies
have demonstrated similar losses of benzene into butyl rubber
stoppers due to absorption (14, 16, 26). When strain RCB was
grown anaerobically with chlorate and [U-14C]benzene, 2.6%
of the [U-14C] label was associated with the retentate after the
culture was filtered through a 0.2-m-pore-size filter. A similar
filtration of a heat-killed control retained 0.8% of the [U-14C]
label, suggesting that 1.8% of the [U-14C] label was incorporated into biomass. In contrast, 3.0% of the [U-14C] label was
incorporated into the biomass in an aerobically grown culture
(16). These low values of incorporation of [U-14C] label into
biomass are similar to values reported previously for strain
RCB grown on benzene and nitrate (16) and for a nitratereducing benzene-oxidizing enrichment culture (5 to 8%) (6)
and are supportive of the low cell yield for growth on benzene
observed for strain RCB shown in Fig. 2.
In addition to anaerobic oxidation of benzene with nitrate or
(per)chlorate, strain RCB also oxidized benzene completely to
CO2 aerobically. As expected, aerobic benzene oxidation was
faster than anaerobic benzene oxidation, probably due to the
more favorable thermodynamics of the reaction. Aerobic cultures of strain RCB oxidized almost 111.43 M benzene completely to CO2 within 6 days (data not shown). As with anaer-
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FIG. 1. Anaerobic oxidation of [14C]benzene to 14CO2 by strain RCB in the presence and absence of various alternative electron acceptors. The
results depicted are the averages of triplicate determinations.
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obic cultures, cell growth was concomitant with benzene
removal, and no significant amount of benzene was removed in
the heat-killed controls.
These results demonstrate that strain RCB is capable of
both aerobic and anaerobic benzene degradation with several
alternative terminal electron acceptors. Whether or not this
organism plays an important role in the natural attenuation of
environments contaminated with benzene is currently unknown. However, Dechloromonas species are widely distributed in a broad diversity of environments, both pristine and
contaminated (12, 19), and a recent study demonstrated that
the dominant microbial species in a nitrate-dependent benzene-degrading enrichment culture (70% of the cloned 16S
rRNA gene sequences) was 93% identical to Dechloromonas
strain JJ (43).
Oxidation and growth on toluene by strain RCB. Similarly to
benzene, strain RCB also completely mineralized [14C]toluene
to 14CO2, either aerobically or anaerobically with (per)chlorate
or nitrate as an alternative electron acceptor (Fig. 3). No production of 14CO2 was observed in the absence of an electron
acceptor (data not shown). Both the rate and extent of toluene
oxidation were greatest under aerobic conditions, and similar
oxidation rates were observed with either chlorate or nitrate as
alternative electron acceptors (Fig. 3).
Growth concomitant with aerobic and anaerobic toluene
oxidation was not observed in the absence of toluene (data not
shown). Almost 256 M toluene was aerobically degraded
relative to the heat-killed control over a period of 7 days. In
contrast, only 71 M toluene was consumed by active cells of
strain RCB with nitrate as the sole electron acceptor in a
similar time frame (data not shown). This cumulative removal
of toluene under nitrate-reducing conditions by strain RCB
was significantly lower than those observed for previous studies

for nitrate-reducing, toluene-degrading isolates belonging to
the Azoarcus genus, which metabolized ⬎216 M toluene in 14
days on average (25). However, these differences may potentially be due to differences in the biomass content used in the
various studies.
Degradation of ethylbenzene. In addition to benzene and
toluene, strain RCB also readily degraded ethylbenzene anaerobically with nitrate as the electron acceptor (Fig. 4). Ethylbenzene was completely mineralized to CO2 (data not shown),
and no ethylbenzene removal was observed in heat-killed controls (Fig. 4). To date, only three other organisms have been
described that are capable of anaerobic nitrate-dependent ethylbenzene degradation (4, 40). These organisms, strains EbN1,
PbN1 (40), and EB1 (4), were facultative anaerobes and coupled ethylbenzene oxidation to the reduction of nitrate to N2.
The three isolates were closely related to each other and to the
previously described toluene-oxidizing Thauera species in the ␤
subclass of the Proteobacteria. Strains EbN1 and PbN1 were
isolated with ethylbenzene and propylbenzene, respectively,
from enrichments prepared with homogenized mixtures of
river and ditch mud samples (40), while strain EB1 was isolated
from ethylbenzene-degrading enrichments prepared with sediment from an oil refinery treatment pond (4). Similarly to
strain RCB, ethylbenzene was completely mineralized to CO2
by these isolates (4, 40). In contrast to strain RCB, however,
these strains did not oxidize any hydrocarbons aerobically and
were very limited in their ability to anaerobically oxidize alternative aromatic hydrocarbons other than ethylbenzene. In addition to ethylbenzene, strain EbN1 could only utilize toluene,
while strain PbN1 could alternatively utilize propylbenzene
(40). In contrast, strain EB1 did not utilize any other hydrocarbons other than ethylbenzene (4).
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FIG. 2. Anaerobic growth and benzene oxidation by strain RCB anaerobically with 2 mM chlorate as the electron acceptor. The arrows
represent the readdition of benzene. The results depicted are the averages of triplicate determinations. The replicate samples did not deviate from
each other by ⬎6%.
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Degradation of xylene isomers. Anaerobic biodegradation of
the three structural isomers of dimethylbenzene (meta-, ortho-,
and para-xylene) has been predominantly studied under nitrate- and sulfate-reducing conditions. Several xylene-degrading organisms have now been isolated (29, 40). Many of these
are closely related to each other and to the previously identified toluene-degrading denitrifiers belonging to the ␤ subclass

of the Proteobacteria. Analysis of active cultures of strain RCB
supplemented with each of the isomers of xylene revealed that
concentrations of all three isomers rapidly decreased with nitrate as the sole electron acceptor (Fig. 5). As before with the
other BTEX components, no significant xylene degradation
was observed in the respective heat-killed controls, demonstrating that the observed xylene removal was enzymatic. In

FIG. 4. Anaerobic ethylbenzene degradation by Dechloromonas strain RCB with nitrate as the sole electron acceptor. The arrows represent
refeeds of ethylbenzene. The results depicted are the averages of triplicate determinations. The replicate samples did not deviate from each other
by ⬎5%.
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FIG. 3. Aerobic and anaerobic oxidation of 14C-toluene to 14CO2 by strain RCB in the presence and absence of various alternative electron
acceptors. The results depicted are the averages of triplicate determinations.
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FIG. 5. Anaerobic biotransformation of meta-, ortho-, and paraxylene by Dechloromonas strain RCB. The arrows represent refeeds of
the respective xylene isomers. The results depicted are the averages of
triplicate determinations. The replicate samples did not deviate from
each other by ⬎5%.

general, m-xylene was more rapidly removed than either o- or
p-xylene. Similar preferential use of m-xylene has been previously observed in studies performed with a novel sulfate-reducing Desulfotomaculum species strain OX39 (38). However,
the rate of anaerobic nitrate-dependent degradation of metaxylene by strain RCB (ca. 11 M · day⫺1) was almost twice that
reported for sulfate-reducing strain OX39 (5 M · day⫺1) (38),
although this may again be a function of differences in the
biomass used in the respective studies.
Although strain RCB quantitatively produced 14CO2 when
amended with either 14C-labeled toluene or benzene, 14CO2
was not produced during the catabolism of [U-14C] labeled
p-xylene (data not shown), suggesting that this substrate was
biotransformed into some as-yet-unidentified intermediate.
This was not entirely unexpected, as no pure culture exists to
date that can mineralize p-xylene completely to CO2, and pxylene mineralization in the absence of oxygen has only been
observed in studies based on sediments or enrichment cultures
(27, 31). Furthermore, these studies have indicated the accumulation of nondegradable dead-end products of anaerobic
p-xylene metabolism. Similarly, it has been previously demonstrated that one of the intermediates arising from the trans-

formation of p-xylene under aerobic conditions also leads to
the formation of 3,6-dimethyl catechol, which represents an
inhibitory dead-end product (42). Whether or not strain RCB
produces similar type dead-end products is currently unknown.
Cometabolism of monoaromatic substrates by strain RCB.
Although several organisms have now been identified that can
oxidize the individual components of BTEX, in general, these
organisms are not very versatile in their ability to utilize more
than one hydrocarbon. Furthermore, of those that have been
identified that can utilize more than one component, only the
m-xylene-degrading strain mXyN1 and the ethylbenzene-degrading strain EbN1 (40) have been demonstrated to oxidize
these compounds in a mixture (41). These prior studies were
performed using crude oil as the hydrocarbon mixture, and the
results indicated that the utilization of alkylbenzenes was in
agreement with the substrate spectra of the individual organisms determined with the pure compounds (41). In this instance, strains mXyN1 and EbN1 utilized m-xylene and ethylbenzene, respectively, in addition to toluene from the crude oil
(41). However, it was unclear from these studies whether or
not these substrates were used concomitantly or sequentially
by the respective strains.
When an active anaerobic culture of strain RCB was transferred from acetate-nitrate (each, 10 mM) medium to anaerobic nitrate (10 mM) medium supplemented with an equal
mixture of toluene and benzene (each, 30 M) as the combined electron donors, rapid and simultaneous degradation of
both hydrocarbons was observed (Fig. 6). Almost 49 M toluene and 43 M benzene were oxidized in the mixture within
16 days with 10 mM nitrate as the electron acceptor. The rates
of oxidation of the benzene and toluene when added as cosubstrates to the medium were almost identical to the rate of
oxidation of the individual components (data not shown). Interestingly, although benzene is considered more recalcitrant,
its cumulative degradation was almost always identical to the
cumulative degradation of toluene by strain RCB (Fig. 6). This
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FIG. 6. Cumulative consumption of toluene and benzene by active
cells of strain RCB under anaerobic nitrate-reducing conditions when
inoculated into medium containing equal amounts of both benzene
and toluene. The arrows represent points at which the cultures were
refed with the hydrocarbon mixture. The results depicted are the
averages of triplicate determinations.
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result was in contrast to previous observations made with column studies bioaugmented with BTEX-degrading anaerobic
methanogenic enrichments, where the presence of toluene was
shown to inhibit the rate of benzene removal (35).
Conclusions. The results of these studies demonstrate that
Dechloromonas strain RCB was capable of metabolizing benzene coupled to the reduction of a broad range of alternative
electron acceptors including oxygen, perchlorate, chlorate, or
nitrate. Furthermore, Dechloromonas strain RCB utilized all of
the BTEX components under a range of alternative electronaccepting conditions either individually or as mixtures. In most
cases, the hydrocarbons were completely mineralized to CO2.
Whether or not strain RCB or other members of the Dechloromonas genus play an important role in environmental
hydrocarbon degradation is still unknown. Members of this
genus are generally recognized for their ability to grow by
dissimilatory perchlorate reduction (1, 2, 5, 12, 15); perchlorate
is another common groundwater contaminant associated with
the activity of the munitions industry (44). In support of this,
Dechloromonas strain RCB did couple growth and carbon assimilation to the reduction of perchlorate. The Dechloromonas
species, together with the closely related Azospira (formerly
Dechlorosoma) species, are considered to represent the predominant perchlorate-reducing bacteria in the environment
and have been found to be ubiquitous, regardless of whether or
not there has been previous exposure of the environment to
perchlorate (18, 19). Because perchlorate-reducing bacteria
are found in several pristine environments, the ubiquity of
these organisms is unlikely to be related to their ability to grow
by dissimilatory perchlorate reduction (19). Previous studies
have demonstrated that these organisms are, in general, metabolically versatile and can use a broad range of alternative
electron donors (18). As such, the selective pressures for Dechloromonas species in the environment may be based on the
diversity of their metabolic capabilities rather than any individual metabolism.
Since Dechloromonas strain RCB possesses the capability of
degrading such a broad range of monoaromatic hydrocarbons,
the results hold great promise in developing strategies for the
bioremediation of a myriad of hydrocarbon-contaminated environments. In addition, this organism also offers great potential for the bioremediation of environments contaminated with
both BTEX and perchlorate in a single treatment strategy.
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