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Abstract

It is frequently observed in aromatic hydrocarbons such as benzene, toluene, ethylbenzene, xylene (BTEX)-contaminated aquifers that
toluene degrades faster than xylenes and benzene. In sediment column experiments which were run with a mixture of BTEX compounds
toluene degradation started after a lag period of several weeks. When we omitted toluene from the culture medium o-xylene degradation
started. Xylene degradation could be inhibited by adding toluene back to the medium and could be recovered when toluene was omitted
again. This was observed repeatedly when toluene concentrations higher than 20 WM were added. Two sulphate-reducing bacterial species,
isolated from the column material, were used to investigate the degradation behaviour in detail. Strain TRM1 degraded exclusively
toluene, strain OX39 degraded preferentially o-xylene and toluene only after an adaptation period of more than 90 days when added as
the sole substrate. Growth and o-xylene degradation of strain OX39 were inhibited by toluene concentrations as low as 40 WM, whereas,
in contrast, toluene degradation by strain TRM1 was not inhibited by o-xylene concentrations up to 0.5 mM. Both the column data and
the batch experiments indicated that two organisms were responsible for the toluene/xylene degradation in the sediment column. One
strain degraded only toluene and was not effected by xylene and the second degraded xylene and was inhibited by toluene. Our findings
offer an explanation that the observed differential degradation of BTEX compounds in contaminated aquifers could originate from a
partial metabolic inhibition of xylene-degrading organisms by toluene.
; 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic hydrocarbons such as benzene, toluene, ethyl-
benzene, xylene (BTEX), and polycyclic aromatic hydro-
carbons (PAH) are frequent contaminants in the environ-
ment. They can either originate from biological activities
such as microbial production of toluene in anoxic lake
sediments [1^3] or from anthropogenic contaminations.

High concentrations of aromatic hydrocarbons, which
are of concern for ground water quality mostly originate
from spills of mineral oil products or industrial production
such as former gas work plants. The majority of contam-
inants disappear within the anoxic zones of aquifers im-
plying that anaerobic microbial degradation is the driving
force for contaminant removal [4]. Toluene appears to be
the most easily degradable aromatic hydrocarbon under
anoxic conditions and toluene-degrading bacteria could
be cultivated for all the environmentally important elec-
tron-accepting processes such as denitri¢cation, sulphate
reduction, iron(III) reduction, fermentation, and methano-
genesis [5^12]. For anaerobic o,m,p-xylene degradation, a
few examples have been reported under sulphate-reducing,
methanogenic, and denitrifying conditions [8,13^16]. So
far, it is not known why toluene-degrading cultures appear
to be easier to cultivate than xylene-degrading organisms.

In contaminated aquifers, organisms face mixtures of
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xenobiotic compounds in varying concentrations and with
stimulating or inhibitory e¡ects to their growth or activity.
In mixtures of aromatic hydrocarbons (BTEX), toluene
always seems to be the preferentially degraded compound
[17,18]. Moreover, it is frequently observed that toluene
plumes are much shorter than the corresponding plumes
of xylenes or benzene in the same aquifer. Thus, changes
of the ratio of the toluene to benzene concentrations along
the ground water £ow path have been even used as an
indicator of biodegradation [19]. Further attempts to elu-
cidate the di¡erential degradation of BTEX compounds
have been performed in a ¢eld experiment where mixtures
of aromatic hydrocarbons and nitrate as electron acceptor
were injected into the Borden aquifer [20]. In these studies
degradation of xylenes was inhibited by the addition of
toluene. As a further example of inhibitory e¡ects by com-
plex substrate mixtures, toluene degradation was inhibited
by the presence of alkanes, gasoline, or trichlorethylene
[18,21].

Here, we report on anaerobic microcosm studies inves-
tigating inhibitory e¡ects of toluene on o-xylene degrada-
tion with sulphate as electron acceptor. With the help of
pure sulphate-reducing bacterial cultures originating from
the same sediment columns, inhibition processes in the
microcosms were investigated in detail. The results sug-
gested that the partial inhibition of the pure cultures by
BTEX compounds takes place in the same way as in the
microcosms leading to a preferential degradation of tolu-
ene.

2. Materials and methods

2.1. Sediment columns

Microcosm experiments were performed with quater-
nary river sediment material taken from a BTEX-contam-
inated aquifer near Stuttgart, Germany, at 8 m beneath
soil surface. Sediment-¢lled glass columns (5U45 cm) were
operated bottom to top with carbonate-bu¡ered (30 mM)
fresh-water medium, pH 7.2 [22], supplemented with 3 mM
FeCl2 as reducing agent and 1 mM Na2SO4 as electron
acceptor. The basal medium consisted of 1.0 g l31 NaCl,
0.4 g l31 MgCl2W6H2O, 0.2 g l31 KH2PO4, 0.25 g l31

NH4Cl, 0.5 g l31 KCl, 0.15 g l31 CaCl2W2H2O, 7 vitamin
solution, and trace element solution SL10 [22]. The me-
dium £ow speed through the column was approximately
2 m per day. The medium was pumped with peristaltic
pumps (Minipuls 3, Gilson) through a mixing chamber
where a mixture of hydrocarbons was continuously added
with a SP 220i infusion pump (World Precision Instru-
ments, Berlin, Germany). The standard hydrocarbon mix-
ture was naphthalene (20 WM), benzene (150 WM), toluene
(200 WM) and o,m,p-xylene (60 WM each) at the column
inlet. However, the hydrocarbon concentrations in the
feeding solution could be varied for special experiments.

When increased hydrocarbon concentrations were used,
the sulphate concentration was adjusted to allow a
complete oxidation of the hydrocarbons to CO2. Three
separate sediment columns were operated for three to
four months at 16‡C in the dark. All tubings were of Viton
quality (Kummer, Freiburg, Germany) to avoid oxi-
dation of the medium and unspeci¢c loss of hydrocar-
bons.

2.2. Cultivation of bacterial strains

The sulphate-reducing strains TRM1 and OX39 were
enriched and isolated from the sediment columns as de-
scribed elsewhere [9,16]. The organisms were cultivated in
100 ml serum bottles half-¢lled with the above-mentioned
fresh-water medium, £ushed with N2/CO2 (80/20), and
closed with Viton rubber stoppers (Maag Technik, Du«ben-
dorf, Switzerland). The large head space was applied to
allow repetitive sampling without producing under pres-
sure in the bottles which could change the pH or the
proportion of volatile hydrocarbons. Na2SO4 (10 mM)
was added as electron acceptor, 1 mM Na2S as reducing
agent, and 3 mM FeCl2 in order to scavenge produced
sul¢de.

Hydrocarbons (5 Wl toluene or 10 Wl o-xylene) were
added with a syringe through the stoppers. Strain OX39
was cultivated in the presence of Amberlite XAD7 (Fluca,
Buchs, Switzerland) functioning as a substrate bu¡er and
providing the cultures with a low o-xylene concentration
of 50^100 WM [16].

The adsorber resin XAD7 was carefully washed ¢ve
times with ethanol (99.8%) and ¢ve times with distilled
water to remove organic compounds from the resin.
Traces of ethanol were removed by lyophylisation and
drying for 2^3 days at 90‡C. XAD7 (0.3 g) was autoclaved
in a 100 ml serum bottle and the medium was added.
Then, the hydrocarbons were injected through the stopper
and allowed to adsorb to the XAD resin for one week
before the cultures were inoculated. During the cultiva-
tion, the hydrocarbons were in equilibrium with the resin
and showed almost constant concentrations in the aque-
ous phase.

Batch inhibition experiments with strains TRM1 and
OX39 were performed under the same respective cultiva-
tion conditions as used for the enrichment procedure only
varying the hydrocarbon concentrations. Di¡erent
amounts of aromatic hydrocarbons were added to the cul-
tures and substrate utilisation was assessed by following
sul¢de production, measured by the method of [23]. Sul-
¢de was measured instead of the substrates itself because
the hydrocarbons were adsorbed in the bottles with XAD7
and stayed constant at very low concentrations although
degradation of e.g. xylene occurred. For the inhibition
experiments with strain OX39, the same amount of xylene
was added to every bottle, whereas the amount of toluene
added to the XAD-containing bottle was varied between
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0 and 120 WM ¢nally measured toluene concentration at
day 55 in the aqueous phase (the larger portion of the
hydrocarbons being adsorbed to the XAD phase). Inhibi-
tion experiments with strain TRM1 were performed with-
out XAD addition as this strain could stand higher hydro-
carbon concentrations as compared to strain OX39. Here,
the same amount of toluene was added to the bottles and
the xylene concentrations were varied between 0 and 110
WM as measured on day 55. Until this time, the respective
inhibitory substrate concentrations (e.g. toluene in the xy-
lene degradation experiment and vice versa) remained un-
changed whereas the substrates already underwent signi¢-
cant degradation.

2.3. Analytics

Hydrocarbon concentrations were determined by high-
performance liquid chromatography (HPLC) on a Beck-
man System-Gold equipped with a C18-reversed phase col-
umn and an ultraviolet (UV) detector (206 nm). Eluent
was acetonitrile/ammonium phosphate bu¡er, pH 3.5
(70/30). Samples for HPLC analysis (250 Wl) were added
to 1 ml ethanol (analytical grade, 99.8%), mixed and pre-
cipitates were removed by centrifugation (5 min,
15 000Ug).

Sulfate was measured with an HPLC ion chromato-
graph (Sykam, Gilching, Germany) equipped with a
LCA A03 ion-exchange column (Sykam). Elution condi-
tion was isocratic with an aqueous eluent containing 5 mM
Na2CO3, 0.4 mM hydroxybenzonitrile, and 10% (v/v)
acetonitrile.

3. Results

3.1. Sediment column experiments

The 65 cm glass columns were ¢lled with natural sedi-
ment from a contaminated site and operated with sulphate
as electron acceptor and a mixture of benzene, toluene,
o,m,p-xylene, and naphthalene (data not shown) as carbon
and electron source. The hydrocarbon concentrations were
monitored over time at the inlet and the outlet of the
column. After the equilibrium concentrations in the sedi-
ment column were established, the outlet concentration of
only toluene decreased continuously until toluene was al-
most completely degraded during the column passage at
day 33 (Fig. 1). An electron balance was calculated based
on the disappearance of sulphate and toluene and revealed
that 74% of the electrons from toluene were used for sul-
phate reduction indicating a complete microbial oxidation
to CO2. At day 33, toluene was omitted from the hydro-
carbon mixture which served as sole carbon and energy
source and a continuously increasing degradation of o-xy-
lene established (Fig. 1). This was reproducibly observed
in three independent experiments with di¡erent sediment
columns (data not shown).

As this experiment indicated that toluene itself or tolu-
ene degradation products inhibited o-xylene degradation, a
sediment column which had already shown total removal
of toluene and o-xylene was run with the two substrates,
and the concentrations were monitored at the inlet and
outlet (Fig. 2). When 100 WM toluene was present in the
medium at the ¢rst day of the experiment no o-xylene
removal could be observed but toluene was completely
degraded. This continued until toluene was omitted from
the mixture after 7 days. As observed before, the o-xylene
concentration decreased steadily until it was almost com-
pletely removed in the column at day 55 although the o-
xylene concentration was signi¢cantly increased to about

Fig. 1. Relative concentrations (C/C0) of a mixture of aromatic hydro-
carbons during anoxic sediment column experiments with material from
a contaminated aquifer. C and C0 depict the outlet and inlet concentra-
tions, respectively. Experiment with a mixture of toluene (F), o-xylene
(b), m,p-xylene (R), and benzene (8) as substrates. Toluene was omit-
ted from the substrate mixture on day 33.

Fig. 2. Inhibition of anaerobic o-xylene degradation by toluene in a re-
started anoxic sediment column with changing concentrations of the
only two substrates. A: Measured toluene (E) and o-xylene (a) inlet
concentrations are shown together with the relative outlet concentrations
(C/C0) of o-xylene (b).
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400 WM. Then, 50 WM toluene was added back to the
medium. o-Xylene degradation decreased immediately
when the toluene concentration increased and recovered
only when toluene was again omitted from the medium.
The absence of toluene again resulted in a complete o-
xylene removal about 10 days later. When only 25 WM
toluene was added to the medium at day 77, o-xylene deg-
radation was again inhibited. The outlet concentration in-
creased to 70% of the inlet concentration. However, the
xylene-degrading activity recovered within 5 days although
the toluene inlet concentration was not reduced. A last
increase to almost 400 WM toluene could again produce
a minor inhibition of o-xylene degradation but also in this
case the o-xylene degradation recovered within 2 days.
During the whole experiment, toluene was almost com-
pletely degraded in the column. Toluene appeared at the
outlet only at day 77 (0.9 WM) when it was added back to
the medium at an inlet concentration of 25 WM and at
days 98 and 99 (31.4 and 1.4 WM respective outlet concen-
trations) when the toluene concentration at the inlet was
increased to approximately 400 WM. A second, similar
experiment was performed with another column and pro-
duced similar results (data not shown).

3.2. Batch culture experiments

Two sulphate-reducing pure cultures were isolated from
the sediment columns as reported elsewhere [9,16]. Strain
TRM1 could only utilise toluene as a carbon source and
none of the di¡erent xylene isomers. When incubated with
di¡erent mixtures of toluene and o-xylene, the sul¢de pro-

duction from toluene degradation by strain TRM1 was
not a¡ected by the o-xylene concentration in the medium
although o-xylene was added up to 110 WM ¢nal concen-
tration in the medium (Fig. 3).

Within the ¢rst 50 days of observation, sul¢de was pro-
duced by strain OX39 degrading o-xylene (Fig. 4) and
m-xylene (data not shown) but not toluene (Fig. 4) or
p-xylene (data not shown). After incubation of strain
OX39 for more than 90 days, sul¢de production started
slowly in the incubations with only toluene. When strain
OX39 was incubated with mixtures of o-xylene and tolu-
ene, sul¢de development from o-xylene utilisation was
slowed down if the toluene concentration exceeded 40
WM ¢nal concentration in the medium (Fig. 4).

4. Discussion

Preferential degradation of toluene over xylene can be
observed frequently in BTEX-contaminated aquifers indi-
cating a general rule or mechanism behind this observa-
tion. One reason which could possibly in£uence the pref-
erential degradation in situ was identi¢ed in this work as
the partial inhibition of the xylene-degrading activity by
toluene. This could be shown in batch culture experiments
with two di¡erent sulphate-reducing bacterial cultures iso-
lated from the columns. Whereas the toluene-degrading
strain TRM1 could stand mixtures of toluene and xylene
in equal amounts without interference with respect to tolu-
ene degradation it appeared that the xylene-degrading
strain OX39 was inhibited by toluene concentrations as
small as 40 WM ¢nal concentration in the medium. If the
two organisms represented the major degrading popula-
tions in the sediment column this could explain that tolu-
ene is preferentially degraded in the columns.

Fig. 3. Batch cultures of strain TRM1 showing sul¢de production from
toluene degradation in the presence of o-xylene. The means of two sul-
¢de production curves by cultures supplied with the same toluene and
o-xylene concentrations are shown for a typical experiment out of three
replicates. The initial sul¢de concentration of 1^1.5 mM originates from
sodium sul¢de added to the medium as the reducing agent. Toluene
concentrations in the beginning of the experiment were set to 300 WM
in all vials (except the control with xylene only) and were below the de-
tection limit of 0.5 WM on day 55. Concentrations of o-xylene on day
55 were (F) no o-xylene added, (b) 10 WM o-xylene, (R) 25 WM o-xy-
lene, (S) 115 WM o-xylene, and (8) 55 WM for the vials where only o-
xylene and no toluene was added. The xylene concentrations were mea-
sured on day 55 of the experiment.

Fig. 4. Sul¢de production from o-xylene degradation by strain OX39 in
the presence of (F) 36 WM o-xylene and no toluene, (b) 10 WM o-xylene
and no toluene, (R) 30 WM o-xylene and 45 WM toluene, (S) 40 WM o-
xylene and 110 WM toluene, and (8) 105 WM toluene only. Xylene and
toluene concentrations were measured on day 55 of the experiment. The
xylene concentrations in the medium are e¡ected by adsorption to the
XAD7 phase and varied in addition due to di¡erent extents of degrada-
tion that already occurred.
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The sediment column experiments with di¡erent toluene
and xylene concentrations indicated as well that a speci¢c
xylene-degrading and a separate toluene-degrading popu-
lation are responsible for the observed degradation and
not only one type of organism that can degrade both.
When toluene was omitted from the carbon source, o-xy-
lene degradation started slowly. If the same organism was
responsible for the degradation of toluene and o-xylene,
then the regulation between toluene and xylene degrada-
tion would not last for several weeks if the biomass was
already present. As soon as the induction of enzyme ex-
pression for o-xylene degradation would have started, re-
sulting in an increasing o-xylene degradation, the whole
population should have shifted to xylene degradation.
However, this was not observed during the initial phase
when the activity was slowly increasing (Fig. 2). In con-
trast, after o-xylene degradation was established and in-
hibited by the ¢rst toluene pulse, o-xylene degradation
recovered much faster when toluene was omitted, which
indicates that the xylene-degrading biomass was already
present in this case.

It remains an open question how toluene inhibited xy-
lene degradation in our experiments although some possi-
bilities can be excluded. The inhibition could have been
either due to a general toxicity on organism level or to
speci¢c enzyme inhibition or metabolic regulation. On the
organism level, one possibility is that the overall hydro-
carbon concentration was too high for the xylene-degrad-
ing organism because e.g. the membranes could have been
disrupted when the toluene concentration increased. How-
ever, the inhibition of o-xylene degradation took place
with concentrations as low as 25 WM toluene in the sedi-
ment columns. This almost completely excludes the hy-
pothesis that the inhibition is due to a non-speci¢c toxicity
of elevated hydrocarbon concentrations. This is also ob-
vious from the batch experiments where strain OX39
could degrade o-xylene at a much higher total hydrocar-
bon concentration of 30 WM xylene plus 45 WM toluene.
Lethal toxic e¡ects on the organisms are also not very
likely because the xylene-degrading activity recovered im-
mediately after toluene was omitted from the medium in
the sediment columns. On the enzyme level there could be
inhibition of the xylene-degrading enzymes either by tolu-
ene itself or by one of the metabolites produced, or on the
regulation of enzyme expression. These processes cannot
be distinguished so far. Metabolites of toluene degradation
such as benzylsuccinate could be responsible for such ef-
fects, as these metabolites are sometimes found in concen-
trations of more than 1 WM in the culture media [24].
Toluene degradation could interfere with the very similar
o-xylene degradation pathway because for the two degra-
dation pathways the addition of fumarate to the methyl
group is observed as the initial reaction [15,25,26]. The
following degradation steps of toluene and xylene are
probably also very similar.

It was observed that with time the o-xylene-degrading

activity in the sediment columns reacted progressively less
to the toluene treatment which was obvious by the last
toluene addition of 400 WM causing only minor inhibition
e¡ects on o-xylene degradation. This observation could be
explained by a general feature of degradation experiments
that we observed frequently with column microcosms.
With increasing operation time of column experiments
the organisms tended to concentrate at the column inlet
[27]. Consequently, the degradation activity was located in
the ¢rst few centimetres after the column inlet and the rest
of the column was no more supplied with substrate. If
such a scenario took place in our sediment columns the
toluene-degrading organisms would have concentrated at
the column inlet after a reasonable operation time. With
every toluene pulse this e¡ect would enhance and ¢nally
generate areas in the outlet region of the column which
were not exposed to toluene during the pulse because it
was already degraded in the ¢rst parts of the column. In
these zones, o-xylene degradation could occur and would
have been protected from the toluene addition. Although
this aspect was not investigated in detail in the presented
experiments, this explanation is consistent with all obser-
vations of the three di¡erent experimental approaches.

5. Conclusion

Our ¢ndings of the preferential degradation of toluene
have major implications for microbiological degradation
tests which are often performed to investigate the degra-
dation capacity of contaminated aquifers with respect to
bioremediation. Based on our results, every compound of
interest has to be tested individually for biodegradation. If
complex mixtures of aromatic hydrocarbons are used in
sediment column experiments or microcosms inhibitory
e¡ects might occur. On the other hand, if a potential in-
hibition between di¡erent substrates is taken into account,
the feeding of mixed substrates might represent a more
realistic image of environmental conditions.
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