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Abstract Although aromatic compounds are most often
present in the environment as components of complex
mixtures, biodegradation studies commonly focus on the
degradation of individual compounds. The present study
was performed to investigate the range of aromatic
substrates utilized by biphenyl- and naphthalene-
degrading environmental isolates and to ascertain the
e�ects of co-occurring substrates during the degradation
of mono-aromatic compounds. Bacterial strains were
isolated on the basis of their ability to utilize either
biphenyl or naphthalene as a sole source of carbon.
Growth and transformation assays were conducted on
each isolate to determine the range of substrates
degraded. One isolate, Pseudomonas putida BP18, was
tested for the ability to biodegrade benzene, toluene,
ethylbenzene and xylene isomers (BTEX) individually
and as components of mixtures. Overall, the results in-
dicate that organisms capable of growth on multi-ring
aromatic compounds may be particularly versatile in
terms of aromatic hydrocarbon biodegradation.
Furthermore, growth and transformation assays per-
formed with strain BP18 suggest that the biodegradation
of BTEX and biphenyl by this strain is linked to a
catabolic pathway with overlapping speci®cities. The
broad substrate speci®city of these environmental
isolates has important implications for bioremediation
e�orts in the ®eld.

Introduction

Many laboratory biodegradation studies focus on single
substrates (Chang et al. 1993), neglecting two issues

critical to addressing bioremediation in the ®eld. First,
environmental isolates will utilize or transform a range
of aromatic hydrocarbons in addition to the original
isolation substrate (Table 1). Secondly, aromatic
hydrocarbons are almost invariably present as mixtures
of pollutants, not individual compounds. The resulting
substrate interactions include co-metabolism (Alvarez
and Vogel 1991; Chang et al. 1993), enhanced
biodegradation (Arvin et al. 1989), diauxie metabolism
(Meyer et al. 1984) and competitive inhibition
(Stringfellow and Aitken 1995) which cannot be deter-
mined from single compound degradation assays. The
growth and transformation assays listed in Table 1 show
that, when examined, polycyclic aromatic hydrocarbon
(PAH)-degrading isolates utilize or transform a broad
range of multi-ring aromatic compounds, but are rarely
screened for the ability to degrade mono-aromatic
hydrocarbons. Conversely, organisms isolated on mono-
aromatic hydrocarbons tend to be relatively speci®c
for growth on benzene, toluene or xylenes (BTX).
Currently, little is known about the ability of PAH-
degrading isolates to transform BTX, the contaminants
of principal concern at petroleum-contaminated sites.
The results of toluene-degradation assays conducted by
Foght et al. (1990), however, suggest that PAH-
degrading isolates may readily transform BTX even
though these substrates do not necessarily support
growth (KaÈ stner et al. 1994).

In the present study, bacterial strains were isolated
with either biphenyl or naphthalene as the sole source of
carbon to determine the substrate speci®city and the
e�ects of co-occurring substrates. Each isolate was
screened for the ability to metabolize BTX in addition to
the isolation substrate. Strains capable of growth on
multi-ring aromatic compounds appeared to have broad
substrate speci®city. One isolate, Pseudomonas putida
BP18, was tested for the ability to transform BTX and
ethylbenzene (E) individually and as components of a
BTEX mixture. The presence of growth substrates
allowed transformation of compounds not degraded
individually.
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Materials and methods

Isolation of organisms and growth conditions

Biphenyl-degrading organisms (strains BP11, BP18) were isolated
from polychlorobiphenyl (PCB)-contaminated sediments from the
Hudson River, N.Y. and an inactive tertiary wastewater lagoon in
Gary, Ind., respectively. Naphthalene-degrading organisms (strains
N1, N4) were isolated from petroleum-contaminated soils from
West Lafayette, Ind., and Parma Heights, Ohio, respectively. One-
gram samples of each inoculum were diluted into 10 ml minimal
medium (containing per litre: 2 g NH4Cl, 1 g NaH2PO4 á H2O,
4.25 g K2HPO4 á 3H2O, 0.001 g ZnSO4 á 7H2O, 0.001 g MnSO4 á
H2O, 0.003 g FeSO4 á 7H2O, 0.025 g MgSO4 and 0.1 g yeast
extract). Approximately 0.1 g biphenyl (aqueous solubility, Csat =
7 mg l)1; Mackay et al. 1992) or naphthalene (Csat = 31 mg l)1;
Mackay et al. 1992) crystals was added to the medium to select for
aromatic hydrocarbon-degrading organisms. Liquid cultures were
capped with sterile cotton plugs and grown on a reciprocal shaker
at 125 rpm in an incubator at 30 °C overnight. Biphenyl- and
naphthalene-degrading organisms were obtained by streaking the
liquid culture on to minimal medium agar plates (solidi®ed with
20 g l)1 agar) and successively transferring individual colonies to
new plates to obtain single isolates. All isolates were initially
identi®ed by BIOLOG in the laboratory of Dr. Pedro Alvarez,
University of Iowa. P. putida BP18 was further identi®ed by fatty
acid methyl ester analysis at Microcheck, Inc. (North®eld, VT.),
submitted to the American Type Culture Collection and given
accession number 700807.

Growth on alternative substrates on solid medium

Single colonies of isolates were transferred to fresh minimal
medium plates containing benzoate (10 mM) or crystals of biphe-
nyl, naphthalene, phenanthrene or catechol in the lid. Growth was
con®rmed by comparison with control plates without substrate.
All plates were incubated at 30 °C for 2 weeks unless growth was
observed.

Growth on BTEX in liquid medium

BP18 was grown on agar plates with biphenyl serving as the carbon
source. Single colonies were transferred to 20 ml yeast extract-free
minimal medium to which individual BTEX compounds were
added to a concentration of 30 mg l)1. Experiments were per-
formed in 125-ml serum bottles with Te¯on-lined rubber septa.
Additional experiments with p-xylene were performed at 23, 18 and
12 mg l)1. All bottles were incubated at 30 °C on a reciprocal
shaker at 125 rpm. Growth was determined by withdrawing sam-
ples of culture medium and measuring optical density (800 nm)
with a UV-visible recording spectrophotometer (Shimadzu
UV160U).

BTX transformation assays with environmental isolates

Initial assays were performed on all four isolates. Biomass was
grown under the same conditions as those described above, using
biphenyl, naphthalene or 10-mM benzoate as the sole carbon
source for each isolate. Biomass was then ®ltered to remove any
remaining biphenyl or naphthalene crystals and harvested by cen-
trifugation at 4000 rpm for 30 min in a Sorvall RC-5B superspeed
refrigerated centrifuge. Cells were resuspended in fresh, yeast ex-
tract-free minimal medium to an optical density of 1.0 at 640 nm.
The cell suspension was then spiked with a mixture of benzene,
toluene and total xylenes, giving a ®nal concentration of 35 mg l)1

each. Transformation experiments were performed in triplicate
with 20-ml samples of cell suspensions in sterile 125-ml crimp-
sealed serum bottles with Te¯on-lined rubber stoppers. Acid-killedT
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controls contained 1 ml of 50% (by vol.) hydrochloric acid. After
incubation for 48 h at 30 °C, samples were analysed for BTX by
gas chromatography (GC) analysis of headspace samples (0.5 ml
withdrawn with a syringe and sterile needle) and compared with
acid-killed controls.

BTEX transformation assays with P. putida BP18

BTEX transformation assays were conducted with cell suspensions
of BP18 as above and were sampled periodically by withdrawing
1-ml liquid samples. Assays were run using both the individual
BTEX compounds and with a mixture of all six BTEX compounds.
Cells were spiked with 15±20 mg l)1 of each individual BTEX
compound; for the BTEX mixture assay, cells were spiked with
9±12 mg l)1 each BTEX compound. BTEX concentrations were
determined by withdrawing 1-ml liquid samples using a syringe
with a sterile needle and injecting them into 5-ml vials (with Te¯on-
coated lids) that already contained 1 ml hexane. The vial was
shaken for 1 min and the upper (hexane) layer was saved for GC
analysis. This procedure routinely yielded an extraction e�ciency
of 90%.

GC analysis

BTEX concentrations were measured using a Hewlett-Packard
5890-series II gas chromatograph equipped with a cool on-column
injection port, a ¯ame-ionization detector, a 60-m DB-1 poly
(dimethylsiloxane)-bonded capillary column (J&W Scienti®c) and
Hewlett-Packard HP-CHEM analytical software. Helium (41.4 kPa,
5.5 ml min)1) was used as the carrier gas. The injector temperature
was maintained at 3 °C greater than the oven temperature. The
oven-temperature programme was 10 min at 35 °C, an increase of
1 °C per min to 40 °C, maintenance for 1 min, an increase of 10 °C
per min to 160 °C and maintenance for 10 min. The detector
temperature was 210 °C. BTEX concentrations and retention times
were determined by comparison with known standards. p-xylene
and m-xylene co-eluted and could not be resolved in BTEX mixture
assays.

Results

Initial growth and transformation assays

To varying degrees, each isolate utilized or transformed
a range of aromatic compounds (Table 2). Overall,
strains capable of growing on two- and three-ring aro-
matic substrates were also capable of utilizing or trans-
forming smaller aromatic compounds. Two isolates (N1
and BP11), which utilized phenanthrene, utilized or

transformed each smaller aromatic compound tested.
Strains capable of growth on biphenyl (BP11, BP18 and
N1) also utilized naphthalene for growth, but not all
strains that could grow on naphthalene utilized biphenyl
for growth (N4). Each strain grew on benzoate and
catechol, which are key intermediates in the catabolism
of aromatic compounds (Cerniglia 1992). BTX trans-
formation assays revealed that each strain degraded
BTX to below detectable concentrations. BP18 also
transformed BTX following growth on benzoate.

Growth Assays with P. putida BP18

BP18 was able to utilize benzene, toluene and ethyl-
benzene at initial concentrations of 30 mg l)1 as sole
sources of carbon. While none of the xylene isomers
supported growth at 30 mg l)1, accumulations of yellow
and pink metabolites indicative of meta cleavage prod-
ucts were observed with p- and m-xylene, indicating
partial transformation (Baggi et al. 1987). When the
initial substrate concentration was reduced to between
10 mg l)1 and 20 mg l)1, p-xylene supported growth,
but neither m- nor o-xylene supported growth at the
range of substrate concentrations attempted. Further-
more, the o-xylene concentration remained constant
relative to the acid-killed controls during the course of
the experiment and no evidence of metabolites was
observed.

Single-compound transformation assays

Biphenyl-grown cell suspensions were spiked with indi-
vidual BTEX compounds whose concentrations were
monitored as functions of time. Each compound was
transformed without any indication of a lag phase.
Transformation rates, as estimated from pseudo-
®rst-order rate constants, decreased from tolu-
ene (ktoluene = 0.01 min)1) @ m-xylene @ ethylbenzene >
benzene (0.5ktoluene) > p-xylene (0.3ktoluene) > o-xylene
(0.2ktoluene). The growth substrates were degraded to
concentrations below the detection limit (Fig. 1A).
Although they did not support growth, m- and o-xylene

Table 2 Growth and transformation patterns for naphthalene- and biphenyl-utilizing environmental isolates. The symbols used are the
same as those in Table 1

Substrate Isolate

Clavibacter sp. N1 Pseudomonas sp. BP11 Pseudomonas putida BP18 Pseudomonas sp. N4

Benzene Tr Tr + Tr
Toluene Tr Tr + Tr
Xylenes Tr Tr +/Tra Tr

Naphthalene +* + + +*
Biphenyl + +* +* ±

Phenanthrene + + ± ±

aBP18 grew on p-xylene at initial concentrations below 20 mg l)1
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were also transformed by biphenyl-grown cells. o-xylene,
however, was still detected (Fig. 1B).

BTEX mixture transformation assays

Biphenyl-grown BP18 cells were spiked with a mixture
of BTEX compounds to determine the e�ects of co-
occurring growth and non-growth substrates. All com-
pounds were transformed with a degradation sequence
remaining essentially the same as that during single
component assays (Fig. 2). The fact that m-xylene and
p-xylene were transformed more slowly than benzene in
the mixture may actually result from the inability to
analytically resolve these two components when both
were present. Unlike the single-compound assays, all
components of the mixture including o-xylene were
transformed to concentrations below the detection limit.
Also, a lag period was evident before any appreciable
biodegradation of o-xylene was observed.

Discussion

Organisms isolated during this study which grew on
multi-ring aromatic hydrocarbons were versatile in
terms of the range of aromatic compounds serving as
growth substrates. Combining the results of our growth
and transformation assays (Table 2) with those available
in the literature suggests that broad catabolic ability
may be common among PAH-degrading strains
(Table 1). Conversely, those strains isolated by growth
on mono-aromatic compounds seem to be incapable of
growth on higher molecular weight substrates and
appear relatively specialized for mono-aromatic hydro-
carbon degradation (Table 1). Each biphenyl- and
naphthalene-utilizing strain was capable of transforming
BTX following growth on the isolation substrate.
Because successive cleavage of fused aromatic rings
during biodegradation of multi-ring aromatic com-
pounds eventually produces mono-aromatic compounds
as intermediates, one might expect multi-ring degraders
to be competent mono-aromatic-degraders, but reports
di�er. KaÈ stner et al. (1994) found that although naph-
thalene-degrading isolates would grow on mono-
aromatic compounds, other PAH-degrading isolates did
not and these workers suggested that these strains are
specialized for PAH utilization. While growth assays
with BTX were not conducted with isolates other than
BP18, the BTX transformation assays show that these
isolates were at least capable of transforming mono-
aromatic compounds. The results presented here are
consistent with Foght et al. (1990), who suggested that
aromatic hydrocarbon degradation may form a hierar-
chy in which isolates capable of biodegrading tricyclic
aromatic compounds will also mineralize dicyclic and
mono-aromatic compounds.

Fig. 1 A Transformation of growth-supporting substrates by biphe-
nyl-grown BP18 cells. Benzene (d), toluene (j) and ethylbenzene (m),
p-xylene (.) and a respresentative acid-killed control conducted with
ethylbenzene (s). B Transformation of non-growth-supporting
substrates by biphenyl-grown BP18 cells. . m-Xylene, r o-xylene.
Initial concentrations were approximately 15±20 mg l)1

Fig. 2 Transformation of a mixture of benzene, toluene, ethylbenzene
and xylene isomers by biphenyl-grown BP18 cells. Benzene (d),
toluene (j), ethylbenzene (m), p- and m-xylene (.) and o-xylene (r).
Initial concentrations of each compound were between 9 mg l)1 and
12 mg l)1
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Growth and transformation assays conducted on
BP18 suggest that the biodegradation of BTEX and
biphenyl by this strain is linked to a catabolic pathway
with overlapping speci®cities. Growth assays demon-
strated that biphenyl, naphthalene, benzene, toluene,
ethylbenzene, p-xylene and m-xylene each induced
expression of at least one catabolic pathway which either
supported growth or at least led to transformation.
Whereas each substrate could have induced expression
of a distinct pathway, biphenyl-grown cells transformed
individual BTEX compounds without a lag phase, sug-
gesting that either a constitutively expressed or a
biphenyl-induced pathway led to their transformation.
The lack of growth or metabolite production during
growth assays with o-xylene indicated that its transfor-
mation is not due to a constitutively expressed pathway
and that it is incapable of induction of any pathway
leading to its transformation. Transformation of o-xylene
by biphenyl-grown cells showed that it was probably co-
oxidized by the biphenyl-induced pathway. In the BTEX
mixture assay, o-xylene was transformed to below
detectable concentrations, but this was probably due to
induction of the pathway by the other mixture compo-
nents such as ethylbenzene and toluene. Furthermore,
the lag time observed before appreciable transformation
of o-xylene may have resulted from competitive inhibi-
tion of o-xylene by the growth substrates since trans-
formation of o-xylene did not begin until toluene and
ethylbenzene were depleted (Fig. 2). The transformation
of biphenyl, ethylbenzene (Smith and Ratledge 1989),
benzene (Seto et al. 1995) and toluene (Heald and Jen-
kins 1996) by the same metabolic pathway has been
demonstrated. Thus the broad spectrum of substrates
and co-substrates transformed by BP18 may result from
broad speci®city of a single aromatic pathway. While
organisms capable of growth on o-xylene have been
isolated (Baggi et al. 1987), co-oxidation by other
aromatic catabolic pathways, as shown by BP18, may
signi®cantly contribute to their removal in the ®eld.

Although distinct pathways have been discovered for
catabolism of single and multi-ring aromatic com-
pounds, these pathways often proceed by a common
method. The mechanistic similarity of these pathways
suggests that each of these compounds could be
degraded by a single set of enzymes with relaxed sub-
strate speci®cities. Investigations of the speci®city of
catabolic enzymes and their regulation have shown that
several classical aromatic catabolic pathways can accept
alternative substrates and inducing compounds
(Denome et al. 1993; Foght and Westlake 1990; Foght
and Westlake 1996; Heald and Jenkins 1996; Kuhm
et al. 1991; Menn et al. 1993; Sanseverino et al. 1993;
Seto et al. 1995; Yang et al. 1994). Such experiments are
important from a practical standpoint because biode-
gradation of the mixture of aromatic hydrocarbons at
petroleum-contaminated sites will depend on the speci-
®city of aromatic catabolic pathways as well as their
regulation in the presence of multiple substrates. The
induction and speci®city of aromatic catabolic pathways

may be particularly important for biodegradation of
these compounds since co-oxidation may be the domi-
nant mechanism for their removal. Biodegradation and
bioremediation studies, however, often focus on a
narrow range of hydrocarbons examined for their ability
to support growth, potentially neglecting not only
additional growth substrates but also co-oxidized sub-
strates. The results of this study indicate that a more
complete examination of the ability of PAH-degrading
organisms to degrade mono-aromatic compounds is
warranted. The broad substrate speci®city of these
organisms suggests that they may play an important role
in biodegradation of mixtures of pollutants typically
found at petroleum-contaminated sites.
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