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Abstract

The potential of trichloroethylene (TCE) to induce and non-aromatic growth substrates to support TCE degradation
in five strains (Pseudomonas mendocina KR1, Ralstonia pickettii PKO1, Pseudomonas putida F1, Burkholderia
cepacia G4, B. cepacia PR1) of toluene-oxidizing bacteria was examined. LB broth and acetate did not support
TCE degradation in any of the wild-type strains. In contrast, fructose supported the highest specific levels of TCE
oxidation observed in each of the strains tested, except B. cepacia G4. We discuss the potential mechanisms and
implications of this observation. In particular, cells of P. mendocina KR1 degraded significant amounts of TCE
during cell growth on non-aromatic substrates. Apparently, TCE degradation was not completely constrained by
any given factor in this microorganism, as was observed with P. putida F1 (TCE was an extremely poor substrate)
or B. cepacia G4 (lack of oxygenase induction by TCE). Our results indicate that multiple physiological traits are
required to enable useful TCE degradation by toluene-oxidizing bacteria in the absence of aromatic cosubstrates.
These traits include oxygenase induction, effective TCE turnover, and some level of resistance to TCE mediated
toxicity.

Abbreviations: DMF – N,N-dimethylformamide; TCE – trichloroethylene

Introduction

Aerobic biodegradation of the common groundwater
pollutant trichloroethylene (TCE) occurs via cometa-
bolism, whereby microorganisms utilize non-specific
oxygenases to catalyze TCE oxidation (Ensley 1991;
Arp 1995). Until recently, it was a commonly accepted
belief that synthesis of monooxygenases or dioxy-
genases capable of TCE oxidation was dependent on
induction by a natural substrate of the transforming
oxygenase. To achieve maximal rates of induction,
the inducing substrate is often provided as the sole
source of carbon and/or energy for the TCE-degrading
microorganism(s). However, reliance upon these nat-
ural substrates to support TCE cometabolism can be
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problematic since they often act as inhibitors of co-
substrate oxidation (Folsom et al. 1990; Strand et al.
1990; Hyman et al. 1995). If the physiological growth
substrate is in excess, rates of TCE oxidation will be
repressed. On the other hand, if too much TCE is
oxidized relative to the natural growth substrate, the
microorganism will face a net drain of reductant and
eventually lose the capacity for growth and cometa-
bolic activity. Since it is difficult to precisely regulate
the concentrations of substrates during many biore-
mediation applications, it is of practical importance to
develop or discover systems in which the induction of
TCE-degrading oxygenases is not dependent upon the
presence of substrates harvested by the same enzymes
(e.g., simple aromatics such as phenol or toluene).

Reports that TCE itself, or an oxidation product of
this compound, can induce toluene oxygenase activity
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in some toluene-oxidizing bacteria including Pseudo-
monas putida F1, Burkholderia cepacia G4, Ralstonia
pickettii PKO1, and Pseudomonas mendocina KR1
(Heald & Jenkins 1994; McClay et al. 1995; Leahy et
al. 1996; Shingleton et al. 1998) raise the possibility
that TCE degradation could be supported by alternat-
ive, non-aromatic growth substrates. In each of these
microorganisms, TCE oxidation has been shown to
be catalyzed by a toluene mono- or dioxygenase (P.
putida F1, toluene dioxygenase (Wackett & Gibson
1988); P. mendocina KR1, toluene 4-monooxygenase
(Winter et al. 1989; McClay et al. 1995); R. pick-
ettii, toluene 3-monooxygenase (Olsen et al. 1994);
B. cepacia G4 and PR1, toluene 2-monooxygenase
(Shields et al. 1991; Newman & Wackett 1997)). Fur-
thermore, TCE degradation has been demonstrated in
toluene-oxidizing strains grown on lactate and glutam-
ate (McClay et al. 1995; Leahy et al. 1996). However,
there is some ambiguity among these reports. For
example, TCE-mediated induction of toluene dioxy-
genase in P. putida F1 has been observed (Leahy et
al. 1996; Shingleton et al. 1998), yet it has also been
reported that TCE does not induce toluene-oxidizing
activity in this organism (McClay et al. 1995). There
have also been conflicting reports on the ability of
TCE to induce toluene-oxidizing activity in B. ce-
pacia G4 (McClay et al. 1995; Leahy et al. 1996).
In each of these studies different growth substrates,
culture conditions, and concentrations of TCE were
utilized. Taken together, these observations imply that
the choice of growth substrate could greatly affect the
extent to which TCE can stimulate its own degradation
among wild type strains of toluene-oxidizing bacteria.

The objectives of the current study were to ex-
amine the TCE-degrading capacity of five toluene-
oxidizing strains, B. cepacia G4, B. cepacia PR1,
P. putida F1, P. mendocina KR1, and R. pickettii
PKO1, while grown on select sugars, organic acids,
and rich media, and to characterize the physiolo-
gical limitations of TCE transformation under these
conditions.

Materials and methods

Bacterial strain and culture conditions

B. cepacia G4 and B. cepacia PR1 were provided by
Malcolm Shields (University of West Florida, Pensa-
cola), P. putida F1 was obtained from the Amer-
ican Type Culture Collection (#700007), R. pickettii

PKO1 was provided by Ronald Olsen (University of
Michigan, Ann Arbor), and P. mendocina KR1 was
provided by Amgen (Thousand Oaks, CA). All strains
were maintained on minimal medium agar plates con-
taining 20 mM lactate (Yeager et al. 1999). Liquid
cultures were grown overnight at 30 ◦C with shaking
in sealed serum vials (160 ml) containing minimal me-
dia (60 ml) with the indicated carbon source (20 mM).
Growth with toluene (1.0 mM initial aqueous phase
concentration) was achieved by two sequential addi-
tions of 9 µl toluene, as previously described (Yeager
et al. 1999). The aqueous concentrations of tolu-
ene and TCE in liquid-gas systems at 30 ◦C were
calculated with dimensionless Henry’s constants (Hc;
(mol/L gas concentration)/(mol/L aqueous concentra-
tion)) of 0.343 (Yeager et al. 1999) and 0.494 (Gossett
1987), respectively. The initial aqueous phase concen-
tration of volatile substances in sealed serum vials was
calculated by back calculating from: gas phase con-
centration = total moles added/((aqueous volume/Hc)
+ gas volume). Toluene (99.8%) and TCE (99+%)
were obtained from Aldrich (Milwaukee, WI). To col-
lect cells for experimental assays, cultures were cent-
rifuged, rinsed twice with 50 mM KH2PO4—K2HPO4
buffer, pH 7.0 (phosphate buffer) and resuspended in
fresh phosphate buffer as a concentrated cell solution.
The cell suspension was stored at room temperature
for ≤1 h before use.

TCE degradation by strains grown with various
substrates

Cells of each strain were grown overnight in minimal
medium containing a select growth substrate (20 mM)
or in LB broth and harvested as described above. A
portion of the harvested cells was used to inoculate
fresh medium (60 ml in 160 ml serum vials sealed
with Teflon-lined butyl rubber stoppers) containing
the same growth substrate (20 mM) and 1.1, 5.5, or
21.8 µmol of TCE. The initial aqueous phase con-
centration of TCE was 10, 50, and 200 µM for these
additions, respectively. Cells were added to give each
culture an initial OD600 of 0.05. The amount of TCE in
each vial was measured by GC analysis of headspace
samples immediately following addition of cells and
after the cultures had incubated at 30 ◦C with shaking
for 16–24 h (Table 1). All cultures had ceased grow-
ing after 16–24 hand there was no evidence of further
TCE consumption with increased incubation periods.
In an additional set of experiments (Figure 1), TCE
consumption by growing cultures was monitored more
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Table 1. TCE degradation by toluene-oxidizing bacteria grown on
various substrates

TCE Degraded (µmol)a

Growth TCE F1 KR1 PKO1 G4 PR1

substrate added

(µmol)

Lactate 1.1 –b 1.1, 1.1 – – 1.1, 1.1

5.5 – 1.3, 1.5 – – 5.5, 5.5

Acetate 1.1 NDc ND ND ND ND

5.5 – – – – 2.9, 2.8

Glucose 1.1 – 0.8, 0.7 – – 1.1, 1.1

5.5 – 0.8, 0.8 0.5, 0.2 – 5.3, 5.1

Fructose 1.1 0.4, 0.5 1.1, 1.1 – – 1.1, 1.1

5.5 0.9, 1.1 5.5, 5.5 0.6, 1.0 – 5.1, 5.5

Glutamate 1.1 – 0.7, 0.6 – – 1.1, 1.1

5.5 – 0.4, 0.6 – – 5.5, 5.5

LB broth 1.1 – – – – 1.1, 1.0

5.5 – – – – 4.3, 5.3

a TCE consumption was measured in sealed serum vials (160 ml)
containing minimal media (60 ml) amended with the indicated sub-
strate and inoculated with the designated strains. The cultures were
incubated at 30 ◦C with shaking for 16–24 h, beyond which time
further TCE consumption was not observed. Values from duplicate
experiments are presented.
b (–): TCE degradation was below the level of detection (≤0.1 µmol).
c (ND): experiment not performed.

frequently (as was the OD600) over a 10.5 h incubation
period to ensure that comparisons of TCE consump-
tion were made before oxygen limitation became an
issue.

Induction of toluene- and TCE-degradative activity

Cells of each strain were grown at 30 ◦C in serum
vials (160 ml) containing minimal medium (60 ml)
with fructose (20 mM). When the OD600 of the culture
reached 0.3–0.4, 5.5 µmol of toluene (58 µM, initial
concentration) or TCE (50 µM, initial concentration)
diluted in N,N-dimethylformamide (DMF) was added
to the vials, which were then sealed with Teflon-lined
butyl stoppers and incubated at 30 ◦C for 4 h. In all
assays ≤12.5 µl of DMF was added to the cultures.
These levels of DMF did not alter the growth rates
of any of the strains examined, and our initial ob-
servations indicated that DMF does not inhibit TCE
degradation under these conditions. It was empiric-
ally determined that a 4 h induction period yielded
the highest levels of oxygenase activity under the con-
ditions examined. Induced cells were harvested, as
described above, and assayed for toluene-degrading
activity. Alternatively, cells grown overnight on tolu-

Figure 1. (A) Cell growth of P. mendocina KR1 cultures incubated
with TCE (initial concentration, 10 µM) in growth media with lact-
ate (�), glucose (�), glutamate (�), fructose (�), or LB (�), was
monitored via OD600 measurements over time. (B) TCE consump-
tion by each of the cultures depicted in (A), along with a control
culture with no growth substrate (�), was monitored periodically
by GC analysis.

ene were assayed for toluene-degrading activity or
TCE-degrading activity. To measure the toluene or
TCE degradation rates, cells (1 mg total protein) were
added to sealed serum vials (10 ml) containing phos-
phate buffer (1 ml final reaction volume) and toluene
(817 nmol; 200 µM) or TCE (550 nmol; 100 µM)
from a DMF stock solution. The reaction vessels were
incubated at 30 ◦C with shaking and hydrocarbon con-
sumption was monitored by GC analysis of headspace
samples over a 30–60 min time period.
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Determination of oxygenase activity upon TCE
exposure

To examine toluene monooxygenase or dioxygenase
activity following TCE exposure, the toluene-
dependent O2 uptake rates of treated cells were de-
termined with a Clark-style O2 electrode (Yellow
Springs Instruments Co., Yellow Springs, OH) moun-
ted in a glass water-jacketed reaction vessel (1.6 ml)
maintained at 30 ◦C. The reaction vessel was filled
with phosphate buffer, and cells were added to de-
termine a basal rate of cellular respiration. The basal
respiratory rate was subtracted from the toluene-
stimulated (250 µM) O2 uptake rate to obtain the
toluene-dependent O2 uptake rate. It was empiric-
ally determined that the toluene-dependent O2 uptake
activity was proportionately related to the toluene-
degrading activity as measured by GC analysis in each
of the strains examined.

Analytical methods

Toluene and TCE consumption was monitored with
a Shimadzu (Kyoto, Japan) GC-8A chromatograph
equipped with a flame ionization detector and a capil-
lary column (Alltech, 5 µm RSL 160 polydimethyl-
siloxane stationary phase, 15 m × 0.53 mm) with
nitrogen as the carrier gas. The column temperature
was 120 ◦C and the injector and detector temperatures
were set at 220 ◦C for all GC analyses. Hydrocar-
bons were quantified by comparison of peak heights
to standard curves constructed from known amounts
of authentic compounds. Protein concentrations were
determined with the Biuret assay (Gornall et al. 1949)
following cell solubilization in 3 M NaOH for 30 min
at 65 ◦C. Bovine serum albumin was used as the
standard.

Results

TCE degradation by toluene-oxidizing bacteria grown
on non-aromatic substrates

B. cepacia PR1 is a Tn5-derived mutant of B. ce-
pacia G4 that constitutively expresses toluene 2-
monooxygenase and has been shown to effectively
degrade TCE while grown on alternative substrates,
such as lactate (Shields & Reagin 1992). In the cur-
rent study, cells of B. cepacia PR1 degraded TCE
while grown on each of the substrates tested, albeit
somewhat inefficiently with acetate (Table 1). This

strain was included in our analyses to serve as a
comparative benchmark with which to evaluate TCE
degradation by wild type strains of toluene-oxidizing
bacteria grown on non-aromatic substrates. TCE de-
gradation by cultures of P. putida F1, P. mendocina
KR1, R. pickettii PKO1, B. cepacia G4, and B. cepacia
PR1 was measured following growth on 6 different
substrates (Table 1). Several important observations
were revealed in this experiment. First, none of the
wild type strains consumed TCE when grown on LB
broth, or with acetate as the sole C source. Second,
among the wild type strains, P. mendocina KR1 de-
graded the most TCE when grown on glutamate, lact-
ate, glucose, and fructose. In contrast, B. cepacia G4
did not degrade TCE while growing on any of the
non-aromatic growth substrates tested. Third, TCE de-
gradation (when observed) was most pronounced in
wild type strains when fructose was supplied as the
C source. In fact, fructose-grown P. mendocina KR1
degraded TCE to the same extent as B. cepacia PR1
under these conditions.

Because O2 exhaustion probably occurred at dif-
ferent times in the sealed vial treatments of the exper-
iment described in Table 1, and may have influenced
the final amounts of TCE degraded, we examined TCE
oxidation and concurrent growth of P. mendocina KR1
on different C sources over a shorter time (10 h) course
(Figure 1A and 1B). LB-grown cells of this strain did
not degrade TCE, while cultures growing on glutam-
ate, lactate, glucose, and fructose degraded TCE at
similar rates for approximately 4 h (beyond which
time cell growth slowed and eventually ceased either
due to cytotoxic effects of TCE degradation, or be-
cause of oxygen limitation in the sealed serum vials).
When the OD600 of the P. mendocina KR1 cells grown
on different substrates is compared with the amount of
TCE consumed at a given time (up to 4 h), it is ap-
parent that fructose supported more TCE degradation
for a given amount of accumulated biomass than did
the other substrates (Figure 1). The results in Table 1
are consistent with the idea that fructose also supports
greater specific rates of aerobic TCE degradation in
P. putida F1 and R. pickettii PKO1 than do the other
non-aromatic substrates tested.

Physiological limitations to TCE degradation

Even though we tested just a limited number of
toluene-oxidizing strains, it is obvious from the data
presented in Table 1 that there are considerable differ-
ences in the TCE-degrading capacity of these strains
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when grown on non-aromatic substrates. Therefore,
we performed a series of experiments to assess the
possible physiological underpinnings that prevent or
constrain TCE oxidation in toluene-oxidizing bac-
teria when grown on non-aromatic substrates. Because
fructose supported the highest levels of TCE degrada-
tion in each of the strains tested (except B. cepacia G4)
(Table 1), we utilized it as the growth substrate (when
required) in the following comparative physiological
assays. Unfortunately, R. pickettii PKO1 was not in-
cluded in these analyses because fructose-grown cells
of this organism were extremely sensitive to toluene
(extensive cell clumping) at the concentrations utilized
in the assays (50–200 µM).

TCE induction of toluene-oxidizing activity
First, we compared the ability of toluene and TCE
to induce toluene-oxidizing activity in fructose-grown
cells (Table 2). Toluene-oxidizing activity was used
as a proxy for TCE-degrading activity because it is
known that TCE is degraded by a toluene mono- or di-
oxygenase in each of the strains included in this study
(see Introduction). Also, with toluene as a substrate,
toluene-oxidizing activity does not suffer from inactiv-
ation or energy/reductant limitations in these strains,
thus providing a robust, steady activity measurement
following the induction treatments. We made no at-
tempt to maximize toluene-oxidizing activity in these
assays other than to optimize the toluene concentra-
tion used and to ensure that toluene consumption was
linear over the time course of the experiment.

With the exception of B. cepacia PR1, none of the
fructose-grown strains exhibited appreciable toluene-
degrading activity until induced with TCE or toluene
(Table 2, DMF control). Toluene-oxidizing activities
were essentially the same among toluene-grown cells
of B. cepacia G4, B. cepacia PR1, P. putida F1, and
P. mendocina KR1, although these rates may have
been artificially limited in our assays (e.g., diffusion
limited). Additionally, the toluene inducible toluene-
oxidizing activities in fructose-grown cells of each
strain were comparable (approximately 20–25% of the
activity observed in toluene-grown cells). There were
striking differences, however, between the toluene-
oxidizing activities of the four fructose-grown strains
when they were induced with TCE (50 µM). Activity
was not detected in fructose-grown cells of B. ce-
pacia G4 induced with TCE, while fructose-grown
B. cepacia PR1 and P. mendocina KR1 exhibited 22
and 53% of the activity measured in toluene-grown
cells under these conditions. Even though fructose-

Figure 2. Time course of TCE consumption by B. cepacia G4 (�),
P. mendocina KR1 (�), B. cepacia PR1 (�), P. putida F1 (�), and a
no cell control (*). Toluene-grown cells (1.0 mg total protein) were
incubated in phosphate buffer with TCE (100 µM initial aqueous
phase concentration; 1 ml final reaction volume) at 30 ◦C with
shaking.

grown cells of P. putida F1 degraded less TCE than P.
mendocina KR1 and B. cepacia PR1 (Table 1), these
P. putida F1 cells expressed approximately 5 times
the toluene-oxidizing activity expressed by fructose-
grown, TCE-induced cells of the other two strains.

TCE consumption profiles
Next, we determined the TCE-degrading activity of B.
cepacia G4, B. cepacia PR1, P. mendocina KR1, and
P. putida F1 without the confounding influence of an
additional carbon or energy source. TCE consumption
by toluene-grown, washed cells of each of these strains
was monitored over a short time period (Figure 2).
We utilized toluene-grown cells in this assay because
each strain exhibited robust, initial rates of TCE con-
sumption that could be easily monitored, whereas TCE
consumption was at or below the detection limit in
fructose-grown cells of several strains (i.e., P. putida
F1 and B. cepacia G4). The results show that washed
cells of toluene-grown B. cepacia G4 and B. cepacia
PR1 consumed TCE rather steadily up to 40 min, bey-
ond which time a slight loss of activity was observed.
In contrast, TCE consumption by P. mendocina KR1
declined continuously from 10 min onward and had
essentially ceased by 40–50 min. The decline in TCE
consumption was even more dramatic in P. putida F1,
which ceased after 10–20 min.

TCE-dependent oxygenase inactivation
One of the fundamental criticisms of aerobic TCE
cometabolism is that it is often constrained by cyto-
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Table 2. Specific toluene-degradative activity of B. cepacia G4, P. putida F1 and P. men-
docina KR1, and B. cepacia PR1 grown with toluene or grown with fructose and induced
with toluene, TCE, or DMF

Toluene degradation rate (nmol min−1 mg of protein−1)a

Strain Toluene-grown Fructose-grown cellsc

cellsb Induced Induced w/TCE Induced

w/toluene w/DMF

B. cepacia G4 60.3 ± 4.8d 12.0 ± 4.6 0.3 ± 0.3 0.1 ± 0.1

B. cepacia PR1 62.1 ± 10.7 16.3 ± 1.3 13.6 ± 1.2 9.1 ± 1.3

P. mendocina KR1 51.8 ± 8.2 12.0 ± 1.2 6.6 ± 2.4 0.4 ± 0.1

P. putida F1 60.2 ± 7.3 16.1 ± 7.4 31.9 ± 8.9 0.1 ± 0.1

Toluene degradation (initial aqueous phase concentration, 200 µM) was monitored in
sealed serum vials (10 ml) containing cells (1 mg total protein) and phosphate buffer
(1 ml final reaction volume) over a 30 min time course at 30 ◦C with shaking.
b Cells were grown overnight on toluene (as described in materials and methods).
c Fructose-grown cells were induced with toluene (58 µM) or TCE (50 µM) from DMF
diluted stock solutions (≤12.5 µl added) or with DMF alone (12.5 µl added).
d Values are the mean of 3 experiments ± SD.

toxic effects. During TCE degradation, it is thought
that reactive intermediates can injure cells via specific
inactivation of the transforming oxygenase (Fox et al.
1990; Li & Wackett 1992; Newman & Wackett 1997)
or by causing general cellular damage that ultimately
leads to cell death and cessation of enzymatic activity
(Heald & Jenkins 1994; van Hylckama Vlieg et al.
1997; Yeager et al. 2001). Therefore, we examined the
effects of TCE degradation on toluene-dependent oxy-
genase activity and cell growth to determine if toxicity
could have influenced the TCE degradation patterns
observed in the current study.

To determine if the strain-dependent differences in
TCE degradation observed in Figure 2 were due to
oxygenase inactivation, toluene-dependent O2 uptake
rates were determined in cells of each strain following
exposure to TCE for different time intervals (Figure 3).
The irreversible inhibition of toluene-oxidizing activ-
ity following TCE degradation varied considerably
among the strains, and with the exception of the res-
ults for P. putida F1, the loss of activity observed in
each strain was consistent with the corresponding TCE
degradation curves presented in Figure 2. B. cepacia
G4 and B. cepacia PR1 maintained between 70–80%
of their toluene-oxidizing activities over the 1 h in-
cubation, whereas the toluene-oxidizing activity of P.
mendocina KR1 dropped considerably during the first
10 min of TCE exposure (70% loss) and continued to
decline to ∼12% of the initial value after 1 h. The tolu-
ene oxidizing activity of P. mendocina KR1 showed
more TCE-independent sensitivity to the assay condi-
tions than the other strains. Loss of monooxygenase

activity during aeration has been previously reported,
and it has been speculated that reactive oxygen spe-
cies generated in the active site of the enzyme can
eventually react with nearby amino acids, thus inac-
tivating the enzyme, unless a substrate is available
that can be readily oxidized (Alvarez-Cohen & Mc-
Carty 1991; Studts et al. 2000). KR1 lost 30% of
its activity over an 1 h incubation in the absence of
any substrate, while the other strains lost only 5% of
their activities (data not shown). Cells of P. putida
F1 retained ∼75% of toluene-oxidizing activity over
the 1 h incubation (Figure 3), despite TCE oxidizing
activity being undetectable after 10–20 min in the TCE
consumption experiment (Figure 2). These same TCE-
treated cells of P. putida F1 were incapable of further
TCE degradation after incubation with toluene (in the
O2 electrode chamber) indicating that reductant deficit
had not caused the inhibition of TCE oxidation (data
not shown). These results were highly reproducible
with different batches of P. putida F1 cells.

TCE-dependent general cellular toxicity
To determine the effects of TCE degradation on the
overall cellular health of the toluene-oxidizing strains
during growth on non-aromatic substrates, we mon-
itored growth rates of B. cepacia PR1, B. cepacia
G4, P. putida F1, and P. mendocina KR1 with lactate
or fructose in the presence or absence of TCE. TCE
(50 µM initial concentration) diminished the growth
rate of B. cepacia PR1, P. putida F1, and P. mendo-
cina KR1 with fructose (Figure 4), but had no effect
on the growth characteristics of B. cepacia G4 (data
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Figure 3. Loss of toluene oxidizing activity in B. cepacia G4 (�),
P. putida F1 (�), P. mendocina KR1 (�) and B. cepacia PR1 (�)

cells exposed to TCE for select times. Toluene-grown cells (1.0 mg
total protein) were incubated in phosphate buffer with TCE (100 µM
initial aqueous phase concentration; 1 ml final reaction volume) at
30 ◦C with shaking for the indicated times, washed twice in phos-
phate buffer, and assayed for toluene-dependent O2 uptake activity.
Values are the mean of 3 experiments ± SD.

not shown). In cells of B. cepacia PR1 and P. mend-
ocina KR1 that had been pretreated with propyne to
inactivate toluene monooxygenase activity (Yeager et
al. 1999), no reduction in fructose-dependent growth
was observed in the presence of TCE (data not shown).
We were unaware of a specific inactivator for toluene
dioxygenase, so a similar control experiment was not
performed with P. putida F1. These experiments in-
dicate that the effect of TCE on the fructose-supported
growth rates of B. cepacia PR1 and P. mendocina KR1
(and probably P. putida F1) was turnover-dependent.
The growth rate of cells of each of these strains util-
izing lactate was not affected by the addition of TCE
(Figure 4).

Discussion

The results of this study demonstrate that P. putida F1,
R. pickettii PKO1, and P. mendocina KR1, each har-
boring distinct toluene-oxidizing systems, were cap-
able of degrading TCE when grown on non-aromatic
substrates. However, there were significant strain-
dependent and substrate-dependent differences in the
amount of TCE degraded. Our results indicate that
multiple physiological traits were responsible for the
strain-dependent differences including: oxygenase in-
duction, kinetics of TCE oxidation, and resistance or

Figure 4. Growth of (A) P. mendocina KR1, (B) B. cepacia PR1
or (C) P. putida F1 cells in minimal media containing fructose
(squares) or lactate (triangles) with (open symbols) or without
(closed symbols) 50 µM TCE. Cultures were incubated in sealed
serum vials at 30 ◦C with shaking and periodically samples were
removed to measure the OD600 of the culture.
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susceptibility to TCE-dependent oxygenase inactiva-
tion and general cellular toxicity. Additionally, the
specific rate of TCE degradation by P. mendocina
KR1 (and likely other toluene-oxidizing strains) dur-
ing growth with non-aromatic compounds was highly
dependent on the choice of substrate. In particular, it
was found that fructose was remarkable in its ability
to support TCE degradation in P. mendocina KR1.

The failure of TCE to induce its own degradation
in toluene-oxidizing strains grown on LB or acetate
was most likely due to catabolite repression. It has
been demonstrated that carbon catabolite repression is
often involved in transcriptional regulation of bacterial
oxygenases in strains that grow on phenol, toluene and
other simple aromatic compounds (Holtel et al. 1994;
Ampe et al. 1998; Cases et al. 1999; Sze & Shin-
gler 1999). Indeed, complete repression of oxygenase
activity during rapid growth in rich media, or expo-
nential silencing, is apparently quite common (Yuste
et al. 1998; Sze & Shingler 1999; Carmona et al.
2000; Tover et al. 2001). Acetate has also been shown
to inhibit synthesis of several bacterial oxygenases,
including phenol hydroxylase in Ralstonia eutropha
(Ampe et al. 1998) and styrene monooxygenase in
Pseudomonas fluorescens ST (Santos et al. 2000).

Among the strains tested in this study, B. cepacia
G4 was most susceptible to catabolite repression, as
it exhibited virtually no TCE-degrading or toluene-
oxidizing activity in the presence of the non-aromatic
substrates. In a previous study, cells of B. cepacia G4
exhibited toluene-dependent oxygenase activity fol-
lowing growth on lactate in the presence of 2.35 mM
TCE (Leahy et al. 1996), which suggests that high
concentrations of TCE (mM range) could induce some
level of toluene 2-monooxygenase activity in B. cepa-
cia G4. However, requiring high levels of contamin-
ant for induction would be disadvantageous in many
bioremediation scenarios, thus the use of B. cepa-
cia G4 as a bioremediation agent is expected to be
hampered by catabolite repression when non-aromatic
growth substrates are present.

Unlike B. cepacia G4, cells of P. putida F1 were
capable of high levels of oxygenase expression in
the presence of the alternative substrate, fructose,
yet overall levels of TCE degradation by this bac-
terium were poor because the activity was extremely
short-lived. Several previous studies have also demon-
strated a precipitous loss of TCE-oxidizing activity in
whole cells of P. putida F1 and the authors suggested
that toluene dioxygenase is rapidly inactivated during
the transformation (Wackett & Gibson 1988; Wackett

& Householder 1989). However, we found that the
toluene-oxidizing activity of P. putida F1 cells was not
inactivated upon TCE degradation. Indeed, our results
imply that TCE may be a better enzyme inhibitor than
a substrate of the P. putida F1 toluene oxidizing sys-
tem, or that the enzyme contains different active sites
for TCE and toluene oxidation. This would explain
the observation that a recombinant strain of Deinococ-
cus radiodurans, expressing toluene dioxygenase, was
able to effectively sustain toluene degradation, but not
TCE degradation (Lange et al. 1998).

Among the wild type toluene-oxidizing strains
tested, P. mendocina KR1 was the most successful
TCE degrader when grown with non-aromatic sub-
strates. No single factor repressed TCE oxidation in
this organism as in B. cepacia G4 (catabolite re-
pression) or P. putida F1 (kinetics of TCE turnover).
Nonetheless, P. mendocina KR1 did not exhibit any
exceptional TCE-degrading qualities. In comparison
to the other toluene-oxidizing strains examined, KR1
(1) exhibited moderate levels of oxygenase activity
when grown on non-aromatic substrates in the pres-
ence of TCE (Table 2); (2) degraded intermediate
levels of TCE in resting cell assays (Figure 2); and
3) was relatively sensitive to the toxic effects asso-
ciated with TCE oxidation (Figures 3 and 4). Even
so, because TCE degradation was sustained for many
hours in this bacterium under a variety of growing
conditions, P. mendocina KR1 was obviously capable
of synthesizing toluene 4-monooxygenase and divert-
ing sufficient reductant/energy to repair or resynthes-
ize enzymes or other cellular constituents damaged
upon TCE oxidation during growth on non-aromatic
substrates.

As mentioned earlier, we found that fructose was
remarkable in its ability to support high specific
rates of TCE degradation in toluene-oxidizing bacteria
growing on non-aromatic substrates. A link between
growth on fructose and relatively high levels of oxy-
genase activity in some Pseudomonas strains was
previously observed and attributed to a novel form of
carbon catabolite regulation (Cases et al. 1999; Cases
& de Lorenzo 2000). On the other hand, high specific
rates of oxygenation reactions have also been correl-
ated with slow cell growth (as was observed for TCE
oxidation in fructose-grown cultures of P. mendocina
KR1 in the current study). For instance, the TCE trans-
formation efficiency of B. cepacia G4 was reported to
be up to 10 times greater under non-growing or slow
growth conditions than during periods of rapid growth
(Landa et al. 1994; Mars et al. 1996). To explain this
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phenomenon, it has been theorized that during periods
of rapid bacterial growth electrons are preferentially
shuttled towards anabolic processes, depriving oxy-
genases of their reductant needs; whereas, reductant
(usually in the form of NADH) availability may be
greater during slow growth due to a decrease in the
demand for this commodity in anabolic processes rel-
ative to its generation via the TCA cycle (Leahy et al.
1996; Dahlen & Rittmann 2002b). Indeed, respiration
uncoupled from growth has been observed previously
in various strains of P. mendocina, including KR1,
suggesting that this species may be capable of divert-
ing NADH for TCE degradation during growth on
alternative substrates (Verdoni et al. 1992; Leahy et
al. 1996).

In contrast to the scenario described above, Dahlen
& Rittmann (2002a) calculated that only 1% of the
available cellular NADH was required for oxygena-
tion reactions in a mixed-culture bioreactor designed
to degrade phenol and 2,4-dichlorophenol. The au-
thors suggested that by increasing the specific growth
rate of the cultures, the cellular content (thus activ-
ity) of phenol monooxygenase increased, and that
this factor had a greater effect on monooxygenase
activity in the bioreactor than did NADH availability.
Obviously, a better understanding of the intricate rela-
tionship between the oxygenase activity of xenobiotic-
degrading microorganisms and specific growth rates,
NADH availability, and carbon catabolite regulation
is necessary to fully interpret the high specific rates
of TCE degradation observed in bacteria growing on
fructose and to provide information that will allow
further optimization of oxygenase-catalyzed reactions.
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