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In Ralstonia pickettii PKO1, a denitrifying toluene oxidizer that carries a toluene-3-monooxygenase (T3MO)
pathway, the biodegradation of toluene and trichloroethylene (TCE) by the organism is induced by TCE at high
concentrations. In this study, the effect of TCE preexposure was studied in the context of bacterial protective
response to TCE-mediated toxicity in this organism. The results of TCE degradation experiments showed that
cells induced by TCE at 110 mg/liter were more tolerant to TCE-mediated stress than were those induced by
TCE at lower concentrations, indicating an ability of PKO1 to adapt to TCE-mediated stress. To characterize
the bacterial protective response to TCE-mediated stress, the effect of TCE itself (solvent stress) was isolated
from TCE degradation-dependent stress (toxic intermediate stress) in the subsequent chlorinated ethylene
toxicity assays with both nondegradable tetrachloroethylene and degradable TCE. The results of the toxicity
assays showed that TCE preexposure led to an increase in tolerance to TCE degradation-dependent stress
rather than to solvent stress. The possibility that such tolerance was selected by TCE degradation-dependent
stress during TCE preexposure was ruled out because a similar extent of tolerance was observed in cells that
were induced by toluene, whose metabolism does not produce any toxic products. These findings suggest that
the adaptation of TCE-induced cells to TCE degradation-dependent stress was caused by the combined effects
of solvent stress response and T3MO pathway expression.

Trichloroethylene (TCE), a suspected carcinogen (30) and
U.S. Environmental Protection Agency priority pollutant (10),
is one of the most commonly detected volatile organic contam-
inants in groundwater. In oxic contaminated subsurface envi-
ronments, TCE can be degraded by means of a cooxidation
reaction catalyzed by microbial oxygenases such as ammonia
monooxygenase (2), alkene monooxygenase (8, 9), methane
monooxygenase (12, 23), propane monooxygenase (24), tolu-
ene dioxygenase (6, 14, 52), and toluene monooxygenase (11,
33, 48). Among these, TCE cooxidation by bacteria carrying
toluene oxygenase pathways has been of particular interest in
environmental microbiology, since studies have shown that
aerobic TCE biodegradation is stimulated in situ when toluene
is added (15, 26).

TCE exposure can enhance biodegradation capacity via the
induction of toluene oxygenase activity (4, 40). However, TCE
exposure may also lead to TCE-mediated toxicity that can limit
biodegradation capacity in TCE-degrading toluene oxidizers.
Because of these competing effects, optimizing biodegradative
capacity in sites contaminated by TCE (especially at high con-
centrations) may involve finding the TCE exposure level at
which the combined effects of TCE-induced biodegradative
activity (TCE inducibility) and TCE-mediated toxic effects re-
sult in maximum biodegradation capacity.

TCE exposure may lead to two types of toxicity in TCE-
degrading oxygenase-containing bacteria. The first is TCE deg-

radation-dependent (or degradation intermediate-mediated)
toxicity, which results in the reduction of cellular growth, via-
bility, and respiratory activity (1, 9, 25, 32, 37, 44, 45, 51).
Although the exact nature of the destructive intermediate spe-
cies remains unknown, it has been proposed that acyl chlo-
rides, generated from hydrolysis or rearrangement of TCE
epoxide (monooxygenase-catalyzed reaction) or TCE-dioxet-
ane (dioxygenase-catalyzed reactions), cause damage by alky-
lating various cellular constituents (12, 22, 31, 45). In addition
to this by-product-mediated toxicity, TCE itself may cause a
solvent stress at high concentrations. It is recognized that or-
ganic solvents with a log Kow value between 1.5 and 3 (TCE has
a log Kow of 2.61 [13]) may generally cause cytoplasmic mem-
brane-associated toxicity in microorganisms (36, 41). Although
the effect of TCE degradation-dependent toxicity on TCE in-
ducibility was previously reported for a toluene dioxygenase
strain (Pseudomonas putida TVA8 [40]), little is known about
the combined effects of TCE degradation-dependent stress
and TCE solvent stress on the induction of biodegradation by
TCE in bacteria that carry TCE-degrading oxygenase path-
ways.

Among toluene-oxidizing bacteria, a toluene monooxygen-
ase-containing bacterial strain, Burkholderia cepacia G4, has
been suggested to resist TCE degradation-dependent toxicity
(11, 19, 31). Despite such tolerance, this type of organism may
become sensitive to TCE degradation-dependent stress when
the growth substrate or energy is limited (25). Energy-requir-
ing DNA repair mechanisms (42) are involved in the energy-
dependent tolerance observed in strain G4 (50). This suggests
that adding a carbon and energy source (primary substrate)
would aid the in survival of this type of toluene monooxygen-
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ase-containing bacterium when degrading TCE. In groundwa-
ter, aerobic metabolism of such added primary substrates by
soil microorganisms may result in oxygen limitation, and in
turn, the oxygen limitation would result in a decrease in the
degradation of TCE by aerobic toluene-oxidizing bacteria that
use only oxygen as a terminal electron acceptor (20). Alterna-
tively, it has been proposed that the degradation of TCE by
denitrifying toluene oxidizers can be stimulated by adding ni-
trate to groundwater, since the aqueous solubility of nitrate
(660 g/liter) is much greater than that of oxygen (21). Olsen
and coworkers previously demonstrated that nitrate enhanced
the biodegradation of toluene and TCE by denitrifying toluene
oxidizers (18, 21). However, the question whether denitrifying
toluene degraders can tolerate TCE-mediated toxicity remains
to be examined.

In 1996, Leahy et al. (21) reported that the degradation of
TCE by a denitrifying toluene-3-monooxygenase (T3MO)-con-
taining bacterium, Ralstonia pickettii PKO1, was activated after
the cells were incubated in the presence of TCE at 2.35 mM
(equivalent to 306 mg/liter). This suggested that the denitrify-
ing strain PKO1 was able to tolerate TCE-mediated stresses,
and TCE preexposure probably played some role in chemical-
stress-resistant responses. In view of the considerations set
forth above, this study sought to systematically examine the
induction of catabolic enzyme activity by TCE, as well as the
cellular stress response to TCE-mediated toxicity, in strain
PKO1. The specific objectives of this study were (i) to examine
the relationship between the TCE concentration and the ki-
netics of induction of catabolic enzyme activity and (ii) to
characterize the effects of TCE preexposure on cellular re-
sponses to both TCE degradation-dependent stress and solvent
stress. Using chlorinated ethylene toxicity analysis with the
nondegradable solvent PCE and the degradable solvent TCE,
the effect of TCE itself (solvent stress) was isolated from TCE
degradation-dependent toxicity when cells were exposed to
high TCE concentrations. By comparing cellular responses be-
tween uninduced and TCE-induced cells, the effects of TCE
preexposure in the denitrifying TCE-degrading strain are dis-
cussed in the context of the bacterial protective response to
TCE-mediated toxicity in this organism.

MATERIALS AND METHODS

Materials. A basal salts medium (BM [21]) was used for the minimal mineral
medium. TNA (tryptone nutrient agar [34]) served as the solid growth medium.
Distilled-deionized water from a Corning Millipore D2 system was used for all
experiments. For hydrocarbons, HPLC (high performance liquid chromatogra-
phy)-grade toluene (Aldrich Chemical Co.) and spectrophotometer-grade TCE
and tetrachloroethylene (PCE) (Fisher Scientific Co.) were used. The sole car-
bon and energy source (primary substrate) was sodium DL-lactate (Fisher Scien-
tific Co.), which had the least repressive effect on the induction of toluene
degradation among all the ancillary carbon sources that were tested (i.e., succi-
nate, fumarate, adipate, pyruvate, glutamate, and lactate).

Culture conditions. To prepare uninduced cell suspensions, cells were typically
grown on lactate. Cells previously stored at �70°C were grown on TNA solid
medium and then subjected to serial dilutions with a 40 mM phosphate buffer.
After 3 days of incubation at 30°C, 10 colonies from a TNA plate were suspended
in 1 ml of 40 mM phosphate buffer (pH 6.8). The cell suspension was transferred
to a 1-liter culture flask containing 100 ml of BM amended with 1,000 mg of
sodium DL-lactate per liter and then incubated by shaking (250 rpm) at room
temperature (23 to 27°C). After approximately 18 h of incubation, the late-
exponential-phase cultures were used as uninduced cell suspensions. The A425

(optical density at 425 nm) values of the cultures were approximately 0.6.
Toluene-induced cell suspensions were prepared to determine the kinetics of

TCE degradation by toluene-induced PKO1 cells. For this preparation, cells
were grown in 4-liter culture flasks containing 500 ml of BM amended with 2,000
mg of sodium DL-lactate per liter. To ensure adequate enzymatic induction,
toluene (saturating) vapor was continuously provided to each culture from 0.5 ml
of liquid toluene placed in a 1.8-ml GC vial attached to the inside of the stopper
in each 4-liter culture flask. The prepared 4-liter culture flasks were incubated by
shaking (250 rpm) in a temperature-controlled room (30°C). After approxi-
mately 18 h of incubation, the cells were harvested from the spent medium by
centrifugation (9,264 � g at 4°C for 10 min). The cell pellet was washed once with
fresh BM and then resuspended in 100 ml of fresh BM prior to use.

To control the exposure of cells to TCE during incubation with TCE plus
lactate, the uninduced cells were grown in 160-ml serum bottles containing 10 ml
of BM amended with 1,000 mg of sodium DL-lactate per liter and different
concentrations of TCE. For this, 1 ml of the uninduced cell suspension, prepared
as described above, was transferred into each 160-ml bottle containing 9 ml of
preoxygenated BM with 1,110 mg of sodium DL-lactate per liter. A predeter-
mined volume of a TCE stock prepared in N�,N�-dimethylformamide (900 g/li-
ter) was then added to the aqueous phase in each 160-ml serum bottle, using
airtight microsyringes. TCE concentrations in the serum bottles are reported on
the basis of the initial aqueous phase concentrations. This aqueous concentration
was calculated based on the amount of TCE added and the air and aqueous
volumes in each serum bottle. For this calculation, a dimensionless TCE Henry
constant of 0.472 (47) was used. After the addition of TCE, the serum bottles
were crimp-sealed with Teflon-lined butyl septa and vortexed for 30 s. The serum
bottles were incubated by shaking (250 rpm) at room temperature. Prior to the
measurement of either toluene degradation or TCE degradation, cells were
harvested from the spent medium by centrifugation (8,000 rpm at 4°C for 10
min). The cell pellet was washed once with fresh BM and then resuspended in 50
ml of fresh BM prior to use. To attain a biomass greater than A425 of 0.1 in the
50-ml cell suspension, spent medium was collected from several different 160-ml
serum bottles, depending on the incubation conditions.

To prepare TCE-induced cells for the chlorinated ethylene toxicity analysis,
cells were precultured for 24 h in the presence of 110 mg of TCE per ml, using
a 160-ml serum bottle containing BM amended with lactate at an initial concen-
tration of 1,000 mg of sodium DL-lactate per liter. For the 24-h incubation, a
serial culture technique was used, transferring 1 ml of a cell suspension from the
preincubated 160-ml serum bottle to a newly prepared serum bottle every 8 h.

Analytical techniques. A viable plate count method was used to quantify the
viable and culturable biomass. A single viable cell was assumed to form one
colony on TNA plates (i.e., one CFU). Previous microscopic examination has
supported the validity of this assumption; i.e., most of the suspended PKO1 cells
do not coalesce into groups but, rather, remain separate from one another (35).
To quantify the total biomass, cellular protein and A425 were also measured. For
the cellular-protein measurement, the Bio-Rad protein assay kit (Bio-Rad Co.)
was used with bovine serum albumin as a standard. The cells were digested at
90°C for 30 min in 5 N NaOH.

Toluene was analyzed by reverse-phase HPLC using a Hewlett-Packard 1090
series II system with a hypersil 5C18 column and a UV (210-nm) detector.
Lactate was analyzed by HPLC using the same Hewlett-Packard system with a
Capcell pak C18UG120 column and a UV (205 nm) detector. Chlorinated eth-
ylenes were analyzed by gas chromatography (GC) using a Hewlett-Packard 6890
system with an electron capture detector. Under these conditions, the detection
limits for toluene, lactate, TCE, and PCE were 10 ppb, 10 ppm, 1 ppb, and 1 ppb,
respectively. For the HPLC and GC analyses, aqueous portions of 0.5 ml were
obtained with airtight 1-ml microsyringes, mixed with an equal volume of meth-
anol in 1.8-ml GC vials, and stored at 4°C until analyzed.

Hydrocarbon degradation measurements. Initial rates of toluene and TCE
degradation were measured to quantify toluene-degradative activity and to de-
termine the kinetics of TCE degradation, respectively. For this, 15-ml completely
mixed batch reactors equipped with sampling ports containing GC septa (Alltech
Associates, Inc.) were used as described elsewhere (35). Before degradation was
measured, cell suspensions in BM were preoxygenated for 30 min. The reactors
were filled with cell suspensions without headspace and then crimp-sealed. A
predetermined amount of either toluene or TCE was added from a stock in
N�,N�-dimethylformamide through the GC septum into each crimp-sealed reac-
tor. The initial aqueous concentration of toluene was 5 mg/liter, and initial TCE
concentrations were varied. To obtain initial degradation data, toluene disap-
pearance was monitored either every 15 min for 1 h or every 30 min for 2 h and
TCE disappearance was monitored either every 30 min for 2 h or every 60 min
for 4 h. Specific (biomass normalized) degradation rates are reported based on
viable biomass as well as cellular protein. To examine the ability of T3MO to
degrade PCE, the disappearance of PCE during 24 h of incubation was measured
with toluene-induced cells under both resting and growing conditions, as de-
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scribed elsewhere (39). For the resting conditions, the 160-ml serum bottles
containing 10 ml of BM were used with two initial PCE concentrations (0.1 and
0.3 mg/liter in the aqueous phase). For the growing conditions, the initial aque-
ous-phase concentration of toluene was 5 mg/liter in the prepared bottles. Abi-
otic loss of a hydrocarbon was also examined using controls that consisted of the
batch reactors (either the 15-ml CMBRs or the 160-ml serum bottles) that
contained BM and the hydrocarbon, but no cells.

Chlorinated ethylene toxicity analysis. The viability of resting cells and the
growth rate of lactate-grown cells were measured to explore cellular responses to
chlorinated-ethylene exposure. To measure the viability of resting cells, the
initial and final concentrations of viable biomass were measured after 9 h of
incubation in 16-ml test tubes containing 4 ml of BM amended with various
concentrations of chlorinated ethylene. For this incubation, a predetermined
amount of a chlorinated ethylene in an N�,N�-dimethylformamide phase was
added to the aqueous phase in each test tube. The tubes were immediately
capped with Teflon-lined silicon septa and then vortexed for 30 s. The prepared
tubes were incubated by shaking (250 rpm) at room temperature. To determine
the growth rate in the presence of a chlorinated ethylene, the A425 was measured
every hour for 9 h in a separate experimental setup with 16-ml test tubes
containing 4 ml of BM amended with lactate (initial concentration, of 1,000 mg
of sodium DL-lactate per liter) and a range of chlorinated ethylene concentra-
tions. Since the 16-ml test tubes fit into the spectrophotometer, the A425 could be
measured directly. Data obtained from the exponential growth phase were used
to estimate the specific growth rate (�). To report chlorinated-ethylene concen-
trations in the 16-ml tubes, the initial aqueous concentrations were calculated
based on a headspace of 12 ml and the Henry constant of a chlorinated ethylene.
For PCE, a dimensionless Henry constant of 0.803 was used (47).

Determination of the half-saturation constant (Kg) for lactate growth. To
determine the kinetics of lactate growth, growth rates were measured for lactate-
grown cells in 160-ml serum bottles containing 10 ml of BM amended with
different initial lactate concentrations. The specific growth rate for each lactate
concentration was quantified based on the natural logarithmic viable biomass
data (i.e., ln[X/X0]) obtained after 0, 4, and 8 h of incubation, assuming no
lag-phase. To estimate Kg values, a nonlinear regression was performed on the
data for specific growth rate versus initial lactate concentration, using an inte-
grated form of the Monod growth kinetic model.

RESULTS

Kinetics of induction of toluene-degradative activity in re-
sponse to TCE concentration. Figure 1 presents the results of
a series of batch measurements of toluene degradation under

different initial TCE concentrations. The initial lactate concen-
tration was 1,000 mg of sodium DL-lactate per liter for all
treatments. The y error bars represent the standard deviations
among at least three independent experiments. In these exper-
iments, the specific (viable biomass-normalized) toluene deg-
radation rate increased with time, after a lag period of approx-
imately 1 h. Specific toluene degradation rates reached plateau
levels within 3 to 8 h, depending on the incubation conditions.

As shown in Fig. 1, both slope and plateau level increased
with the level of TCE concentration, demonstrating TCE con-
centration-dependent induction kinetics. The slope represents
the rate of induction of toluene-degradative activity when cells
were induced by TCE. Since the slope for 110 mg of TCE per
liter was close to that for 150 mg of TCE per liter, the induc-
tion rate was probably maximized at or near 110 mg of TCE
per liter. The slopes for 22, 55, and 110 mg of TCE per liter
(determined after corresponding lag periods) were approxi-
mately 21, 47, and 95%, respectively, of the maximum slope
(i.e., the slope for 150 mg of TCE per liter), suggesting a linear
relationship between the TCE concentration and the induction
rate. In contrast, TCE inducibility (i.e., maximum capacity of a
specific TCE concentration level to induce toluene degrada-
tion), represented by the plateau, did not linearly increase with
TCE concentration. A significant increase in TCE inducibility
was observed between 55 and 110 mg of TCE per liter, sug-
gesting that a TCE threshold concentration for induction ex-
isted between 55 and 110 mg of TCE per liter.

To examine whether the growth substrate was limited in the
batch experiments in Fig. 1, lactate concentrations were mea-
sured in 160-ml serum bottles at the end of the 10-h incubation
and then compared with independently measured half-satura-
tion constant (Kg) values. HPLC analysis showed that the re-
sidual lactate concentration was above 200 mg of sodium DL-
lactate per liter in all the 160-ml bottles. The experimentally
determined Kg value for the cells exposed to no TCE was 28.6

FIG. 1. Specific toluene-degradative activity plotted against time in batch incubations with different initial TCE concentrations.
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� 9.6 mg of sodium DL-lactate per liter, and the Kg value for
cells exposed to an initial TCE concentration of 110 mg/liter
was 62.6 � 4.6 mg of sodium DL-lactate per liter. Thus, the
residual lactate concentrations were at least three times higher
than the half-saturation constants, indicating that growth sub-
strate limitation did not occur during the 10-h incubation in the
batch experimental system.

TCE inducibility and specific viability in response to TCE
concentration. To further explore TCE inducibility in response
to a wide range of TCE concentrations, plateau-specific tolu-
ene-degradative activity values were compared after incubating
the cells for 9 h with different initial TCE concentrations.
Figure 2 shows that the viable biomass-normalized degradative
activity increased with TCE concentration at levels below and
equal to 440 mg/liter. The maximum value of the observed
plateau levels shown in Fig. 2 appeared at 440 mg of TCE per
liter and was approximately 25% of the specific toluene deg-
radation rate in toluene (saturating vapor)-induced cells shown
in Table 1. It was reasonable to compare the maximum value

of the observed plateau levels for TCE-induced cells (Fig. 2)
with the specific toluene degradation rate attained from tolu-
ene (saturating vapor)-induced cells (Table 1), since toluene
degradation rates for TCE-induced cells and for toluene-in-
duced cells reached plateau levels in 9 and 72 h, respectively.
The induction of toluene degradation by TCE was completely
inhibited at the aqueous solubility limit of TCE (1,100 mg/liter
at 25°C [47]). The TCE concentration at which the induction of
toluene degradation was inhibited in strain PKO1 (i.e., be-
tween 440 and 1,100 mg of TCE per liter) was higher than the
result previously reported by Shingleton et al. (40) for the
toluene dioxygenase-containing strain TVA8 (i.e., 10 mg/liter).
This suggests a tolerance in strain PKO1.

To measure TCE-mediated toxicity, specific viability (i.e.,
CFU per cellular protein) was calculated based on the viable
biomass-normalized and cellular protein-normalized toluene-
degradative activity values in Fig. 2. At TCE concentrations
higher than 110 mg/liter, there was a significant deviation be-
tween cellular protein-normalized degradation activity and vi-

FIG. 2. Plateau levels of specific toluene-degradative activity plotted against TCE concentrations in 9-h incubations.

TABLE 1. Induction of toluene-degradative activity in R. pickettii PKO1 under different culture conditions

Inducing agent (initial concn) Growth substrate Length of incubation
period (h)a

Specific toluene degradation rateb

(mg of toluene/day/1010 CFU)

None Lactated 9 0.01 � 0.01
Spent mediumc Lactated 9 0.14 � 0.02
Phenylalanine (�20 mg/liter) Lactated 9 0.17 � 0.03
TCE (110 mg/liter) None 9 0.17 � 0.03
TCE (110 mg/liter) Lactated 9 1.31 � 0.34
Toluene (saturating vapor) Toluene (saturating vapor) 72 13.05 � 4.11

a Steady-state toluene-degradative activity levels were attained within the reported incubation periods.
b The specific degradation rate represents the steady-state degradative-activity level. The reported error is the standard deviation of at least three measurements for

each culture condition.
c The spent medium was collected from 160-ml serum bottles that were incubated for 9 h with lactate (initial concentration, 1,000 mg of sodium DL-lactate per liter)

and 220 mg of TCE per liter). The collected spent medium was aseptically purged with air for 30 min and filtered through a 0.2-�m-pore-size membrane to remove
remaining TCE and cells from the spent medium.

d Initial concentration (1,000 mg of sodium DL-lactate/liter).
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able biomass-normalized activity. The specific viability values
for 150, 220, and 440 mg of TCE per liter were approximately
68, 54, and 41%, respectively, of that for the control (i.e., no
TCE exposure). This indicates that exposure to such TCE
concentrations resulted in a reduction in specific viability and
suggests that only a certain portion of the population could
survive during incubation with high TCE concentrations.

Because of the observed decrease in specific viability at high
TCE concentrations (Fig. 2), it was expected that some intra-
cellular molecules would be released from cells that were ex-
posed to such high solvent concentrations (7). Such released
molecules, in turn, could act as an additional inducer during
the 9-h incubation. To examine this possibility, the capacity of
a TCE-free medium to induce toluene-degradative activity was
measured using spent medium collected from 160-ml bottles
with cells that had been incubated for 9 h with 220 mg of TCE
per liter, purged with air for 30 min, and filtered through a
0.2-�m-pore-size membrane to remove the remaining TCE
and cells. For this, a TCE concentration higher than 110 mg/
liter (i.e., 220 mg/liter) was used because a more pronounced
reduction of specific viability was observed at 220 mg of TCE
per liter than at 110 mg/liter. As shown in Table 1, when
initially uninduced PKO1 cells were incubated in 160-ml bot-
tles containing 10 ml of the TCE-free spent medium amended
with lactate (1,000 mg of sodium DL-lactate per liter), the
viable biomass-normalized toluene-degradative activity was
0.14 � 0.02 mg of toluene/day/1010 CFU, which is 11% of that
for the cells incubated with TCE (110 mg/liter) plus lactate.
The possibility that intracellular constituents, such as aromatic
amino acids, may act as inducing agents was also examined by
using fresh BM amended with phenylalanine at 20, 100, and

200 mg/liter. For all of the phenylalanine concentrations
tested, the measured toluene-degradative activity was 0.17 �
0.03 mg of toluene/day/1010 CFU, which is 13% of that for the
cells incubated with TCE plus lactate. Thus, even though tol-
uene-degradative activity could be induced by TCE-free spent
medium and by phenylalanine, the results clearly indicate that
TCE was the major inducer in these experiments.

Table 1 also compares TCE inducibility in different growth
states (i.e., resting conditions versus growing conditions). The
TCE inducibility for resting cells was 13% of that for growing
cells. The similarity of this result to those for growing cells
induced by TCE-free spent medium and by phenylalanine was
probably a coincidence, since the TCE inducibility for resting
cells represents the endogenous capacity to induce the T3MO
pathway in the presence of TCE, which is different from the
induction of toluene degradation by less effective inducing
agents under growing conditions.

Inactivation of TCE degradation in response to TCE preex-
posure. Figure 3 presents rate data for TCE degradation by
resting PKO1 cells that were previously incubated for 9 h with
different initial TCE concentrations (5.5, 55, and 110 mg/liter)
and an initial lactate concentration of 1,000 mg/liter. The y
error bars are the standard deviations among at least two
independent measurements for each TCE concentration. The
specific rate of degradation increased with the level of prior
TCE preculture exposure. The results from Fig. 3 show that
the inactivation of TCE degradation in TCE-induced PKO1
cells depended on the prior TCE concentration in preculture.
TCE degradation rates decreased at TCE concentrations
higher than 11 and 25 mg/liter for the cells preincubated at 5.5
and 55 mg of TCE per liter, respectively. In contrast, the

FIG. 3. Specific TCE degradation rate (V�CFU) plotted against TCE concentration in batch experiments with TCE-induced PKO1 resting cells.
The symbols represent observations, and the line represents the Michaelis-Menten model fit.
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specific rate for the cells precultured with 110 mg of TCE per
liter did not decrease even when the precultured resting cells
were subsequently exposed to 50 mg of TCE per liter. These
findings indicate that the cells previously exposed to higher
TCE concentrations could tolerate higher TCE exposure, ex-
hibiting an adaptation to TCE exposure.

To examine whether the observed adaptive response to TCE
exposure was attributable to TCE degradation-dependent
stress (reactive intermediates) in the preculture, the results in
Fig. 3 were compared with TCE degradation rate data from
cells in which the T3MO pathway was expressed by precultur-
ing cells with saturating toluene vapor (Fig. 4). For the purpose
of this examination, the use of cells preincubated with saturat-
ing toluene vapor was feasible, since the intermediates of tol-
uene degradation (m-cresol, 3- and 4-methylcatechol, and the
alpha-keto acids derived from muconate semialdehyde [33])
are not toxic to PKO1, although toluene is an inducing agent
for expression of the T3MO pathway (4) as well as a hydro-
carbon solvent with a log Kow value of 2.73 (13), similar to that
of TCE. Figure 4 presents the results of TCE degradation rate
determination for cells that were previously toluene induced.
The specific TCE degradation rate did not decrease when the
toluene-exposed cells were subsequently exposed to 50 mg of
TCE per liter under resting conditions. This result is consistent
with that for TCE (110 mg/liter)-induced cells. Note that it was
difficult to detect TCE degradation in the initial rate measure-
ments when the TCE concentrations used for the initial rate
measurements were higher than 50 mg/liter. Because of this, it
was not clear whether TCE degradation for TCE-induced cells
was more resistant to subsequent TCE exposure than that for
toluene-induced cells. Nevertheless, the findings from the com-
parison between TCE-induced and toluene-induced cells rule
out the possibility that the adaptive response to TCE exposure
was caused by TCE degradation-dependent stress in the TCE
preexposure.

The kinetics of TCE degradation were compared for TCE-
induced and toluene-induced cells. For kinetic characteriza-

tion of TCE degradation, Michaelis-Menten kinetic parame-
ters (Vmax and Km) were determined from TCE degradation
rate data that exhibited no inhibition. For TCE-induced cells,
kinetic parameters were determined from data for cells that
had been incubated at 110 mg of TCE per liter (Fig. 3). For
toluene-induced cells, the data in Fig. 4 were used to estimate
the kinetic parameters. To estimate the parameters, a nonlin-
ear regression analysis was performed with the averaged deg-
radation rate data, using a differentiated form of the Michaelis-
Menten model. Based on the CFU-normalized degradation
rate data, the Vmax value for TCE-induced cells is 8.1% of the
Vmax value for toluene-induced cells. For the kinetic data in
Fig. 3 and 4, cellular protein assays were also conducted for
biomass measurement. When normalized by the cellular pro-
tein, the Vmax value for TCE-induced cells was 14.8% of the
Vmax value for toluene-induced cells, which is greater than the
result obtained from the CFU-normalized degradation rate
data. This difference may be attributed to a lower specific
viability (i.e., CFU per cellular protein) in the toluene-induced
population than in the TCE-induced population. It was difficult
to draw any conclusion from a comparison of affinity (Km)
values for TCE- and toluene-induced cells because of the large
confidence intervals associated with this parameter.

Table 2 compares kinetic parameters for TCE degradation
by PKO1 with values reported from other studies that exam-
ined either purified toluene oxygenase enzymes or bacterial
strains carrying toluene oxygenase pathways. For the purpose
of this comparison, the units of nanomoles of TCE per minute
per milligram of protein and micromole per liter are used to
report Vmax and Km values, respectively. The Vmax value for
toluene-induced PKO1 cells was smaller than the values re-
ported for other toluene oxygenase-associated systems, with
the exception of recombinant Escherichia coli FM5/pKY287
containing tmoABCDE of Pseudomonas mendocina KR1.
Among Km values, the half-saturation constant for PKO1 was
higher than values reported for other toluene oxygenase-asso-
ciated systems. For TCE (110 mg/liter)-induced PKO1 cells,

FIG. 4. Specific TCE degradation rate (V�CFU) plotted against TCE concentration in batch experiments with toluene (saturating-vapor)-
induced PKO1 resting cells. The symbols represent observations, and the line represents the Michaelis-Menten model fit.
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the Vmax was also smaller than values reported for other tolu-
ene oxygenase-associated systems and the Km value was also
large, being somewhat similar to the Km value for toluene-
induced P. putida B2 carrying a toluene dioxygenase pathway.

Cellular responses of uninduced and TCE-induced PKO1
cells to TCE and PCE exposure. To further characterize the
effect of TCE preexposure on cellular adaptation to TCE-
mediated stress, the viability and growth rate of uninduced and
TCE-induced PKO1 cells were compared. Figures 5 and 6
present the cellular response of PKO1 to chlorinated-ethylene
(TCE and PCE) exposure under resting and growing condi-
tions, respectively. For TCE-induced cells, a two-step incuba-
tion process was used: in the first incubation, cells were ex-
posed to 110 mg of TCE per liter for 24 h under growing
conditions (lactate growth), and in the second incubation, the

TCE-induced cells were exposed to different chlorinated-eth-
ylene concentrations for 9 h under either no-carbon conditions
or lactate-growing conditions. For the uninduced cells, the
same 9-h incubation conditions with chlorinated ethylene were
used to examine the effect of chlorinated-ethylene exposure on
uninduced cells (lactate-grown cells). To isolate the effect of
TCE itself from that of overall TCE-mediated toxicity at high
TCE concentrations, cellular responses to nondegradable PCE
and degradable TCE exposures were also compared. PCE was
chosen as the organic solvent to examine T3MO activity-inde-
pendent solvent effects on PKO1 because PCE is not trans-
formed by T3MO despite its similar chemical structure to
TCE. In addition, PCE has a log Kow of 2.88 at 25°C (13),
which is comparable to that for TCE. The nondegradability of
PCE by PKO1 was confirmed in a separate experiment con-

FIG. 5. Normalized viability in uninduced and TCE (110 mg/liter)-induced cells plotted against chlorinated-ethylene (TCE or PCE) concen-
tration in 9-h incubations under carbon starvation conditions.

TABLE 2. Reported Michaelis-Menten kinetic parameters for aerobic degradation of TCE by pure cultures of bacterial strains containing
toluene oxygenases or a purified toluene oxygenase

Bacterial strain and enzyme Inducer (concn) Vmax
(nmol of TCE/min/mg of protein) Km (�M) Source or reference

B. cepacia G4, toluene 2-monooxygenase Phenol (460 mg/liter) 7.9 3 11
B. cepacia G4, toluene 2-monooxygenase Toluene (NRa)b 10.0c 6 19
B. cepacia PR123, toluene 2-monooxygenase Constitutive 15–18 13–17 43
Purified toluene 2-monooxygenase 37d 12 31
R. pickettii PKO1, toluene 3-monooxygenase Toluene (saturating vapor) 4.01 � 0.82 74.6 � 29.8 This study
R. pickettii PKO1, toluene 3-monooxygenase TCE (110 mg/liter) 0.59 � 0.04 41.5 � 9.1 This study
P. mendocina KR1, toluene-4-monooxygenase Toluene (0.4%, vol/vol) 20 10 43
E. coli FM5/pKY287, a recombinant containing

tmoABCDE of KR1
Toluene (saturating vapor) 1–2 NR 49

P. putida F1, toluene dioxygenase Toluene (0.4%, vol/vol) 8 5 43
P. putida B2, toluene dioxygenase Toluene (50 mg/liter) 13.9e 49.2 17

a NR, not reported.
b Cells were grown on toluene in a chemostat at dilution rates of 0.07 to 0.09 liter/h.
c Converted from reported units of nanomoles of TCE per minute per milligram of dried cell mass, assuming that 50% of the dried cell mass is protein.
d Reported on the basis of milligrams of hydroxylase component.
e Converted from reported units of milligrams of TCE per day per milligram of dried cell mass, assuming that 50% of the dried cell mass is protein.
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ducted to examine PCE-degradative activity by PKO1 cells
induced by toluene as well as by TCE.

The cellular response to chlorinated-ethylene exposure un-
der resting conditions was quantified by measuring viability
(plate counts) at the end of each 9-h incubation with unin-
duced and TCE-induced cells. Figure 5 presents the viability
data. The initial viable-biomass values for uninduced and TCE-
induced cells were 1.42 � 109 � 0.05 � 109 and 1.90 � 109 �
0.05 � 109 CFU/ml, respectively. The x-axis values are the
concentrations of TCE and PCE exposure during the 9-h in-
cubations. The y-axis represents the viability normalized by the
viability in the control (i.e., no chlorinated-ethylene exposure).
The y error bar represents the standard deviation among at
least three independent measurements. After exposure to 110
mg of PCE per liter, the viability of uninduced and TCE-
induced cells decreased to 1.7% � 0.1% and 24.5% � 1.3%,
respectively, of the viability in the control (Fig. 5), indicating
significant solvent toxicity. The fact that the TCE-induced cells
exhibited less reduction of viability than did the uninduced
cells under resting conditions indicates that TCE preexposure
led to increased tolerance to solvent toxicity under resting
conditions. Figure 5 also shows the results from cells exposed
to different TCE concentrations. For uninduced cells, no sig-
nificant reduction of viability was observed at concentrations of
110 mg of TCE per liter and below. At concentrations of 150
and 220 mg of TCE per liter, viability decreased to 48.0% �
2.1% and 35.9% � 2.1%, respectively, of the viability in the
control. The reduced viability can be attributed to TCE deg-
radation-independent solvent stress (TCE itself) rather than
stress resulting from the production of intermediates of TCE
degradation, because the induction of T3MO activity by TCE

would have been insignificant under resting conditions (Table
1). In the TCE-induced cells, a gradual reduction of viability
was detected at a lower TCE concentration (between 12 and 55
mg of TCE per liter) than was seen for uninduced cells (Fig. 5).
This indicates that TCE preexposure resulted in a more sen-
sitive response to TCE exposure. Because the result obtained
with the uninduced cells indicates that solvent toxicity (TCE
itself) occurred at a concentration higher than 110 mg of TCE
per liter, the reduced viability of TCE-induced cells observed
between 12 and 110 mg of TCE per liter can be attributed to
TCE degradation-dependent toxicity rather than to solvent
toxicity.

The cellular response to chlorinated-ethylene exposure un-
der growing conditions was quantified by measuring the spe-
cific growth rate (lactate growth) during each 9-h incubation
with the same uninduced and TCE-induced cells described
above. Figure 6 presents specific growth rates, determined
from A425 data obtained during the 9-h incubation with chlo-
rinated ethylene. The incubation conditions used for growth
rate measurement with TCE were similar to those used to
obtain the data plotted in Fig. 1. Note that the cells were
initially uninduced; however, the T3MO pathway would be
gradually expressed during the incubation, as observed in Fig.
1. The y error bar represents the standard deviation among at
least three independent measurements. After exposure to PCE
over a concentration range from 0 to 100% of its aqueous
solubility (maximum solubility, 150 mg of PCE per liter at 25°C
[47]), neither the uninduced nor TCE-induced cells were sen-
sitive to solvent stress under growing conditions (Fig. 6). This
indicates that TCE preexposure did not affect the cellular
response to solvent stress under growing conditions. Com-

FIG. 6. Specific growth rate in uninduced and TCE (110 mg/liter)-induced cells plotted against chlorinated-ethylene (TCE or PCE) concen-
tration in 9-h incubations under lactate growing conditions.
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pared to resting cells (Fig. 5), growing cells exhibited a more
tolerant response to solvent stress. This energy-dependent sol-
vent stress response is consistent with previous reports for
solvent-tolerant Pseudomonas strains (36, 41). When exposed
to different TCE concentrations, both uninduced and TCE-
induced cells were sensitive to TCE-mediated stress (Fig. 6).
Because cells could tolerate PCE exposure (solvent stress)
under growing conditions, the reduction in specific growth rate
observed in the cells that were exposed to TCE can be attrib-
uted to TCE degradation-dependent toxicity rather than sol-
vent toxicity. The reduction in growth rates for TCE-induced
cells was smaller than that for uninduced cells. This provides
evidence that TCE preexposure led to an increased tolerance
to TCE degradation-dependent toxicity.

DISCUSSION

R. pickettii PKO1 provides a good model system for under-
standing the basis of tolerance to TCE-mediated stress ob-
served among toluene monooxygenase-containing bacteria. In
TCE (110 mg/liter)-induced and toluene (saturating-vapor)-
induced PKO1 cells, TCE degradation was not inhibited at
concentrations near 50 mg of TCE per liter, resulting in a level
of tolerance similar to that seen in Ralstonia eutropha JMP134
and B. cepacia G4, which are the most TCE tolerant among
previously reported TCE-degrading oxygenase-containing bac-
teria (3, 11, 19). The level of tolerance observed in strain PKO1
was greater than that found in bacteria containing other TCE-
degrading oxygenase systems, such as toluene dioxygenase
(46), ammonia monooxygenase (16), soluble methane mono-
oxygenase (32), propane monooxygenase (24), and propene
monooxygenase (38). In addition, because the roles of TCE
and lactate may be decoupled in this organism, the lactate-
TCE system used in this study enabled us to examine the
relationship between the concentration of a cometabolically
transformed substrate and the induction of a toluene monoox-
ygenase pathway. The roles of TCE and lactate may be de-
coupled in the strain because (i) TCE, which does not support
growth in the strain (21), is an inducer for T3MO pathway
expression (4), and (ii) lactate has the least repressive effect on
the induction of toluene degradative activity (5 to 10%) among
all of the ancillary carbon sources tested (i.e., succinate, fuma-
rate, adipate, pyruvate, glutamate, and lactate). The findings
from the system reveal that as a consequence of this tolerance
in strain PKO1, both toluene- and TCE-degradative activities
were induced by TCE even at high concentrations where a
certain portion of the population was damaged (i.e., reduction
of specific viability) by TCE degradation-dependent stress as
well as TCE itself (solvent stress).

Strain PKO1 exhibited an adaptive response to TCE-medi-
ated stress. The results of chlorinated ethylene toxicity analysis
reveal that TCE preexposure (110 mg of TCE per liter for
24 h) led to the selection of cells that could tolerate TCE
degradation-dependent stress rather than solvent stress. Al-
though the exact mechanisms responsible for the adaptation to
TCE exposure were not identified, the comparison of TCE
degradation rate data between TCE (110 mg/liter)-induced
and toluene (saturating-vapor)-induced cells (Fig. 3 and 4)
enables us to rule out the possibility that TCE degradation-
dependent stress during TCE preexposure led to tolerance to

its own toxicity (i.e., TCE degradation-dependent toxicity).
Because both TCE and toluene are hydrocarbon solvents as
well as inducers for the T3MO pathway, the tolerance ob-
served in TCE-induced cells could have resulted from either a
bacterial solvent stress response, T3MO pathway expression,
or both. In P. putida strain DOT-T1E, a set of genes encoding
a solvent efflux pump was linked with the activation of the
toluene dioxygenase operon (29). Because the rate of induc-
tion of toluene degradation significantly increased at TCE con-
centrations at which TCE itself exhibited solvent toxicity (Fig.
5), it is likely that the solvent stress response was also linked to
the regulation of T3MO pathway expression in strain PKO1.
These findings suggest that the combined effects of solvent
stress response and T3MO pathway expression led to the tol-
erance observed in TCE-induced cells.

In continuous-treatment systems such as continuous-flow
bioreactors and in situ bioremediation scenarios, cellular
growth is a key factor to successful treatment, especially when
the by-products of degradation are toxic to microbes (5). Be-
cause of this, the observed increase in the rate of growth of
TCE-induced PKO1 cells even at high TCE concentrations
(Fig. 6) has a potential benefit in the biological removal of
TCE in hazardous-waste treatment systems. In the context of
bioremediation, however, the addition of lactate might be in-
appropriate since the utilization of lactate by autochthonous
soil microbes would result in oxygen limitation in the subsur-
face environment. An alternative strategy may be the coaddi-
tion of lactate with nitrate since nitrate can be used as an
alternative electron acceptor that stimulates hypoxic biodegra-
dation by soil denitrifying toluene monooxygenase bacteria
such as R. pickettii PKO1 (18, 20, 28). Furthermore, because of
the ability of toluene monooxygenase bacteria to adapt to TCE
degradation-dependent toxicity, toluene monooxygenase bac-
teria can survive in the presence of high TCE concentrations
and the survivors can be used to remove TCE via cometabo-
lism. Thus, the use of denitrifying toluene monooxygenase
bacteria may be beneficial to TCE bioremediation, especially
when TCE concentrations are high.
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